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Small angle neutron scattering from D 2O– H2O nanodroplets
and binary nucleation rates in a supersonic nozzle
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Small angle neutron scattering~SANS! experiments were used to characterize binary nanodroplets
composed of D2O and H2O. The droplets were formed by expanding dilute mixtures of condensible
vapor in a N2 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 H2O 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 nanodropletsr g was r g513 ~61! nm, the polydispersity lnsr was lnsr

50.19 ~60.07!, and the number densityN was N5(260.2)•1011 cm23. 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 temperatureT0 and the location of onset were fixed, the temperature
corresponding to the maximum nucleation rate was constant atTJ max5229 ~61! 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 constant withJmax equal to (3.6
60.5)•1016 cm23 s21 at a mean supersaturation of 44~63!. © 2003 American Institute of
Physics. @DOI: 10.1063/1.1554736#
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I. INTRODUCTION

Multicomponent nanometer sized droplets form both
the environment and in large-scale industrial processes.
curate predictions of the rate at which the phase transit
occur, and the structure of the final droplets are critical
developing reliable models of industrial processes, clim
and atmospheric chemistry. The nucleation rate directly
fects the aerosol size distribution and, thus, the surface
available for heterogeneous reaction. Differences betw
the surface and interior compositions, on the other hand
fect heterogeneous chemistry, growth, and evaporation ki
ics and even the nucleation rate of the droplets themsel
Unlike solid particles which can be captured and subjecte
further analysis, liquid droplets must be examinedin situ.

Small angle neutron scattering~SANS! has been suc
cessfully used to examine the structure of matter in
1–100 nm range. It is routinely used to study the proper
of complex fluids such as microemulsions1–3 and polymer
solutions.4 Despite over half a century of application, it ha
only recently been used to study aerosols.5–7 Although
aerosol-SANS experiments are difficult, they are alrea
yielding unique results regarding droplet formation rates a
nanodroplet microstructure.

To generate a nanodroplet aerosol with a volume frac

a!Electronic mail: barbaraw@wpi.edu
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high enough to produce a detectable SANS scattering sig
we work with supersonic nozzles. Expansion rates in th
devices are on the order ofp21dp/dt5104 s21, and the su-
persaturation reached by either isotope of water can be
high as several hundred.8 The aerosol typically has a numbe
density of 1011 cm23, a median radiusr g between 4 and

15 nm, and a polydispersity of 0.1 to 0.3.5–7

In this paper we present the results of our first system
SANS study of multicomponent droplets. We worked wi
D2O–H2O mixtures because in this highly ideal system t
assumption that the mole fraction of D2O in the nanodroplets
is close to that of the liquid used to generate the condens
vapor is quite reasonable even if not all of the material h
condensed. The surface tensions of D2O and H2O are also
very close and, thus, the droplets themselves should not
hibit any microstructure. On the other hand, the scatter
length density is a strong function of the composition of t
droplets, and so the scattering spectra will change dram
cally as the D2O content of the droplets changes. Althoug
interpreting the spectra of multicomponent droplets is m
complex than interpreting the spectra of droplets contain
only one species, assuming that condensation proceeds
D2O–H2O pseudocomponent simplifies the analysis and
reasonable first step. In fact, the rapid isotopic exchange
occurs between H2O and D2O means that HDO is often th
dominant species. Finally, by analyzing the static press
profiles, we can estimate the characteristic time, temperat
5 © 2003 American Institute of Physics
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5466 J. Chem. Phys., Vol. 118, No. 12, 22 March 2003 Heath et al.
and supersaturation corresponding to the maximum nu
ation rate during the expansion. Combining this informat
with an estimate for the aerosol number density from SA
lets us make the first estimates of binary nucleation rates
supersonic nozzle. With these estimates we can test whe
the constant onset isotherms for D2O–H2O mixtures corre-
spond to the constant nucleation rate isotherms produce
expansion cloud chambers and other nucleation devices

The paper is organized as follows: In the Experime
section we briefly describe the supersonic nozzle, the s
for the SANS measurements, and how nucleation rates
be obtained from the data. In the Results section we pre
the main experimental results, namely the SANS curves
the aerosol number densities derived from them. In the D
cussion section these data are used to estimate the hom
neous nucleation rates for both isotopes of water and
intermediate mixtures. The paper concludes by compa
these nucleation rates with the predictions of correlati
based on nucleation pulse chamber experiments.

