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Small angle neutron scatterif§ANS) experiments were used to characterize binary nanodroplets
composed of PO and HO. The droplets were formed by expanding dilute mixtures of condensible
vapor in a N carrier gas through a supersonic nozzle, while maintaining the onset of condensation
at a fixed position in the nozzle. It is remarkable, given the small coherent scattering length density
of light water, that even the pure,B aerosol gave a scattering signal above background. The
scattering spectra were analyzed assuming a log-normal distribution of droplets. On average, the
geometric radius of the nanodropletg wasry=13 (+1) nm, the polydispersity lo, was Ino;

=0.19 (+0.07, and the number densitd was N=(2+0.2)-10'* cm~3. The aerosol volume
fractions derived from the SANS measurements are consistent with those derived from the pressure
trace experiments, suggesting that the composition of the droplets was close to that of the initial
condensible mixture. A quantitative analysis of the scattering spectra as a function of the isotopic
composition gave further evidence that the binary droplets exhibit ideal mixing behavior. Because
both the stagnation temperatufig, and the location of onset were fixed, the temperature
corresponding to the maximum nucleation rate was constait; g@,=229 (£1) K. Thus, the
experiments let us estimate the isothermal peak nucleation rates as a function of the isotopic
composition. The nucleation rates were found to be essentially constantlytrequal to (3.6
+0.5)-10% cm 3s™! at a mean supersaturation of 443). © 2003 American Institute of
Physics. [DOI: 10.1063/1.1554736

I. INTRODUCTION high enough to produce a detectable SANS scattering signal,
we work with supersonic nozzles. Expansion rates in these

Multicomponent nanometer sized droplets form both indevices are on the order pf 'dp/dt=10* s %, and the su-

the environment and in large-scale industrial processes. Agersaturation reached by either isotope of water can be as

curate predictions of the rate at which the phase transitionsigh as several hundrédrhe aerosol typically has a number

occur, and the structure of the final droplets are critical fordensity of 18* cm™3, a median radius, between 4 and

developing reliable models of industrial processes, climate;s nm and a polydispersity of 0.1 to 3.

and atmospheric chemistry. The nucleation rate directly af- | this paper we present the results of our first systematic

fects the aerosol size distribution and, thus, the surface aregaNs study of multicomponent droplets. We worked with

available for heterogeneous reaction. Differences betweegzo_Hzo mixtures because in this highly ideal system the

the surface and interior compositions, on the other hand, afygsymption that the mole fraction ofO in the nanodroplets
fect heterogeneous chemistry, growth, and evaporation kinefs cjose to that of the liquid used to generate the condensible

ics and even the nucleation rate of the droplets themselvegapor is quite reasonable even if not all of the material has
Unlike solid particles which can be captured and subjected t@,nqensed. The surface tensions ofDand HO are also
further analysis, liquid droplets must be examineditu. very close and, thus, the droplets themselves should not ex-
Small angle neutron scatterinANS) has been suc- it any microstructure. On the other hand, the scattering
cessfully used to examine the structure of matter in th§engih density is a strong function of the composition of the
1-100 nm range. It is routinely used to study the propertiegoplets, and so the scattering spectra will change dramati-
of co_mplzex fluids such as microemulsiohs’ and polymer .41y as the QO content of the droplets changes. Although
solutions. Despite over half a century of appl7|cat|on, it has inierpreting the spectra of multicomponent droplets is more
only recently been used to study aerosbls Although complex than interpreting the spectra of droplets containing
aerosol-SANS experiments are difficult, they are already,\y one species, assuming that condensation proceeds via a
yielding unique results regarding droplet formation rates a”‘bZO—HZO pseudocomponent simplifies the analysis and is a
nanodroplet microstructure. _ _ reasonable first step. In fact, the rapid isotopic exchange that
To generate a nanodroplet aerosol with a volume fractiony.\,rs between }O and DO means that HDO is often the
dominant species. Finally, by analyzing the static pressure
dElectronic mail: barbaraw@wpi.edu profiles, we can estimate the characteristic time, temperature,
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and supersaturation corresponding to the maximum nucldunction of position in the nozzle is a convenient way to
ation rate during the expansion. Combining this informationdetect and follow the entire condensation process.
with an estimate for the aerosol number density from SANS
lets us make the first estimates of binary nucleation rates in @. Pressure measurements
rsonic nozzle. With th im Wi n whether . .
supersonic nozzle. With these estimates we can test whethe Before conducting the SANS experiments, we per-

the constant onset isotherms fop@-H,O mixtures corre- . : .
: 3 formed extensive pressure trace experiments to characterize
spond to the constant nucleation rate isotherms produced i

