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Controlling nucleation and growth of nanodroplets in supersonic nozzles
Kiril A. Streletzky, Yury Zvinevich,a) and Barbara E. Wyslouzil
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We present the first results for a new supersonic nozzle that decouples nucleation and droplet
growth, and closely controls the supersaturation and temperature during nucleation. We characterize
the expansions using pressure trace measurements, and the aerosol properties using light scattering
and small angle neutron scattering. We show that when nucleation and droplet growth are separated,
the aerosol number density decreases, the average particle size increases, and the aerosol can be
more monodisperse than that formed in a conventional nozzle. Under these conditions, we can
estimate the nucleation rateJ as a function of supersaturationSand temperatureT directly from the
experimental data. For D2O we find that the nucleation rate is 4.331015<J/cm23 s2<6.0
31015 at 230.1<T/K<230.4 and 29.2<S<32.4. © 2002 American Institute of Physics.
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I. INTRODUCTION

Particle formation and growth in supersonic expansio
occur in many natural and technological applications.1 Vol-
canic eruptions, for example, produce sulfate aerosol wh
can profoundly influence both stratospheric chemistry a
radiative processes.2 Aerosol formation and growth in turbo
machinery, on the other hand, decrease turbine efficiency
can erode turbine blades.3,4 Thus, understanding condens
tion in supersonic flows is important for predicting, and po
sibly controlling, when the phase transition will occur und
the high supersaturations achieved in these rapid expans
Direct nucleation and growth rate measurements are cri
for testing and developing the basic physical models desc
ing these phenomena.5,6 These models, in turn, help us crea
accurate descriptions of atmospheric and industrial p
cesses.

Laval nozzles have been used extensively to exam
condensation7–9 of both mixtures of condensible vapor in
carrier gas10–25 and pure vapors,26–30 especially steam.27–29

In conventional Laval nozzles, the cross-sectional flow a
first decreases to the throat and then increases monotoni
in the supersonic region. As the gas flows through the no
it expands and the temperature falls at a rate of;106 K/s.
Because the equilibrium vapor pressure decreases expo
tially with temperature, very high supersaturations can
achieved. Eventually, however, homogeneous nuclea
produces enough new particles that their growth rapidly
pletes the condensible vapor and quenches further par
formation. Experimentally, the onset of condensation in
supersonic nozzle is determined either by observing w
the heat released to the flow by the phase transition caus
noticeable deviation of a state variable from its isentro
value,12,24 or by detecting light scattered by the aerosol.27,28

a!Permanent address: Institute of Physics, National Academy of Scienc
Belarus, Minsk, Belarus.
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Because onset is the result of nucleation and growth tak
place simultaneously over a wide range of temperature
supersaturation, onset measurements alone do not dir
yield information about droplet nucleation and growth rat
The information about these processes is only obtained i
rectly by modeling the system.1,28

To address these limitations, we are developing sup
sonic nozzles that decouple droplet nucleation and grow
Ideally, nucleation should occur at constant temperaturT
and supersaturationS over a well defined time intervalDt.
Given such a nozzle, we can then use small angle neu
scattering~SANS! to measure the number densityN of the
aerosol,31–34 and, thus, determine the nucleation rateJ di-
rectly asJ(S,T)5N/Dt. Droplets formed under these con
ditions can be more monodisperse than droplets formed
ing spontaneous condensation in a conventional noz
Monodisperse aerosols are themselves of technolog
interest,35 and they have the added advantage that the SA
scattering spectra have more structure and are easier to i
pret.

In this paper we present the first results of our efforts
build and work with such nozzles. In particular, we discu
the design and characterization of the new nozzles using
ventional thermodynamic state measurements, the optim
tion of the operating conditions using pressure trace and l
scattering measurements, the particle size distribution m
surements using SANS, the variation in aerosol size distri
tion as a function of operating conditions, and the degree
which nucleation and growth can be separated. We also
mate the characteristic time for nucleationDt, the nucleation
rateJ, and the corresponding supersaturationSand tempera-
ture T. Finally, we combine the light scattering and SAN
results to estimate the droplet growth rate in the nozzle.