II. EXPERIMENT

A. Materials and physical properties

Small angle neutron scattering experiments are gre
facilitated if compounds containing deuterium instead of h
drogen are used. The D2O ~Sigma Aldrich! had more than
99.9% D substitution. The H2O was deionized and had
resistivity greater than 15 MV•cm. The resistivity of D2O
was of a similar magnitude. We used the thermophysical
rameters of light and heavy water presented by Wo¨lk and
Strey9 to invert the pressure trace data~cf. subsection C,
below! and to calculate the theoretical nucleation rates.
the sake of completeness, their correlations for surface
sion s, the vapor pressurep`(T), the densityr, and com-
pressibility k are summarized in the Appendix. The heat
vaporization values are derived from the equilibrium vap
pressures using the Clausius–Clapeyron equation.

B. Supersonic nozzle

The supersonic nozzle apparatus used to produce
aerosols has been described extensively elsewhere.8,10 To
summarize briefly, we generated a gas stream that consis
N2 and up to 2.5 mol % of the condensible vapor of intere
The stagnation temperatureT0 of the mixed stream was clos
to room temperature, and the initial supersaturationS0 of the
condensible vapor was as high as 0.45. As the mixture
pands in the nozzle, the temperature drops at a rate of a
106 K/s and the condensible vapor becomes highly sup
saturated. Most of the droplets form in a rapid burst of nuc
ation that lasts from 10 to 50ms. Modeling and very recen
experimental work both show that the peak nucleation ra
are about 1015– 108 cm23 s21, depending on the particula
nozzle design. The droplets formed in the nucleation bu
grow rapidly, consume the condensible vapor, and que
further particle formation. The vapor to liquid phase tran
tion releases heat to the flow, thereby increasing the pres
of the system above that expected for an isentropic exp
sion of the same gas mixture. Measuring the pressure
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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function of position in the nozzle is a convenient way
detect and follow the entire condensation process.

C. Pressure measurements

Before conducting the SANS experiments, we p
formed extensive pressure trace experiments to charact
the condensation of H2O–D2O mixtures in the nozzle as
function of the initial gas composition and stagnation te
peratureT0 . All expansions started from a stagnation pre
sure ofp0559.660.1 kPa. We first determined the shape
the nozzle by measuring the static pressure profile for
flow of a pure carrier gas. We then measured the static p
sure profiles for different initial partial pressures of the co
densible vapor,pn,05pD2O1pH2O, at mole fractions of D2O
in the condensible vaporỹ5pD2O/(pD2O1pH2O) equal to
1.0, 0.8, 0.6, 0.4, 0.2, and 0.0. Here,pD2O and pH2O are the
partial pressures of D2O and H2O, respectively. To deter
mine the other properties of the expansion, we integrated
diabatic flow equations using the measured area ratio of
nozzle, the condensing flow pressure trace, the stagna
conditions, and an equation of state. We defined the onse
condensation as that point in the flow where the difference
temperature between the condensing flowTcf and the isen-
tropic expansion of a gas with the same properties of
mixture Tmi is 0.5 K. For a fixed value ofỹ, the onset pres-
surepon is an exponential function of onset temperatureTon.
From fits to the onset data we can determine the partial p
sure of each species required to maintain onset at a con
temperature. When the experiments have the same valu
T0 , constant onset temperature also corresponds to a fi
position for the onset of condensation in the nozzle. Th
the expansions all experience the same gas dynamic his
up to onset.

D. Aerosol-SANS: Experimental setup
and data analysis

The experimental setup for the SANS measureme
with the supersonic nozzle has been described in more d
in previous papers.5–7 Briefly, the SANS experiments wer
conducted using the NG-7 SANS instrument at the NI
Center for Neutron Research, Gaithersburg, MD. During
SANS experiment, the nozzle, plenum, and associa
plumbing are placed in the sample chamber. The windo
separating the sample chamber from the neutron guide
the detector tube are removed and the entire system
pumped down to about 12 Pa. The neutron beam crosse
sample at right angles to the gas flow, and the 0.6 cm3 scat-
tering volume is defined by the width of the nozz
~1.27 cm!, and a 1.2 cm wide30.4 cm high cadmium aper
ture centered 5.6 cm downstream of the throat~cf. Fig. 2 in
Ref. 5!.