; . : he condensation of J0—D,0O mixtures in the nozzle as a
expansion cloud chambers and other nucleation devices. : . o .
function of the initial gas composition and stagnation tem-

The paper is organized as follows: In the Experiment ; .
X . . . eratureT,. All expansions started from a stagnation pres-
section we briefly describe the supersonic nozzle, the setu

for the SANS measurements, and how nucleation rates c gure 0fpy=59.6+0.1 kPa. We first determined the shape of

be obtained from the data. In the Results section we presear}j%e nozzle by measuring the static pressure profile for the

. : ow of a pure carrier gas. We then measured the static pres-
the main experimental results, namely the SANS curves an ; . L .

” . . sure profiles for different initial partial pressures of the con-
the aerosol number densities derived from them. In the D'Saensible Vano _ . at mole fractions of
cussion section these data are used to estimate the homoge- PO, 0= Pp,0" Phj0- : B0
neous nucleation rates for both isotopes of water and fouf? the condensible vapdy=pp,o/(Pp,0t Pr,0) equal to
intermediate mixtures. The paper concludes by comparing-0, 0.8, 0.6, 0.4, 0.2, and 0.0. Hem®, o andpy,c are the
these nucleation rates with the predictions of correlationgartial pressures of » and HO, respectively. To deter-
based on nucleation pulse chamber experiments. mine the other properties of the expansion, we integrated the
diabatic flow equations using the measured area ratio of the
nozzle, the condensing flow pressure trace, the stagnation
conditions, and an equation of state. We defined the onset of
A. Materials and physical properties condensation as that point in the flow where the difference in

mperature between the condensing flbw and the isen-
ropic expansion of a gas with the same properties of the
mixture T, is 0.5 K. For a fixed value ¢y, the onset pres-
surep,, is an exponential function of onset temperatligg.

Il. EXPERIMENT

Small angle neutron scattering experiments are greatlt
facilitated if compounds containing deuterium instead of hy-
drogen are used. The,D (Sigma Aldrich had more than

99.9% D substitution. The #0 was deionized and had a ! . :
From fits to the onset data we can determine the partial pres-

resistivity greater than 15 M-cm. The resistivity of RO ¢ h ; ired t intai it at tant
was of a similar magnitude. We used the thermophysical pa§ure of €ach species required to maintain onset at a constan

rameters of light and heavy water presented bylkA&nd temperature. When the experiments have the same valu.e of
Strey to invert the pressure trace datef. subsection C, To, _c_:onstant onset temperature als_o cqrresponds o a fixed
below) and to calculate the theoretical nucleation rates. F0|OOSItlon for. the onset of_condensatlon in the nozzlg. Thus,
the sake of completeness, their correlations for surface terwe expansions all experience the same gas dynamic history
sion o, the vapor pressurp”(T), the densityp, and com- up to onset.
pressibility x are summarized in the Appendix. The heat of )
vaporization values are derived from the equilibrium vapor?: A€r0S0l-SANS: Experimental setup
pressures using the Clausius—Clapeyron equation. and data analysis
The experimental setup for the SANS measurements
with the supersonic nozzle has been described in more detail
in previous papers:’ Briefly, the SANS experiments were
The supersonic nozzle apparatus used to produce theonducted using the NG-7 SANS instrument at the NIST
aerosols has been described extensively elseWiH8r@o  Center for Neutron Research, Gaithersburg, MD. During a
summarize briefly, we generated a gas stream that consists BANS experiment, the nozzle, plenum, and associated
N, and up to 2.5 mol % of the condensible vapor of interestplumbing are placed in the sample chamber. The windows
The stagnation temperatufg of the mixed stream was close separating the sample chamber from the neutron guide and
to room temperature, and the initial supersatura8gof the  the detector tube are removed and the entire system is
condensible vapor was as high as 0.45. As the mixture expumped down to about 12 Pa. The neutron beam crosses the
pands in the nozzle, the temperature drops at a rate of abosample at right angles to the gas flow, and the 0.6 scat-
10° K/s and the condensible vapor becomes highly supertering volume is defined by the width of the nozzle
saturated. Most of the droplets form in a rapid burst of nucle{1.27 cm, and a 1.2 cm widg 0.4 cm high cadmium aper-
ation that lasts from 10 to 50s. Modeling and very recent ture centered 5.6 cm downstream of the thri@ét Fig. 2 in
experimental work both show that the peak nucleation rateRef. 5.
are about 1¥-10° cm 3s ™!, depending on the particular For these experiments the neutron scattering detector
nozzle design. The droplets formed in the nucleation burstonsisted of a 64 64 array of 1 crfi *He detectors. Scatter-
grow rapidly, consume the condensible vapor, and quenchg from the pure DO (Yy=1.0) aerosol was measured at
further particle formation. The vapor to liquid phase transi-sample-to-detector distanceSDD) of 1.0 and 2.9 m.
tion releases heat to the flow, thereby increasing the pressuf®r pure HO (y=0.0) and the multicomponent aerosols
of the system above that expected for an isentropic expar(¥=0.8, 0.6, 0.4, 0.2) only the 2.9 m SDD was used. The
sion of the same gas mixture. Measuring the pressure asreeutron wavelengtth was A =0.8 nm, corresponding to a