II. NOZZLE DESIGN

The concept of a supersaturation pulse is central to
quantitative nucleation rate measurements, and the techn
of
8 © 2002 American Institute of Physics
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4059J. Chem. Phys., Vol. 116, No. 10, 8 March 2002 Controlling nucleation
FIG. 1. The four zones in the shaped nozzle are indicated as E1, the first expansion; Nz, the nucleation zone; R, the recompression; and E2,
expansion.~a! The profile of the conventional nozzle~dashed gray! is much simpler than that of the ideal shaped nozzle~solid gray!. ~b! In both nozzles, the
pressure trace for the dilute D2O–N2 mixture ~solid or dashed black line! follows the isentropic expansion~solid or dashed gray line! closely up to the onset
of condensation. Although onset occurs at about the same distance downstream of the throat, the pressure and temperature are quite different. Thditions
used as input to the model are noted in the figure.
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has been implemented in many of the expansion dev
used to study vapor-to-liquid nucleation. In expansion clo
chambers,36–38 shock tubes,39 piston-expansion tubes,40 and
wave tubes,41,42 the pressure decreases rapidly as a func
of time until it reaches a minimum value. The pressure
maintained at this minimum value for a short time~0.3–10
ms!, and then a rapid recompression is applied to produc
slightly higher pressure in the system. When the system
its lowest pressure, the supersaturation and the nuclea
rate are maximized. The slight increase in pressure raise
temperature and reduces the supersaturation enough to e
tively stop nucleation, while allowing existing particles
grow rapidly.36,38

Our objective is to build a supersonic nozzle with a sp
tial profile such that a fluid element moving through t
nozzle experiences the same pressure history as vapor u
going a controlled pressure pulse. Thus, in the shaped no
the first expansion is produced by the initial increase in
area ratio after the throat. This is followed by the nucleat
zone where the area ratio is constant, a short recompres
region where the area ratio contracts, and finally by a sec
expansion region. Figure 1~a! compares the area ratio for a
ideal shaped nozzle to that of a conventional nozzle. T
gentle expansion after the recompression in the sha
nozzle prevents the flow from shocking back to the subso
regime as heat is added by the phase transition.

In our preliminary design, we assume that the flow
our slender, gently expanding nozzles is one dimensio
For an isentropic expansion in a conventional nozzle,
pressure ratiop/p0 and the temperature ratioT/T0 are re-
lated to the Mach numberM by43

p

p0
5F11

g21

2
M2Gg/~g21!

~1!

and
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T0

T
511

g21

2
M2, ~2!

where g is the ratio of the constant pressure and const
volume heat capacities, and the subscript 0 refers to the
ditions when the fluid is at rest. The Mach number is rela
to the area ratio (A/A* ) by

A

A*
5

1

M F21~g21!M2

g11 G ~g11!/~2g22!

, ~3!

whereA* is the cross-sectional area of the nozzle throat.
the shaped nozzle, recompression of the supersonic flo
carried out by a series of shocks emanating from the wall
the nozzle. As long as the shocks are weak, the flow rem
isentropic and Eqs.~1!–~3! are still valid.43 The gray lines in
Fig. 1~b! are the pressure profiles, calculated using Eqs.~1!
and ~3!, that correspond to the isentropic expansion of p
N2 for the two nozzle shapes illustrated in Fig. 1~a!. In the
conventional nozzled(A/A* )/dx is constant and the pres
sure drops monotonically. In the supersonic region of
shaped nozzle, the pressure profile mirrors the behavio
A/A* and closely matches the pressure history found
other expansion devices.