For these experiments the neutron scattering dete
consisted of a 64364 array of 1 cm2 3He detectors. Scatter
ing from the pure D2O (ỹ51.0) aerosol was measured
sample-to-detector distances~SDD! of 1.0 and 2.9 m.
For pure H2O (ỹ50.0) and the multicomponent aeroso
( ỹ50.8, 0.6, 0.4, 0.2) only the 2.9 m SDD was used. T
neutron wavelengthl was l50.8 nm, corresponding to a
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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5467J. Chem. Phys., Vol. 118, No. 12, 22 March 2003 D2O–H2O binary nucleation rates
mean neutron velocity of 500 m/s, and the wavelen
spread wasDl/l522%. The neutron scattering measur
ments were made in 30-min intervals with 30-min bac
ground measurements of the pure nitrogen gas before
after each aerosol measurement. The total integration
for each aerosol sample at each SDD was about 1 h.
alternating sample and background measurements we c
monitor and properly account for slight drifts in the bac
ground due to the build-up of contaminants on the windo
The two-dimensional data were treated to account for ba
ground scattering, sample transmission, pixel-to-pixel int
sity variations, and bad regions of the detector. The abso
intensity scale was determined by measuring the attenu
neutron flux reaching the detector during a beam center
termination.

The two-dimensional data were then averaged using
NIST data reduction software11 to produce the one
dimensional scattering intensityI (q), whereq is the momen-
tum transfer wave vector. In supersonic nozzle experime
the droplets have a velocity in the flow direction that is co
parable to the neutron velocity. Thus, the momentum tran
vectorq depends not only on the neutron wavelength and
normal scattering angleu, but also on the azimuthal angle o
the detector and the ratio of the aerosol particle velocity
the neutron velocity. The necessary Doppler-shift correct
was applied to the data11,12 during the averaging procedure
We use the velocity of the aerosol droplets derived from
pressure trace information and assume that the droplets m
at the same speed as the gas. This is consistent with
velocity derived from Doppler anisotropy of the 2D spectr6

The data were fit to extract the size parameters using
NIST analysis routines11 assuming a log-normal or Gaussia
size distribution of droplets and taking the instrument re
lution into account~i.e., smeared fits!. The formal errors
quoted for each parameter correspond to 1 standard devi
from the mean with all other parameters optimized.

E. Nucleation rate estimates

As discussed by Streletzkyet al.7 and Khanet al.13,14the
nucleation rates in supersonic nozzles can be estimate
rectly by analyzing both the pressure trace data and
SANS experiments. The analysis is analogous to that use
determine nucleation rates in laminar diffusion flo
tubes.15–17 We start by assuming that the ratio of the ma
mum nucleation rateJmax to the particle production rate
*JdV is the same for the experiments as for a reasona
nucleation rate theory, i.e., that

Jexp
max

*JexpdV
5

Jtheory
max

*JtheorydV
5

1

VJmax

, ~1!

whereVJmax
is the characteristic volume corresponding to t

maximum nucleation rate. The characteristic time cor
sponding to the maximum rate is then given by

DtJmax
5

VJmax

V̇NZ

, ~2!
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whereV̇NZ is the volumetric flow rate through the nucleatio
zone. All of the information required to calculateDtJmax

can
be derived from the pressure trace measurements. The
nucleation rate is then given by

Jmax~SJmax
,TJmax

!5
N

DtJmax

f exp, ~3!

whereN is the number density of the aerosol measured us
SANS. The factorf exp corrects the observed number dens
for the continued expansion between the nucleation z
~NZ! and the viewing volume~VV !, and is given by the
density ratiof exp5rNZ /rVV . The values ofSJmax

and TJmax

are those that maximize the theoretical nucleation rate,
these are also quite insensitive to the theory used.

III. RESULTS

A. Pressure trace measurements

The detailed results of the extensive pressure trace
periments made for the D2O–H2O mixtures in this nozzle
are presented in a previous paper.8 Here, we focus solely on
the results relevant to the SANS experiments where all
pansions started atT0526.060.1 °C. We maintained onse
about 1.2 cm downstream of the throat and, thus, the t
perature at onset was close to 230 K. This temperatur
easily reached by other nucleation experiments, in partic
expansion cloud chambers and shock tubes. Figure 1~a! il-
lustrates the onset pressure as a function of the onset
perature measured after the SANS experiments were
ducted. In all of these experiments, approximately 75%
the initial vapor condensed by the time the flow reached
viewing volume.

Although one nozzle sidewall was removed in order
replace a contaminated Si window after the SANS exp
ments were completed, we believe that the nozzle flow a
was virtually the same for the SANS and the pressure tr
experiments. Figure 1~b! summarizes the partial pressures
D2O and H2O at onset for the conditions used at NIST a
compares them to the conditions that would have maintai
onset atT5230 K. The agreement is quite good. Finall
Table I summarizes the important experimental parame
including the initial conditions, as well as those at onset a
in the viewing volume. The results in Table I were deriv
from the pressure trace experiments by correlating each
rameter as a function of the mass flow rate of the condens
vapor entering the system, and then interpolating or extra
lating to the flow rates used during the SANS experimen

B. Small angle neutron scattering

The measured SANS scattering spectra are illustrate
Fig. 2 as a function of the momentum transfer vectorq.