B. Supersonic nozzle
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mean neutron velocity of 500 m/s, and the wavelengthwhereVy; is the volumetric flow rate through the nucleation
spread wasAA/\=22%. The neutron scattering measure-zone. All of the information required to calculatet; _ can

ments were made in 30-min intervals with 30-min back-pe gerived from the pressure trace measurements. The peak
ground measurements of the pure nitrogen gas before ang,q|eation rate is then given by

after each aerosol measurement. The total integration time
for each aerosol sample at each SDD was about 1 h. By
alternating sample and background measurements we could

monitor and properly account for slight drifts in the back- . . )
ground due to the build-up of contaminants on the windowsWhereN is the number density of the aerosol measured using

N
Jmad SJmax’ TJma)) = At fexpv ©)

‘]max

The two-dimensional data were treated to account for backo”ANS- The factorf ¢, corrects the observed number density
ground scattering, sample transmission, pixel-to-pixel intenfor_the continued expansion between the nucleation zone
sity variations, and bad regions of the detector. The absolutd\Z) @nd the viewing volumgVV), and is given by the
intensity scale was determined by measuring the attenuatélf"SIy ratiofex=pnz/pyy - The values ofS;  andT,
neutron flux reaching the detector during a beam center deare those that maximize the theoretical nucleation rate, and

termination. these are also quite insensitive to the theory used.
The two-dimensional data were then averaged using the
NIST data reduction softwate to produce the one- Ill. RESULTS

dimensional scattering intensityq), whe_req is the MOMEeN- A pressure trace measurements
tum transfer wave vector. In supersonic nozzle experiments
the droplets have a velocity in the flow direction that is com- ~ The detailed results of the extensive pressure trace ex-
parable to the neutron velocity. Thus, the momentum transfeperiments made for the J®—H,O mixtures in this nozzle
vectorg depends not only on the neutron wavelength and thé@re presented in a previous papetere, we focus solely on
normal scattering ang|e, but also on the azimuthal ang|e on the results relevant to the SANS experiments where all ex-
the detector and the ratio of the aerosol particle velocity td?ansions started &t,=26.0=0.1°C. We maintained onset
the neutron velocity. The necessary Doppler-shift correctiorbout 1.2 cm downstream of the throat and, thus, the tem-
was applied to the dath? during the averaging procedure. Perature at onset was close to 230 K. This temperature is
We use the velocity of the aerosol droplets derived from theeasily reached by other nucleation experiments, in particular
pressure trace information and assume that the droplets mo@pansion cloud chambers and shock tubes. Figlagilt
at the same speed as the gas. This is consistent with tHastrates the onset pressure as a function of the onset tem-
velocity derived from Doppler anisotropy of the 2D speétra. perature measured after the SANS experiments were con-
The data were fit to extract the size parameters using théucted. In all of these experiments, approximately 75% of
NIST ana|ysis routings assuming a |og_norma| or Gaussian the initial vapor condensed by the time the flow reached the
size distribution of droplets and taking the instrument resoviewing volume.

lution into account(i.e., smeared fils The formal errors Although one nozzle sidewall was removed in order to
quoted for each parameter correspond to 1 standard deviatiéfPlace a contaminated Si window after the SANS experi-
from the mean with all other parameters optimized. ments were completed, we believe that the nozzle flow area

was virtually the same for the SANS and the pressure trace
experiments. Figure(lh) summarizes the partial pressures of
D,0 and HO at onset for the conditions used at NIST and
compares them to the conditions that would have maintained