To estimate reasonable operating conditions, we t
modeled condensation in the nozzle for a mixture of cond
sible and noncondensible gas assuming steady, o
dimensional, inviscid flow.10,21,34 For every step in the ex
pansion,Dx, we calculate the number density of new
formed droplets,DN, using the steady state classical nuc
ation rate44 and the local gas velocity. The condensate m
fractiong at every position along the flow is calculated usi
an isothermal growth law.39 From g and the latent heat o
vaporization of the condensate, we obtain the other pro
ties of the condensing flow by solving the diabatic flo
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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4060 J. Chem. Phys., Vol. 116, No. 10, 8 March 2002 Streletzky et al.
equations21,24 for the given nozzle shape. The physical pro
erty correlations for D2O used in the modeling are those
Wölk.45

The black curves in Fig. 1~b! illustrate the predicted
pressure traces for the flow of a dilute mixture of D2O in N2

through both the conventional and the shaped nozzle. In
example, the stagnation conditions wereT05308.2 K and
p0559.6 kPa, and the partial pressure of condensible
pv05861 Pa. In the conventional nozzle, the pressure tr
for the condensing flow follows that of the pure N2 expan-
sion until particle growth releases enough heat to produc
rapid deviation in pressure from the isentrope at the onse
condensation. Modeling suggests that nucleation is sig
cant for some distance both upstream and downstream
onset, and, thus, occurs over a wide range of temperature
supersaturation. In the shaped nozzle, the pressure tra
the condensing flow follows the corresponding isentro
closely both through the nucleation zone and the recomp
sion region. Only at the end of the recompression reg
does the condensing flow curve separate from its isentr
In this case, modeling shows that most particle formation
restricted to the nucleation zone, and that nucleation
droplet growth are effectively decoupled. As long as there
no noticeable condensation in the nucleation zone, the t
perature is related to the pressure by

T

T0
5S p

p0
D ~gm21!/gm

, ~4!

wheregm is the ratio of heat capacities for the mixture
carrier gas and condensible. The supersaturation is give

S5
pv

peq~T!
5

pv0

peq~T!

p

p0
, ~5!

wherepv andpv0 are the local and initial partial pressures
condensible andpeq(T) is the equilibrium vapor pressure a
the local temperature. Modeling also suggests that if the
ond expansion were missing from the shaped nozzle,
rapid heat addition due to particle growth after the compr
sion would frequently produce a shock. Downstream of
shock, the flow would be subsonic, the temperature wo
increase, and the droplets would evaporate.

As with other expansion devices, each shaped nozzle
a limited range of operating conditions. If the initial parti
pressure of the condensible speciespv0 is too high, sponta-
neous condensation occurs upstream of the controlled nu
ation zone. Ifpv0 is too low, too few droplets form in the
nucleation zone to grow and deplete the vapor before
uncontrolled burst of nucleation occurs in the second exp
sion. Under ideal conditions, however, most of the dropl
form in the nucleation zone, at constant temperature and
persaturation, the newly formed droplets grow rapid
enough to deplete the vapor and suppress further par
formation, and the second expansion absorbs enough he
prevent a shock back to subsonic flow.

Figure 2 depicts the predicted aerosol size distributi
7.0 cm downstream of the throat. We see that the sha
nozzle produces an aerosol with droplets of larger aver
size and lower number density than the conventional noz
Furthermore, the constant nucleation rate in the nuclea
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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zone produces a constant number density near the maxim
These observations are consistent with the idea that in o
to control nucleation the nucleation rate in the shaped no
must be lower than the peak rates that occur during a sp
taneous condensation event. In this example, nucleation r
in the shaped nozzle are 2–3 orders of magnitude lower t
the peak values reached in the conventional nozzle.
lower nucleation rates in the shaped nozzle mean that fe
nuclei compete for the available vapor and each drop
grows larger. A simple volume balance shows that^r 3& is
proportional to the amount of condensible entering the s
tem divided by the number of droplets. Although both si
distributions illustrated in Fig. 2 have similar absolu
widths, the size distribution of the aerosol formed in t
shaped nozzle is more monodisperse than that formed in
conventional nozzle in the sense thats r /^r & is smaller,
where here we defines r as the width of the size distribution
whenN is 1% of the maximum value. Physically,s r is de-
termined by the length of time over which nucleation is s
nificant. For the conditions chosen here, this time is ab
the same in both nozzles.