The raw scattering spectra, Fig. 2~a!, graphically illus-
trate how close the scattering spectrum of the pure H2O aero-
sol lies to the scattering spectrum of the nozzle flowing p
N2. Figure 2~b! shows the background subtracted spec
and includes the best fits to the spectra assuming the ae
has a log-normal size distribution. In both figures it is cle
that the scattered neutron intensity is a strong function of
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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5468 J. Chem. Phys., Vol. 118, No. 12, 22 March 2003 Heath et al.
D2O mole fraction. This is because the absolute intensity
a scattering spectrum depends on the square of the differ
in scattering length density between the scattering body
the solvent, (Dr)2. The quantity (Dr)2 is also called the

FIG. 1. ~a! The Wilson plot for the experiments starting atT0526.0
60.1 °C andp0559.660.1 kPa.~b! The partial pressures of D2O and H2O
corresponding to the experiments at NIST are very close to those requir
maintain onset at 230 K.

TABLE I. The parameters at onset and in the viewing volume are those
correspond to the SANS experiments. All expansions started fromp0

559.660.1 kPa andT0526.060.1 °C. Here,ỹ5pD2O /(pD2O1pH2O), ṁ is
the mass flow rate of the condensible vapor,pon and Ton are the partial
pressure of the condensible and the temperature at onset,Tvv andnvv are the
average temperature and velocity in the viewing volume, respectively. N
at onsetpD2O5 ỹ•pon andpH2O5(12 ỹ)•pon .

ỹ ṁ/g min21 pon /kPa Ton /K Tvv /K nvv /ms21

1.0 6.47 0.444 230.3 231 435
0.8 6.67 0.463 229.9 232 435
0.6 6.86 0.483 229.3 233 435
0.4 7.25 0.524 229.6 235 434
0.2 7.51 0.561 230.1 236 433
0.0 7.77 0.586 229.6 237 433
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
f
ce
d
contrast factor. In our case the solvent is the N2 carrier gas
whose scattering length density is effectively zero, beca
the gas density is much lower than that of the liquid drople
Thus,

Dr5rD2Ox1rH2O~12x!, ~4!

wherex is the mole fraction of D2O in the droplets, andr i is
the scattering length density of componenti. The scattering
length density of D2O is rD2O56.39•1010 cm22, while that
of H2O is rH2O520.56•1010 cm22, so even low levels of
H2O can rapidly reduce the intensity of scattering sign
from the multicomponent aerosol over that of the pure D2O
aerosol. These values of scattering length densities ass
that the density of D2O and H2O in the nanodroplets at th
conditions in the viewing volume are 1.11 and 1.00 g cm23,
respectively, i.e., that the decrease in density of the liquid
the temperature decreases is compensated by the increa
density due to the high internal pressure of the droplets.

to

FIG. 2. The SANS scattering spectra for the D2O–H2O aerosols.~a! The
raw scattering spectra for the D2O–H2O aerosols and from the flowing N2

carrier gas alone.~b! The background subtracted spectra. The mole fract
of D2O in the condensible vapor is given in the legend. Although the sig
is weak, we were able to measure scattering from pure H2O aerosol.

at

e,
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TABLE II. The properties of the aerosol size distributions were derived by fitting each spectrum to a log-normal size distribution. The value ofN in column
6 corresponds to fixing the valueDr and optimizingfSANS. The value ofN in column 9 corresponds to fixing the value off to fPT and optimizingDr. The
values ofr g and lnsr are independent of the assumptions regardingDr andf.