As discussed by Streletzlgt al” and Kharet al}34the  onset atT=230 K. The agreement is quite good. Finally,
nucleation rates in supersonic nozzles can be estimated diable | summarizes the important experimental parameters
rectly by analyzing both the pressure trace data and th#cluding the initial conditions, as well as those at onset and
SANS experiments. The analysis is analogous to that used 10 the viewing volume. The results in Table | were derived
determine nucleation rates in laminar diffusion flow from the pressure trace experiments by correlating each pa-
tubes'>1"We start by assuming that the ratio of the maxi- rameter as a function of the mass flow rate of the condensible
mum nucleation rateJ™® to the particle production rate vapor entering the system, and then interpolating or extrapo-
[JdV is the same for the experiments as for a reasonabliting to the flow rates used during the SANS experiments.
nucleation rate theory, i.e., that

E. Nucleation rate estimates

gmax Jmax 1 B. Small angle neutron scattering
exp theory
= = , 1 ; ; ;
eV [IpeondV  V; () The measured SANS scattering spectra are illustrated in

Fig. 2 as a function of the momentum transfer vecfor
whereV, _ is the characteristic volume corresponding to the ~ The raw scattering spectra, Figlag, graphically illus-
maximum nucleation rate. The characteristic time corre{raté how close the scattering spectrum of the pu® Hero-

sponding to the maximum rate is then given by sol Iies to the scattering spectrum of the nozzle flowing pure
N,. Figure 2Zb) shows the background subtracted spectra

Vi and includes the best fits to the spectra assuming the aerosol
AtJmaX= - , (2 has a log-normal size distribution. In both figures it is clear
Vinz that the scattered neutron intensity is a strong function of the
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FIG. 1. (8 The Wilson plot for the experiments starting @j=26.0 FIG. 2. The SANS scattering spectra for the@-H,0 aerosols(a) The

+0.1°C andpy=59.6+ 0.1 kPa.(b) The partial pressures of @ and HO raw scattering spectra for the,0—H,O aerosols and from the flowing,N

corresponding to the experiments at NIST are very close to those required twarrier gas alongb) The background subtracted spectra. The mole fraction

maintain onset at 230 K. of D,O in the condensible vapor is given in the legend. Although the signal
is weak, we were able to measure scattering from py@® Berosol.

D,0O mole fraction. This is because the absolute intensity of

a scattering spectrum depends on the square of the differeng@ntrast factor. In our case the solvent is theddrrier gas

in scattering length density between the scattering body an@hose scattering length density is effectively zero, because

the solvent, Ap)2. The quantity Ap)? is also called the the gas density is much lower than that of the liquid droplets.
Thus,

TABLE I. The parameters at onset and in the viewing volume are those that (4)

correspond to the SANS experiments. All expansions started fpgm

=59.6+0.1 kPa and’p=26.0+0.1 °C. HereJ = pp,o/(Pp,0+ Pi,0), M is wherex is the mole fraction of DO in the droplets, angd; is

the mass flow rate of the condensible vapay, and T,, are the partial  the scattering length density of componénThe scattering

pressure of the condensible and the temperature at dngeindv,, are the length density of RO is PD,0= 6.39 10'° cm™2, while that

average temperature and velocity in the viewing volume, respectively. Note, . . 0 _2
at ONSePp, 6= Pon aNd Py, 0= (1) - Pon- of HyO is py,0=—0.56 10'% cm~2, so even low levels of

H,O can rapidly reduce the intensity of scattering signal

Ap=pp,oX+t pu,o(1—X),

> ; i1 —1 .
y m/g min Pon/kPa  Ton/K Ty /K vy /ms from the multicomponent aerosol over that of the pug®©D
1.0 6.47 0.444 230.3 231 435 aerosol. These values of scattering length densities assume
0.8 6.67 0.463 229.9 232 435 that the density of PO and HO in the nanodroplets at the
8-6 6-26 8-423 g;g-g 233 425 conditions in the viewing volume are 1.11 and 1.00 gém

4 .25 524 ' > 434 respectively, i.e., that the decrease in density of the liquids as
0.2 751 0.561 230.1 236 433 ) . .
0.0 777 0586 299 6 237 433 the temperature decreases is compensated by the increase in

density due to the high internal pressure of the droplets. The
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TABLE Il. The properties of the aerosol size distributions were derived by fitting each spectrum to a log-normal size distribution. TheN/aushfmn
6 corresponds to fixing the valugp and optimizing¢sans. The value ofN in column 9 corresponds to fixing the value ¢to ¢p and optimizingAp. The
values ofry and Ing; are independent of the assumptions regardipgand ¢.