The shaped nozzles are otherwise identical to our c
ventional nozzles described earlier.24,31The flow area is rect-
angular with flat side walls, and the upper and lower bloc
are machined to define the area ratio. At the throat the he
of the channel is 5 mm, the width is 12.7 mm, and the nom
nal value ofA* is 63.5 mm2. Neoprene gaskets constraine
in O-ring grooves seal the nozzle. Glass or Si windows in
sidewalls allow transmission of light or neutrons, respe
tively. One difficulty encountered in implementing the ide
design is that the area ratio of a nozzle derived from press
measurements always differs from the physical area ratio
to the growth of boundary layers along the nozzle walls. T
problem is compounded in the recompression region wh
boundary layers grow more rapidly than in the expand
region of the flow.43 Based on our experience with othe
nozzles, we altered the geometric area ratio to try and c

FIG. 2. The aerosol produced in the shaped nozzle has a much lower
ber density of larger particles compared to the aerosol formed in the
ventional nozzle. Both size distributions correspond to a location 7
downstream of the throat. In the shaped nozzle the droplets are still gro
significantly while those in the conventional nozzle are not.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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pensate for this effect and better match the desired pres
profile.

III. EXPERIMENTAL METHODS

A. Aerosol production

A detailed description of the experimental appara
used to produce the stable supersonic flow is given
Wyslouzil et al.24 Here we simply outline the basic compo
nents and the operating principles. The expanding gas
dilute ~,2 mol %! mixture of D2O in N2 carrier gas. We use
D2O rather than H2O because the neutron scattering sign
which depends on the scattering length density square
144 times greater for a D2O aerosol than for an identica
H2O aerosol. We generate a large flow~;5.5 g/s! of N2 by
evaporating liquid N2 in a commercial heat exchanger usin
room air as the heat source. A second stream of hot N2 gas
~;3 g/s! entrains and evaporates a metered stream of D2O
droplets. After the carrier gas and the vapor-rich gas stre
are mixed, they flow through a second heat exchange
adjust the temperature. The combined flow then enters
plenum where final temperature equilibration takes place
the stagnation pressurep0 and temperatureT0 are measured
The mixture then expands through the nozzle and is
hausted to the atmosphere by two rotary vane vacu
pumps.

Most of the experimental results presented here are
related with the condensible mass flow rateṁv entering the
system because this is the experimentally measured vari
For modeling, and to compare with other experimental
sults, we also calculate the partial pressure of
condensible.24 Under stagnation conditions the partial pre
sure of condensible for our dilute mixtures is given by

pv05
ṁv /mv

ṁi /m i
p0 , ~6!

wheremv and m i are the molecular weights of the conde
sible and inert carrier gas, respectively, andṁi is the mass
flow rate of the carrier gas. AtT0535.0 °C and p0

559.6 kPa, the mass flow rate of N2 through the nozzle was
488 g/min corresponding to a molar flow rate of 17.4 m
min.

B. Characterizing the supersonic expansion

The gas dynamics of steady one-dimensional flow in
personic nozzles is well understood43 and all the properties
of the flow can be derived from the initial gas phase com
sition, two stagnation conditions, temperatureT0 and pres-
surep0 , for example, and one state variable as a function
position @e.g., p(x)#. In the absence of condensation, Eq
~1!–~3! are valid, and, thus, expansions of pure N2 define the
effective area ratio and calibrate the shape of the noz
When condensation occurs in the nozzle, the remaining v
ables~gas density, velocity, temperature! can be derived from
the effective area ratio, the measured state variables, an
equation of state for the gas, by integrating the diabatic fl
equations.21,24As in our previous work, we define the ons
of condensation in terms of a temperature difference betw
the condensing flow curve,Tcf , and the isentropic expansio
of a gas with the same properties as the mixture,Tmi . Our
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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onset criterion isTcf2Tmi50.5 K. The major difference be
tween the current experiments and those described earl24

is that we have decreased the size of the static pressure p
to 1.27 mm in diameter, to reduce its influence on the fl
field.