ỹ r g /nm ln sr Dr/cm22 fSANS N/cm23 Dr/cm22 fPT N/cm23

1.0 12.260.1 0.1760.01 6.39•1010 (1.9060.01)•1026 2.16•1011 (5.7760.02)•1010 2.33•1026 2.64•1011

0.8 12.860.1 0.1660.01 4.97•1010 (2.0660.02)•1026 2.08•1011 (4.6160.02)•1010 2.39•1026 2.42•1011

0.6 13.260.2 0.1760.01 3.59•1010 (2.1560.02)•1026 1.98•1011 (3.3660.02)•1010 2.45•1026 2.25•1011

0.4 14.360.3 0.1360.02 2.20•1010 (2.2860.04)•1026 1.74•1011 (2.0960.02)•1010 2.57•1026 1.93•1011

0.2 1262 0.2560.1 0.82•1010 (2.660.2)•1026 2.37•1011 (0.8160.03)•1010 2.66•1026 2.40•1011

0.0 1363 0.1760.2 20.56•1010 (2.360.4)•1026 2.03•1011 (20.5160.04)•1010 2.74•1026 2.37•1011
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error introduced by this assumption is of the order of 1%
the scattering length density and is therefore insignifica
Comparing the two extremes, a pure D2O aerosol has a sca
tered intensity;130 times that of an identical pure H2O
aerosol.

All of the scattering spectra in Fig. 2~b! have essentially
the same shape. Asq approaches zero, the spectra begin
level off. For 0.3,q/nm21,0.4, all spectra have an inflec
tion point in the region where the scattering amplitude fo
single sphere crosses zero.18 The position of this minimum is
related to the characteristic diameter of the droplets by

^r &5
4.493

q1
. ~5!

Thus, the systematic shift of the inflection points to smalleq
as the H2O level increases, indicates that the average dro
size is getting bigger. This behavior is consistent with
onset measurements, where the partial pressure to mai
onset at a fixed position increases with the H2O mole frac-
tion. As q increases beyond the inflection point, the scat
ing signal falls off asq24, consistent with scattering from
homogeneous spherical droplets.

C. Data analysis

To determine the parameters of the size distribution,
assumed that the aerosol consists of a log-normal distribu
of spherical droplets. In this case, the synthetic scatte
spectrum for an aerosol with volume fractionf is given by

I s~q!5
3f

4p^r 3&
•

1

ln~s r !A2p

3E
0

` 1

r
expF2

~ ln r 2 ln r g!2

2 ln2 s r
GP~q,r !dr. ~6!

Here, r is the droplet radius,r g is the median or geometri
droplet radius, lnsr is the polydispersity, and̂r 3& is the third
moment ofr. The functionP(q,r ) is the particle form factor
for spherical droplets, and is given by

P~q,r !5~Dr!2F4p~sin~qr !2qr cos~qr !!

q3 G2

. ~7!
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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In Eq. ~6! r g and lnsr determine the shape of the sca
tering curve, while the productf (Dr)2 determines the scal
ing. Becausef andDr are perfectly correlated, one of thes
parameters must be fixed when fitting the spectra while
other floats. When determining the best fit values off ~or
Dr!, r g , and lnsr , the NIST curve-fitting program account
for both the uncertainties associated with the experime
data and the instrument resolution.

We first fit the spectra assuming that the scattering len
density and the absolute calibration of the SANS instrum
are both correct~i.e., Dr fixed! and found the best-fit value
of f, r g , and lnsr @Fig. 2~b!#. For a log-normal distribution
of droplets, the value ofN is related to the volume fraction o
condensate as

N5
3fSANS

4p^r 3&
5

3fSANS

4pr g
3 exp~24.5 ln2 s r !, ~8!

where the subscript SANS has been added to emphasize
this is the value off derived purely from the SANS mea
surements. We also have an independent determinatio
volume fraction from the pressure trace measurementsfPT.
As summarized in Table II, the ratiofSANS/fPT varies from
0.82 to 0.97.

If, on the other hand, we insist that the volume fractio
derived from the pressure traces are correct, thenDr is 3%–
10% lower than the values used above to maintain a good
Physically, the uncertainty in the value ofDr stems from
uncertainty in scattering length density of the droplets and
the instrument calibration. We note that the second metho
not necessarily more accurate than the first because the
ues offPT also have uncertainty due both to the experime
tal measurements and the input parameters to the data in
sion code, in particular the heat of vaporization of the wa
below 240 K. The number densities, derived using Eq.~8!,
scale directly withf.

Table II summarizes the parameters of the size distri
tions derived using either approach. The formal errors in
fit parameters correspond to one standard deviation in
value of each parameter with the other parameters hel
their optimal values. Although we do not report the resu
here, we also fit the data assuming Gaussian droplet di
butions. Because the aerosols are reasonably monodisp
we found little difference between the values derived for
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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median radius or the polydispersity~Gaussian versus log
normal!, and in both cases these two parameters are hig
correlated. Generally, the values ofN derived assuming a
Gaussian size distribution were about 3% higher than
values for the corresponding log-normal distribution.