v rg/nm Ino, Aplem 2 dsans N/cm™3 Aplcm 2 dpr N/cm 3

1.0 12.20.1 0.17-0.01 6.3910% (1.90+0.01)- 108 2.16 10 (5.77+0.02)- 10'° 2.3310 ¢ 2.64 10"
0.8 12.8-0.1 0.16-0.01 4.9710% (2.06+0.02)-10°6 2.08 104 (4.610.02)- 10 2.3910°8 2.42.10%
0.6 13.2:0.2 0.17:0.01 3.5910% (2.15+0.02)-10°° 1.98 10™ (3.36+0.02)- 10'° 245106 2.25 10
0.4 14.3-0.3 0.13-0.02 2.2010% (2.28+0.04)-10 6 1.74 10 (2.09+0.02)- 10 2.57.10 8 1.93 104
0.2 12+2 0.25+0.1 0.8210'° (2.6+0.2)-10°8 2.37-10' (0.81+0.03)- 10° 2.6610°° 2.40 10
0.0 13+3 0.17+0.2 —0.56 10'° (2.3+0.4)-10°8 2.03 10 (—0.51+0.04)- 10'° 2.7410°° 2.37.10%

error introduced by this assumption is of the order of 1% in )
the scattering length density and is therefore insignificant. " EG: (6) T and Ino; determine the shape of the scat-

Comparing the two extremes, a pure@aerosol has a scat- (€ing curve, while the product (Ap)* determines the scal-
tered intensity~130 times that of an identical pure,&  N9: Becausep and Ap are perfectly correlated, one of these
aerosol. parameters must be fixed when fitting the spectra while the

All of the scattering spectra in Fig(® have essentially other floats. When determining the best fit values¢ofor

the same shape. Ag approaches zero, the spectra begin to2?): Fg» @nd Ina;, the NIST curve-fitting program accounts

level off. For 0.3<q/nm™ 1< 0.4, all spectra have an inflec- for both the uncertainties associated with the experimental

tion point in the region where the scattering amplitude for gdat@ and the instrument resolution. _
single sphere crosses 2&fThe position of this minimum is We first fit the spectra assuming that the scattering length
related to the characteristic diameter of the droplets by density and the absolute calibration of the SANS instrument

are both correcti.e., Ap fixed) and found the best-fit values

4.493 of ¢, rq, and Ino, [Fig. 2b)]. For a log-normal distribution

(ry= g (5) of droplets, the value dfl is related to the volume fraction of
1 condensate as

Thus, the systematic shift of the inflection points to smailer

as the HO level increases, indicates that the average droplet ,  3®sans _ 3®sans
size is getting bigger. This behavior is consistent with the C4m(rd) 47rrg
onset measurements, where the partial pressure to maintain

onset at a fixed position increases with thegCHmole frac- . .
tion. As q increases beyond the inflection point, the scatter'Vhere the subscript SANS has been added to emphasize that

this is the value of¢ derived purely from the SANS mea-
surements. We also have an independent determination of
volume fraction from the pressure trace measuremepis
As summarized in Table Il, the rati$ésans/ Ppt Varies from
0.82 to 0.97.
If, on the other hand, we insist that the volume fractions
To determine the parameters of the size distribution, welerived from the pressure traces are correct, theis 3%—
assumed that the aerosol consists of a log-normal distributioh0% lower than the values used above to maintain a good fit.
of spherical droplets. In this case, the synthetic scattering?hysically, the uncertainty in the value afp stems from
spectrum for an aerosol with volume fractignis given by  uncertainty in scattering length density of the droplets and/or
the instrument calibration. We note that the second method is

exp(—4.5Ir o), (8)

ing signal falls off asq™4, consistent with scattering from
homogeneous spherical droplets.

C. Data analysis

3¢ 1 not necessarily more accurate than the first because the val-
I4(q)= yPr ues of¢pr also have uncertainty due both to the experimen-
(%) In(oy)V2m tal measurements and the input parameters to the data inver-

sion code, in particular the heat of vaporization of the water
P(q,r)dr. (6) below 240 K. The number densities, derived using ).
scale directly withe.