C. Characterizing the aerosol

Although thermodynamic state measurements determ
the onset of condensation in the nozzle, they do not prov
direct information about the particle size distribution of t
aerosol. Aerosol measurement methods that require samp
from the flow are not feasible in our experiments because
droplets evaporate as soon as the flow decelerates. Thus
use twoin situ techniques, light scattering and small ang
neutron scattering~SANS!, to characterize the aerosol.

1. Light scattering experiments

Light scattering experiments are useful for detecting
onset of condensation under conditions where state vari
measurements are difficult,19 and they can be used to est
mate the number density and average size of the drop
formed in supersonic expansions.1,13The problem inherent in
the latter is that the average size of the droplets formed
supersonic expansions (^r &;1 – 20 nm) is generally much
smaller than the wavelength of visible light~l'400–600
nm!. In the Rayleigh limit,^r &/l!1, the intensity of the
scattered lightI 0 is proportional toN^r 6& and is independen
of the observation angle. As a result, the parameters of
particle size distribution cannot be deduced from the scat
ing signal without additional information. The usu
approach1,13 is to use the pressure data to infer the total h
release per unit volume to the flowing gas stream, a quan
that is proportional toN^r 3&. Combined with assumption
about the general shape~Gaussian or log-normal! and width
of the size distribution, and the latent heat of the condens
the two measurements together yield values for^r & andN.

We use light scattering as a way to determine the o
mum operating conditions for the nozzle that is independ
of the pressure trace measurements. As illustrated in Fig
the droplet number density of the aerosol decreases and
average particle size increases when nucleation and gro
are decoupled. SinceI 0 is proportional toN^r 6&, the light
scattering signal is extremely sensitive to small change
^r &. For example, if two monodisperse aerosols have
same volume fraction andN decreases by a factor of 2, th
average particle size increases by a factorA3 2 andI 0 doubles.

To conduct the light scattering experiments, we pla
glass windows in the side blocks and remove the press
probe. The internal surfaces of the nozzle are painted b
and all experiments are done in the dark. Light from a
mW He–Ne laser~l5632.8 nm! with a 0.8 mm beam diam-
eter is intensity modulated by chopping the beam at 70
The beam is then split, and one beam is sent to a po
meter to measure the output power of the incident radiat
The second beam enters the nozzle from the downstr
side and illuminates the centerline of the flow. The collecti
optics are located on a movable platform beside the no
and collect the light scattered at 90° to the incident beam
5 mm wide slit defines the length of the scattering volum
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The optics consist of a photomultiplier tube~PMT! with a
632.8 nm bandpass filter, and a 62.9 mm lens that focuse
scattered light onto the PMT. The PMT is powered by a h
voltage power supply, and the output from the PMT is sen
a digital storage oscilloscope. Light scattering from the ae
sol is compared to that from the carrier gas to calculate
relative scattering signal of the droplets and to detect
drift in the background.

2. Small angle neutron scattering experiments

To address the limitations inherent in light scattering,
use small angle neutron scattering~SANS! to measure the
size distribution of the aerosols formed in the nozzle. B
cause the neutron wavelength~l;0.5–2 nm! is less than the
average particle radiuŝr &, the scattering spectrum strong
depends on the momentum transfer wave vectorq, whereq
}(4p/l)sin(u/2) and u is the scattering angle of th
neutrons.46 In the appropriateq range the key parameters o
the size distribution can be determined by fitting the sp
trum using only a weak assumption about the general sh
of the size distribution. Figure 3 compares the scatter
spectra corresponding to the D2O aerosol size distribution
shown in Fig. 2. Although the scattering intensity is prop
tional to the number density, andN is significantly lower for
the aerosol formed in the shaped nozzles, the^r 6& depen-
dence at lowq ensures adequate signal strength. As expec
the scattering spectrum predicted for the aerosol forme
the shaped nozzle has more structure than the spectrum
dicted for the aerosol formed in the conventional nozzle.