IV. DISCUSSION

A. Total contrast and size distribution

All of our analysis assumes that the D2O mole fraction
in the dropletsx is equal to that of the initial condensibl
vapor mixture in the gas stream,ỹ. We can test this assump
tion by performing a simple Guinier analysis19 because the
scattering intensity atq50, I 0 , depends quadratically on th
contrast factor

I 05N^r 6&~Dr!2, ~9!

and the latter is a linear function ofx.
In Fig. 3 we therefore plot theAI 0 as a function of the

mole fraction of D2O. For identical droplet size distribu-
tions, AI 0 should vary linearly with the mole fraction o
D2O, becauseDr is a linear function ofx. The solid line in
Fig. 3 illustrates the expected linear behavior ofAI 0 where
all the values are scaled toI 0 for the pure D2O aerosol.
Although the experimental values ofAI 0 change systemati
cally with x, they almost all lie distinctly above the soli
straight line.

It is already clear from the spectra in Fig. 2~b! and the
phase behavior in Fig. 1 that the assumption of ident

FIG. 3. The values ofAI 0 obtained from Guinier fits to the data decrea
rapidly as the D2O mole fraction in the condensible vapor is decreased. T
solid line is the value ofAI 0 for the pure D2O aerosol scaled by the mixtur
scattering length. The long dashed line correctsAI 0 for the change in par-

ticle size by scaling the solid line byV̇mix /V̇D2O. The dot-dash line corrects
AI 0 for changes in particle size and polydispersity by scaling
^r mix

6 &/^r D2O
6 &. The dotted lines indicate zero scattering intensity and

mole fraction of the null contrast mixture, respectively. The error bars
statistical error forI 0 of the Guinier analysis, except for pure H2O, where
we averaged the error of the first three data points@cf. Fig. 2~b!#.
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droplet distributions cannot be correct. The former sho
that the inflection point, indicative of the average partic
size, is changing as a function of composition, while t
latter demonstrates that the partial pressure to maintain o
at a fixed position increases as mixtures become riche
H2O. Since the molar densities of liquid H2O and D2O are
essentially identical, the increase in partial pressure
achieved experimentally by increasing the volume of liqu
that is pumped into the vaporizer. As noted earlier, we c
dense about 75% of the incoming material in each ca
Thus, if thenumber densityof each aerosol is identical,AI 0

must lie above the straight line because the droplet size m
increase as the mixtures become richer in H2O. The easiest
way to account for the effect of the increased flow rate
AI 0 is to modify the straight-line relationship by multiplyin
each point by the ratio of the volumetric flow rate
V̇mix /V̇D2O. In the limit of a monodisperse aerosol with co
stant number density, correcting by the ratioV̇mix /V̇D2O is
exact. The dashed line in Fig. 3 includes the volumetric fl
rate correction and the agreement with the experiment
observed values improves significantly.

Finally, as long as the droplets are well mixed, i.e., the
is no surface enrichment of either species, the value of^r 6&
is not affected by the composition of the droplets—only t
value ofN is. Thus, we can directly account for the observ
changes in̂ r 6&5r g

6 exp(18 ln2 sr) as a function of composi-
tion, and this is the dot-dash line in Fig. 3. This correct
curve also agrees with the measured intercepts quite rea
ably, again suggesting that the droplet composition is clos
the initial condensible vapor composition, and that the va
of N is relatively constant. Although it is possible that larg
changes in composition could be compensated by simu
neous large changes inN, we think that this is highly un-
likely. Until we have better direct experimental or modelin
evidence, we will assume thatx5 ỹ. We note that fast isoto-
pic exchange between H2O and D2O also helps to ensure tha
x is close toỹ.

B. Nucleation rates

With our experimental values forN we are now in a
position to estimate the nucleation rates as a function
composition. To do so we must first evaluate the charac
istic time associated with the peak nucleation rateDtJmax

, as
well as the corresponding temperatureTJmax

and supersatura
tion SJmax

. For the pure components, the process is ident
to that used by Streletzkyet al.7 and Khanet al.13,14 For the
binary mixtures, we treat each mixture as a single compo
with physical properties that are the molar average of
pure component values. Thus, the supersaturation at
point in the nozzle is given by

S5
pn

pmix
` ~T!

5
pD2O1pH2O

pmix
` ~T!