Table Il summarizes the parameters of the size distribu-
tions derived using either approach. The formal errors in the
fit parameters correspond to one standard deviation in the
value of each parameter with the other parameters held at
their optimal values. Although we do not report the results
here, we also fit the data assuming Gaussian droplet distri-
butions. Because the aerosols are reasonably monodisperse,
we found little difference between the values derived for the

Jocl (Inr—Inry)?
X | —exg——55——
of 21n° o,

Here,r is the droplet radius; 4 is the median or geometric
droplet radius, I, is the polydispersity, an¢t %) is the third
moment ofr. The functionP(q,r) is the particle form factor
for spherical droplets, and is given by

()

P(a.1)=(Ap)? 4W(Si“qr)_qrcosqr))r

q3
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0.30 droplet distributions cannot be correct. The former shows
that the inflection point, indicative of the average particle
0.25 size, is changing as a function of composition, while the
latter demonstrates that the partial pressure to maintain onset
0.20 at a fixed position increases as mixtures become richer in
H,O. Since the molar densities of liquid,8 and B,O are
JI, 815 ¢ essentially identical, the increase in partial pressure is

achieved experimentally by increasing the volume of liquid
that is pumped into the vaporizer. As noted earlier, we con-
dense about 75% of the incoming material in each case.
Thus, if thenumber densitpf each aerosol is identical/l,
must lie above the straight line because the droplet size must
increase as the mixtures become richer yOHThe easiest
way to account for the effect of the increased flow rate on

0.10 |

0.05

0.00 1

-0.05 0'0 ' 0'2 0'4 0.6 0.8 0 I is to modify the straight-line relationship by multiplying
) T e ) ) each point by the ratio of the volumetric flow rates
Y poot P Vmix/Vp2o- In the limit of a monodisperse aerosol with con-

FIG. 3. The values of/l, obtained from Guinier fits to the data decrease stant number denSI.ty, (;orrt_actlng by the raVQ'iX/VDZO.IS
rapidly as the DO mole fraction in the condensible vapor is decreased. TheexaCt' The dashed line in Fig. 3 includes the volumetric flow
solid line is the value of/T, for the pure QO aerosol scaled by the mixture 'ate correction and the agreement with the experimentally
scattering length. The long dashed line corredts for the change in par- Observed values improves significantly.

ticle size by scaling the solid line By /Vp,o. The dot-dash line corrects Finally, as long as the droplets are well mixed, i.e., there
VI for changes in particle size and polydispersity by scaling byis no surface enrichment of either species, the valug ?)f
(r8.)I(ré,o. The dotted lines indicate zero scattering intensity and thejs not affected by the composition of the droplets—only the

mole fraction of the null contrast mixture, respectively. The error bars are | fNis. Th directl t for th b d
statistical error forly of the Guinier analysis, except for pure®, where value orN Is. us, we can directly account ior the observe

we averaged the error of the first three data pdiotsFig. 2(b)]. changes ir‘(r6> = I’g exp(18 Irf o,) as a function of composi-
tion, and this is the dot-dash line in Fig. 3. This corrected
curve also agrees with the measured intercepts quite reason-
ably, again suggesting that the droplet composition is close to
median radius or the polydispersitzaussian versus 10g- the initial condensible vapor composition, and that the value
norma), and in both cases these two parameters are highlys N is relatively constant. Although it is possible that large
correlated. Generally, the values Nf derived assuming a changes in composition could be compensated by simulta-

Gaussian size distribution were about 3% higher than th@eous large changes M, we think that this is highly un-

values for the corresponding log-normal distribution.

IV. DISCUSSION
A. Total contrast and size distribution

All of our analysis assumes that the® mole fraction
in the dropletsx is equal to that of the initial condensible
vapor mixture in the gas streaf, We can test this assump-
tion by performing a simple Guinier analySishecause the
scattering intensity aj=0, |, depends quadratically on the
contrast factor

lo=N(r®)(Ap)?, 9
and the latter is a linear function af

In Fig. 3 we therefore plot the/ﬁ as a function of the
mole fraction of BO. For identical droplet size distribu-
tions, \/I, should vary linearly with the mole fraction of
D,0, becauseé\p is a linear function ofk. The solid line in
Fig. 3 illustrates the expected linear behavior\0f, where
all the values are scaled tg for the pure DO aerosol.
Although the experimental values §fl, change systemati-
cally with x, they almost all lie distinctly above the solid
straight line.

It is already clear from the spectra in Figlb2 and the

likely. Until we have better direct experimental or modeling
evidence, we will assume that=y. We note that fast isoto-
pic exchange between,® and D,O also helps to ensure that
X is close toy.