We conduct the aerosol SANS experiments using
NG7-SANS instrument at the National Institute for Sta
dards and Technology~NIST!. The neutron wavelength i
l50.8 nm and the wavelength spread isDl/l50.22. The
neutron beam is perpendicular to the aerosol stream and

FIG. 3. The small angle neutron scattering spectrum predicted for the a
sol produced in the shaped nozzle~solid line! exhibits more structure and
has a higher intensity intercept than the spectrum for the aerosol produc
the conventional nozzle~dashed line!. The additional structure appears b
cause the relative width of the size distributions r /^r & is smaller in the
shaped nozzle. The position of the first Bessel function minimum~Ref. 46!
is inversely related to the average particle size. Thus, the first minimum
the spectrum for the aerosol from the shaped nozzle is at lowerq.
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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scattered neutrons are detected by a two-dimensional de
tor. The experiments are completed at sample-to-detector
tances~SDD! of 2.9 m or 1 m. SANS signals are relative
weak, and thus a larger~4 mm high, 12 mm wide, and 12.7
mm deep! viewing volume is used than in the light scatterin
experiments. The viewing volume is fixed and centered
cm downstream of the throat to give the droplets as m
time as possible to grow. The nozzle is placed in an eva
ated sample box, and the sapphire and silicon windows s
rating the sample box from the neutron guide and the de
tor tube are removed. For these experiments the residua
pressure in the evacuated region was;20 Pa. We alternate
30 min of sample measurements with 30 min of scatter
from pure N2 in order to monitor the level of the backgroun
closely. As long as the background does not drift, individu
runs can be averaged. For many of the current experim
the cumulative backgrounds are 8.5–10 h long. Sample m
surements are 30 min to 2 h long.

The I (q) spectra are derived from the raw data in t
following way. The two-dimensional intensity data are fir
corrected by subtracting the scattering signal from the noz
flowing pure N2 . The corrected data are then adjusted
any nonuniformities in detector efficiency by dividing th
intensities by those from a water sample on a pixel-by-pi
basis. The data are then placed on an absolute scale an
detector pixels are masked. The absolute scale is determ
by measuring the attenuated neutron flux reaching the de
tor during a beam center determination~direct beam mea-
surement!. Under our operating conditions, the two
dimensional scattering patterns are anisotropic because
speed of the droplets~400–500 m/s! is comparable to that o
the cold neutrons~500 m/s!, introducing a Doppler shift in
the momentum of the neutrons that have a scattering com
nent along the flow axis.32,47 A modified version of the
AVERAGE command in the standard NIST data reducti
package,48 AVERAGE/DOPPLER,49 now corrects for the
Doppler shift in the binning routine used to derive the av
agedI (q) spectra. The particle velocity used by the progra
is derived from the pressure trace measurements.

IV. RESULTS AND DISCUSSION

A. Thermodynamic state measurements

We first conducted pressure trace experiments with p
N2 to characterize the assembled nozzle. As illustrated by
lowest pressure trace~solid gray line! in Fig. 4~a!, our nozzle
exhibits the key features required to separate nucleation f
droplet growth, i.e., there is a well defined pressure m
mum followed by a recompression and a second expans
The initial expansion rated(A/A* )1 /dx50.043 cm21 is rea-
sonable, but the second expansion rated(A/A* )2 /dx
50.031 cm21 is larger than planned. Furthermore, the;1
cm long nucleation zone is shorter and not as flat as des
Thus, although nucleation and growth are separated,
nucleation rate, supersaturation, and temperature are not
stant in the nucleation zone. Our situation is similar to th
found in Schmittet al.’s expansion cloud chamber,36 and in

ro-

in

in
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FIG. 4. The state of the supersonic flow as a function of positionx in the nozzle is characterized in terms of~a! the measured pressure ratiop/p0 , ~b! the
temperatureT, ~c! the fraction of material condensedg/g` , and~d! the supersaturationS. The three flow rate classes are indicated in parts~a! and ~b!. The
stagnation pressure and temperature are given in part~a!.
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the laminar diffusion flow tube50–52 and can be treated in
similar manner. Finally, for the nozzle profile defined by t
experimental pressure trace, the 1D model suggests tha
final aerosol is bimodal unless condensation occurs ei

TABLE I. The results of the pressure trace experiments are summarize
terms of the stagnation and onset conditions. In particular, the onset
tion, xon , the onset pressurepon , and the onset temperatureTon are shown.
In all cases the stagnation pressure wasp0559.6 kPa. The classification
scheme is explained in the body of the text.