, ~10!

wherepn is the total partial pressure of the condensible v
por, andpD2O, andpH2O are the partial pressure of D2O and
H2O, respectively. The equilibrium vapor pressure of t
mixture pmix

` (T) is calculated as

e

e
e
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pmix
` ~T!5 ỹ•pD2O

` ~T!1~12 ỹ!•pH2O
` ~T!, ~11!

wherepD2O
` (T) andpH2O

` (T) are the equilibrium vapor pres

sures of pure D2O and pure H2O, respectively.
Our treatment here is consistent with the assumption

used to invert the pressure trace data, i.e., that the spe
condense together in the same ratio as in the initial cond
sible. Figure 4 summarizes the values ofDtJmax

calculated
for D2O and all of the binary mixtures.

When plotted as a function of the pressure ratio at on
(p/p0)on, DtJmax

shows no discernible dependence on co
position. Because very little heat has been added to the
at onset, we would observe similar relationships betw
DtJmax

and the position at onsetxon or the temperature a
onsetTon. For the NIST data, (p/p0)on was always between
0.392 and 0.398. Thus,DtJmax

583102660.531026 s, and
the uncertainty inDtJmax

is clearly less than 10%.
At this point we note that although the pure H2O mea-

surements gave onset values that are consistent with
previous and more recent measurements, integrating th
abatic equations to yield the other properties of the fl
downstream of onset gave results that were extremely s
tered and inconsistent with the other data in this series,

FIG. 4. The characteristic time associated with the maximum nucleation
DtJmax

varies systematically with the location of onset as characterized
(p/p0)on , but does not depend on the isotopic composition of the cond
ing vapor.

TABLE III. The binary nucleation rates for D2O through pure H2O are
summarized. The parentheses around the values for H2O indicate that these
are extrapolated from the values observed for pure D2O and the intermediate
mixtures.

ỹ ṁ/g min21 pcJmax
/kPa f exp TJmax

/K SJmax
Jmax/cm23 s21

1.0 6.47 0.395 1.37 229.1 46 4.1•1016

0.8 6.67 0.442 1.37 229.1 47 3.9•1016

0.6 6.86 0.454 1.33 228.6 47 3.5•1016

0.4 7.25 0.441 1.34 229.1 41 3.1•1016

0.2 7.51 0.487 1.34 229.2 42 4.0•1016

0.0 7.77 ~0.549! ~1.34! ~229! ~45! 3.7•1016
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indeed any of our other measurements. For this reason,
estimates forDtJmax

, SJmax
, and TJmax

for H2O are extrapo-
lated from the D2O and mixture data and may be less certa
than the values derived for the latter.

Table III and Fig. 5 summarize the nucleation rate
sults.

Our first observations are thatTJmax
5229 K for all of the

data, and thatTJmax
is consistently 0.5–1 K lower than th

corresponding values ofTon. Thus, our nucleation rate mea
surements are close to isothermal. The uncertainty inTJmax

, is
still dominated by the uncertainty in the stagnation tempe
ture T0 , the same way thatTon is. As discussed in detail in
our previous paper,8 it is difficult to determine the stagnatio
temperature of the gas more accurately than61 K. Second,
SJmax

varies between 40 and 50 for all of the conditions e
amined. We estimate that the error inSJmax

is 65 supersatu-
ration units, and so even the extreme values have over
ping error bars. The uncertainty inSJmax

stems partly from
uncertainty inpn , but is dominated by the uncertainty i
TJmax

since the equilibrium vapor pressure is an exponen
function of T. Furthermore, we expect that there is som
uncertainty associated with extrapolating either vapor pr
sure curve to 230 K. Table III, therefore, also reports t
values ofpn corresponding to the maximum ratepn,Jmax

. Fi-
nally, we see that the maximum nucleation rates,Jmax, vary
by less than 20% as a function of the isotopic compositi
The uncertainty inJmax stems both from uncertainty inN and
uncertainty inDtJmax

. As noted above, we believe the unce
tainty in DtJmax

is less than 10%. The uncertainty inN comes
from uncertainty in the absolute calibration factor for t
SANS experiments~about 10%!, the fitting procedure that is
used~up to 20%!, and some background drift in the SAN
experiments~5%!. Our overall estimate for the uncertainty i
J is therefore;50%. The difference in the estimated nucl

te
y
s-

FIG. 5. The homogeneous binary nucleation rates for D2O–H2O mixtures
are independent of the vapor phase composition, and agree well with
values predicted by the empirical temperature correction function for w
nucleation rates developed by Wo¨lk and Strey~Ref. 9!.
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ation rates is less than the estimated error, and, thus
D2O–H2O the constant onset isotherm presented in Fig. 1~b!
clearly corresponds to a critical nucleation rate isotherm.