B. Nucleation rates

With our experimental values foN we are now in a
position to estimate the nucleation rates as a function of
composition. To do so we must first evaluate the character-
istic time associated with the peak nucleation rz&t@max, as

well as the corresponding temperatdig and supersatura-
tion SJmax. For the pure components, the process is identical
to that used by Streletzkgt al” and Khanet al'** For the
binary mixtures, we treat each mixture as a single compound
with physical properties that are the molar average of the
pure component values. Thus, the supersaturation at any
point in the nozzle is given by

P, Pp,o0F PH,0

ST P

(10

wherep, is the total partial pressure of the condensible va-
por, andpDzo, and Ph,o are the partial pressure of,D and

H,O, respectively. The equilibrium vapor pressure of the

phase behavior in Fig. 1 that the assumption of identicamixture p,(T) is calculated as
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FIG. 4. The characteristic time associated with the maximum nucleation rate

At _ varies systematically with the location of onset as characterized byF!IG. 5. The homogeneous binary nucleation rates fgD£H,0 mixtures

(P/Po)on, but does not depend on the isotopic composition of the condens@re independent of the vapor phase composition, and agree well with the

ing vapor values predicted by the empirical temperature correction function for water
' nucleation rates developed by Wand Strey(Ref. 9.

P T =Y Pp,0(T) +(1=9) - prio(T), 1y _
indeed any of our other measurements. For this reason, our

wherepgzo(T) and pﬁZO(T) are the equilibrium vapor pres- estimates forAt Sy iy @NA Ty for H,O are extrapo-
sures of pure BO and pure HO, respectively. lated from the DO and mixture data and may be less certain

Our treatment here is consistent with the assumption wehan the values derived for the latter.
used to invert the pressure trace data, i.e., that the species Table Il and Fig. 5 summarize the nucleation rate re-
condense together in the same ratio as in the initial condersults.
sible. Figure 4 summarizes the values/f;,  calculated Our first observations are thag =229 K for all of the
for D,O and all of the binary mixtures. data, and thal; is consistently 0.5-1 K lower than the

When plotted as a function of the pressure ratio at onsegorresponding values d,,. Thus, our nucleation rate mea-
(P/Po)on: Aty shows no discernible dependence on com-syrements are close to isothermal. The uncertainyn, is
position. Because very little heat has been added to the flowtjll dominated by the uncertainty in the stagnation tempera-
at onset, we would observe similar relationships betweeRyre T, the same way tha,, is. As discussed in detail in
At; and the position at onset,, or the temperature at ouyr previous papétit is difficult to determine the stagnation
onsetT,,. For the NIST data, [{/po)on Was always between temperature of the gas more accurately thahK. Second,
0.392 and 0.398. Thug\t; =8x10°+0.5x10 °s, and S, varies between 40 and 50 for all of the conditions ex-
the uncertainty inAt; _ is clearly less than 10%. amined. We estimate that the errorSp _ is =5 supersatu-

At this point we note that although the pure® mea- ration units, and so even the extreme values have overlap-
surements gave onset values that are consistent with boiing error bars. The uncertainty B _ stems partly from
previous and more recent measurements, integrating the dimcertainty inp,, but is dominated by the uncertainty in
abatic equations to yield the other properties of the flowr; since the equilibrium vapor pressure is an exponential
downstream of onset gave results that were extremely scaf;\ction of T. Furthermore, we expect that there is some

tered and inconsistent with the other data in this series, anlqncertainty associated with extrapolating either vapor pres-
sure curve to 230 K. Table lll, therefore, also reports the

TABLE IIl. The binary nucleation rates for fD through pure HO are  Values ofp, corresponding to the maximum rape ; . Fi-
summarized. The parentheses around the values fOrikidicate that these na||y, we see that the maximum nucleation raths,,, vary
are extrapolated from the values observed for pw® Bnd the intermediate by less than 20% as a function of the isotopic composition

ixtures. L ;

mires The uncertainty il ., Stems both from uncertainty N and

Yy migmint py KPa e Ty KOSy Jpadem ®s uncertainty inAt; . As noted above, we believe the uncer-
1.0 6.47 0395 137 2291 46 410 tainty inAt; _ is less than 10%. The uncertaintylihcomes
0.8 6.67 0.442 137 2201 47 3m'e from uncertainty in the absolute calibration factor for the
0.6 6.86 0.454 133 2286 47 3E SANS experimentgabout 10%, the fitting procedure that is
0.4 7.25 0.441 134 2291 41 310' d to 20% d back d drift in the SANS
0.2 7.51 0.487 134 2292 42 41016 use (_UD 0 » and some background dr € SAN
00  7.77 0549 (134 (229 (45  3.7.10% experimentg5%). Our overall estimate for the uncertainty in