T0 , °C ṁv , g/min pv0 , Pa xon , cm pon , Pa Ton , K Class

35.0 3.27 546 5.99 162 218.1 I
3.50 585 5.59 178 219.2 I
4.06 678 5.14 213 221.9 I
4.74 791 4.31 268 226.6 I
5.14 858 3.06 333 235.5 II
5.41 903 2.18 325 230.6 II
5.81 970 2.00 351 231.0 III
6.32 1056 1.82 386 231.7 III
6.97 1163 1.50 442 234.6 III

45.0 6.93 1103 5.09 349 229.7 I
7.92 1261 4.32 427 234.0 I
9.47 1508 2.10 544 238.4 II
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upstream or far downstream of the nucleation zone. T
larger mode of the aerosol corresponds to the droplets
are formed in the controlled nucleation zone, while t
smaller droplets come from a spontaneous burst of nu
ation during the second expansion. Nevertheless, becaus
two nucleation events are separated in time, and the sca
ing intensity is proportional toN^r 6& in the smallq region,
the light scattering signal and most of the neutron scatte
signal will be dominated by the large droplet mode.

We then conducted pressure trace experiments w
D2O–N2 gas mixtures to determine the D2O concentrations
corresponding to the best separation of nucleation
growth. The experiments started from a stagnation pres
of p0559.6 kPa and stagnation temperatures ofT0

535.0 °C and 45.0 °C. Table I summarizes all of the con
tions investigated and classifies the experiments accordin
the location of the onset of condensation as well as the g
eral shape of the condensing flow curve. Class I inclu
those cases where particle formation in the nucleation zon
negligible, and the aerosol is primarily formed during t
second expansion. Class III encompasses the other extr
where onset occurs distinctly upstream of the recompress

in
si-
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



r
on

n
i

D
s
nd
f
th
e

re

th

e

e
ro
c

ar
s

t

ss

ve
ar
ly
or

th

th
tu
an
s
p
K

ro
,

he
so
m
ts

on

n
se

urs
of
in

ze
at
r of

he

d of
d
ere

ue
art
a
osol
n

lets
atu-
ak,
and

the
the
e the
dis-

allest
ts
m-
re-
lete
us,
Ost-
er
med
ely

ass

d
from
tion

sion

ri-
s
de-
n-

le-
the
let

I
es.

4064 J. Chem. Phys., Vol. 116, No. 10, 8 March 2002 Streletzky et al.
Both class I and class III condensation events are simila
condensation in a conventional Laval nozzle. Class II c
densation events correspond to the intermediate D2O mass
flow rates~or partial pressures! where we believe nucleatio
and growth are largely decoupled for the droplets formed
the nucleation zone. High stagnation temperatures and2O
partial pressures were used throughout the experiment
order to maximize the volume fraction of condensate a
therefore, the neutron scattering signal. Our discussion
cuses on theT0535.0 °C data, because these data are
most extensive. TheT0545.0 °C data exhibit the sam
trends.

Figure 4~a! illustrates selected pressure traces measu
for expansions starting fromT0535 °C. Figures 4~b!–4~d!
show the profiles, derived from the pressure traces, for
temperatureT, the fraction of D2O condensedg/g` ~where
g`5ṁv /ṁi!, and the supersaturationS. The supersaturation
is calculated using the value ofpv derived from the pressur
trace data and the equilibrium vapor pressure53 for D2O. Two
cases of class I and class II condensation and one cas
class III condensation are shown in each figure. Velocity p
files were also derived because the average droplet velo
is required to correctly interpret the SANS results. They
not shown here because they are essentially mirror image
the pressure profiles.