To compare our results to literature values, we tu
to the extensive H2O–D2O nucleation rate data set of Wo¨lk
and Strey.9 At T5230 K, they found that H2O and D2O
nucleation rates in the range 106,J/cm23 s21,109 were
indistinguishable when plotted as a function of superatu
tion. Our nozzle experiments are consistent with this ob
vation and with our earlier observation8 that the supersatura
tion at onset for H2O and D2O merge asTon approaches
230–240 K. In Fig. 5, the filled symbols correspond to t
nucleation rates calculated by extrapolating Wo¨lk and Strey’s
empirical nucleation rate functions for pure H2O and pure
D2O to nozzle conditions. The dashed line connects the
points, and the nucleation rates for the intermediate mixtu
all lie close to this line. The quantitative agreement betwe
the experimental and extrapolated values is quite amaz
We also note that, unlike rates derived from modeling pr
sure trace experiments only, the nucleation rates measur
the nozzle in this way are independent of any assumpt
about droplet growth laws. Accordingly, in the future w
should be able to decouple the two processes by car
analysis even if they remain tightly coupled in the expe
ment.

V. CONCLUSIONS

The small angle neutron scattering~SANS! experiments
of D2O–H2O aerosols shown in Fig. 2 demonstrate that ev
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
or

n

-
r-

o
s
n
g.
-
in
s

ful
-

n

the scattering of pure H2O aerosols can be measured. T
use of D2O, however, greatly facilitates the measuremen
and the increased scattering length density yields m
detailed and quantitative information. The quantitative ana
sis of the formation of D2O–H2O aerosols in a supersoni
nozzle using pressure trace measurements and SANS
us conclude that the composition of the droplets is clo
to that of the initial condensible vapor. The first estima
of binary nucleation rates in a supersonic nozzle yield
value ofJmax5(3.660.5)•1016 cm23 s21 independent of the
isotopic composition atTJmax

5229 K and supersaturatio
aroundSJmax

544. The empirical nucleation rate functions fo
pure water recently developed by Wo¨lk and Strey predict
J53.0•1016 cm23 s21 for D2O and J52.5•1016 cm23 s21

for H2O. The agreement with the nozzle experiments is
markable and well within the experimental error of a facto
quoted for the nucleation pulse chamber experiments.
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APPENDIX: SUMMARY OF THERMOPHYSICAL PARAMETERS

This Appendix summarizes the thermophysical parameters of D2O, H2O, and N2. Here,s i is the surface tension,r i the
density,pi

` the equilibrium vapor pressure,k i the compressibility.T is the temperature in@K#, t the temperature in@°C#, Tc the
critical temperature,pc the critical pressure,M is the molecular weight,Cp is the constant pressure heat capacity of the g
andCp, is the constant pressure heat capacity for the liquid.

1. D2O
sD2O/(mN/m)20 593.663510.009 133•T820.000 275•T82 T85T•1.022

rD2O/(g/cm3)9 50.09•tanh(x)10.847•t r
0.3310.338

x5
T2231

51.5
t r5

Tc2T

Tc

pD2O
` (T) (Pa)21,22 5pc•expHTc

T
•~a1•t1a2•t

1.91a3•t21a4•t5.51a5•t10!J
a1527.815 83 a4523.924 88
a2517.6012 a554.191 74
a35218.1747 t512T/Tc

kD2O/(Pa21)23 510211
•(a2bt1ct22dt31et42 f t5)

a553.5216 d58.5541•1025

b50.4536 e55.4089•1027

c58.7212•1023 f 51.3478•1029

Tc5643.89 K21

pc521.66 MPa21

M520.027g mol21

Cp(T5298.15 K)534.25 J mol21 K21 24

Cp,(T5293.14 K)584.23 J mol21 K21 24
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2. H2O
sH2O/(mN/m)25,26 593.663510.009 133•T20.000 275•T2

rH2O/(g/cm3)9 50.08• tanh(x)10.7415•t r
0.3310.32

x5
T2225

46.2
t r5

Tc2T

Tc

pH2O
` (T)(Pa)9 5exp(77.344 9127235.424 65/T28.2• ln T10.005 711 3•T)

kH2O/(Pa21)27 510211
•(a2bt1ct22dt31et42 f t5)

a550.9804 d56.417 85•1025

b50.374 957 e50.343 024•1026

c57.213 24•1023 f 50.684 212•1029

Tc5647.15 K25

M518.016g mol21

Cp(T5298.15 K)533.60 J mol21 K21 24

Cp,(T5293.14 K)575.99 J mol21 K21 24

3. N2

M528.013 g mol21

Cp(N2 ,T5298.15 K)529.124 J mol21 K21 24
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