J is therefore~50%. The difference in the estimated nucle-
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ation rates is less than the estimated error, and, thus, fahe scattering of pure 0 aerosols can be measured. The
D,0-H,0 the constant onset isotherm presented in il 1 yse of B,O, however, greatly facilitates the measurements,
clearly corresponds to a critical nucleation rate isotherm. and the increased scattering length density yields more
To compare our results to literature values, we turndetailed and quantitative information. The quantitative analy-
to the extensive bD-D,0O nucleation rate data set of Ko  sjs of the formation of BO—H,0 aerosols in a supersonic
and Strey. At T=230K, they found that kD and DO  nozzle using pressure trace measurements and SANS lets
nucleation rates in the range ®%0J/cm ®s '<10° were us conclude that the composition of the droplets is close
indistinguishable when plotted as a function of superaturato that of the initial condensible vapor. The first estimates
tion. Our nozzle experiments are consistent with this obserof binary nucleation rates in a supersonic nozzle yield a
vation and with our earlier observatfothat the supersatura- value 0fJma= (3.6 0.5)- 10'6 cm 3 s~ ! independent of the
tion at onset for HO and DO merge asT,, approaches isotopic composition aff; =229K and supersaturation

230-240 K. In Fig. 5, the filled symbols correspond to the,yoyngs ~=44. The empirical nucleation rate functions for

. . 9 ‘]ma
”“C'?‘?‘"O” rates galculated by gxtrapolatmglk\ﬂnd Strey's pure water recently developed by Waoand Strey predict
empirical nucleation rate functions for pure,® and pure

J=3.010%cm 3s™! for D,0 andJ=2.510"cm 3s7?!
ints. and the nucleation rates for the intermediate mixtur for H,O. The agreement with the nozzle experiments is re-
poINts, a € nucieation rates for the intermediate UreR arkable and well within the experimental error of a factor 2

all lie close to this line. The quantitative agreement betwee'buoted for the nucleation pulse chamber experiments
the experimental and extrapolated values is quite amazing. '

We also note that, unlike rates derived from modeling pres;,
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V. CONCLUSIONS

APPENDIX: SUMMARY OF THERMOPHYSICAL PARAMETERS

This Appendix summarizes the thermophysical parameters,®f 1,0, and N. Here,o; is the surface tensiomp,; the
density,p;” the equilibrium vapor pressure; the compressibilityT is the temperature ifK], t the temperature iffC], T the
critical temperaturep, the critical pressureyl is the molecular weightC,, is the constant pressure heat capacity of the gas,
andC,, is the constant pressure heat capacity for the liquid.

1. D,0
UDZO/(mN/m)zo =93.6635+-0.009 133T’ —0.000 275T'?2 T'=T-1.022
pp,ol (glcnT)? =0.09 tanhf)+0.847:t%%3+0.338
T-231 T—T
X= t =
51.5 Te
© 1,22 _ Tc 9 2 5.5 1
pDzo(T) (Pay* —pc-exp[? -(a1-7'+a2-7'1 +ag Tt ay Tt as T 0)
a;=—7.81583 a,=—3.92488
a,=17.6012 as=4.19174
az=—18.1747 =1-TIT,
Kkp,of (Pa)* =101 (a—bt+ct?—dt3+et*— t9)
a=53.5216 d=8.554110"°
b=0.4536 e=5.4089 107
c=8.721210% f=1.347810"°

T.=643.89 K!

p.=21.66 MP&'

M =20.027g mol~*

Cp(T=298.15 K)=34.25 Jmol L K~ * 24
Cpe(T=293.14 K)}=84.23 Jmol 1 K~ 4
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2. H,0
gHZO/(mN/m)25~25 =03.6635+-0.009 133T—0.000 275T?
pu,of (glcnT)® =0.08 tanh§)+0.74151%33+0.32
T-225 T—T
X= t,=
46.2 Te
p°H°20(T)(Pa)9 =exp(77.344 9% 7235.424 65T — 8.2- In T+0.005 711 3T)
Kol (Pa )% =101 (a—bt+ct?—dt3+et*— ft°)
a=50.9804 d=6.4178510"°
b=0.374957 e=0.34302410°
c=7.21324108 f=0.68421210"°

T.=647.15 K

M =18.016g mol *
Cp(T=298.15K)=33.60 Jmol 1 K~ * 2
Cpe(T=293.14 K}=75.99 Jmol 1 K~ 124
3.N,

M =28.013 g mol'!

Cp(N,, T=208.15 k= 29.124 J mol 1K 124
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