The class I condensation events are represented by
data atṁv53.50 and 4.74 g/min~pv05585, 791 Pa!. We
will first focus on the pressure trace at 3.50 g/min~short
dashed line! because this is the cleanest example of a cla
condensation event. In this experiment,p/p0 andT both fol-
low the isentrope closely untilx55.5 cm, more than 2.5 cm
after the top of the recompression. The abrupt deviation
pressure and temperature, and the rapid increase ing/g` to
;0.7, are reminiscent of a spontaneous condensation e
in a conventional nozzle, i.e., almost all of the particles
formed in a rapid burst of nucleation and then grow rapid
depleting the vapor and quenching nucleation. Furtherm
the supersaturation peak atx'6 cm downstream of the
throat is almost three times higher than the peak found in
nucleation zone. AlthoughT is ;10 K lower for the second
peak than the first, classical nucleation theory predicts
the nucleation rate corresponding to the second supersa
tion maximum is four orders of magnitude higher th
that for the first. Since classical nucleation theory predict
stronger temperature dependence than observed ex
mentally,37 this is at least a lower bound, and for a 10
change in temperature the relative rates should be app
mately correct. The second class I condensation curve
ṁv54.74 g/min, exhibits very similar behavior although t
superaturation peaks are less disparate. Thus, the aero
probably bimodal and the scattering signals may be do
nated by the larger droplet mode. This flow rate represen
transition between class I and class II condensation.

At the other extreme is the class III condensati
event, corresponding to the experiment conducted atṁv
56.32 g/min (pv051056 Pa). At this flow rate,p/p0 andT
both deviate from the isentropic values about 1.7 cm dow
stream of the throat and the fraction of material conden
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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increases correspondingly. Thus, particle formation occ
well upstream of the nucleation zone and, up to the end
the first expansion, the picture is identical to condensation
a conventional nozzle. Becausep/p0 depends both onA/A*
and the heat released to the flow, it is difficult to visuali
from the pressure data how the recompression, startingx
'2.2 cm, effects the condensation process. The behavio
g/g` , is far more informative. In particular, the peak ing/g`

nearx'2.4 cm is close to the minimum pressure ratio in t
nucleation zone. As the nozzle narrows,g/g` starts to de-
crease and droplets evaporate rather than grow. At the en
the recompression,x'3 cm, droplet growth resumes an
g/g` increases monotonically to the end of the nozzle wh
it reaches a maximum value of;0.7. Like p/p0 , T depends
both on the flow geometry and heat addition or removal d
to droplet growth or evaporation. Thus, during the initial p
of the recompressionT increases before leveling off in
region where the heat absorbed by the evaporating aer
exactly balances the increase inT due to recompression. O
the downstream side of the recompression,T also remains
relatively stable as the heat released by the growing drop
is balanced by the second expansion. Finally the supers
ration profile for this case contains only one significant pe
corresponding to the onset of condensation in the nozzle,
the aerosol will be unimodal.

The picture presented by the key variables raises
interesting prospect that in class III condensation events
recompression can process the aerosol so as to increas
average particle size and make the aerosol more mono
perse. Since the vapor pressure is highest above the sm
droplets, more material will evaporate from small drople
than from large ones. If the smallest droplets vanish co
pletely during the recompression, condensation on the
maining droplets during the second expansion should dep
the vapor enough to prevent further droplet formation. Th
the shaped nozzle could hasten the natural process of
wald ripening.54 This effect should be stronger the clos
onset occurs to the recompression, because the newly for
droplets have less time to grow and are therefore more lik
to evaporate.

We now consider the best conditions for the desired cl
II condensation behavior~solid and heavy dashed lines!. The
experiment at 5.41 g/min (pv05903 Pa) is an upper boun
on this class since the pressure trace starts to deviate
the isentropic expansion just before the end of the nuclea
zone. The deviation is, however, weak andp/p0 follows the
shape of the isentrope beyond the peak of the recompres
and only clearly separates from the isentrope atx53.5 cm.
Finally, the experiment atṁv55.14 g/min (pv05858 Pa), is
our best example for class II condensation. Within expe
mental error,p/p0 and T follow their respective isentrope
exactly until the peak of the recompression, where they
viate slowly from the isentropic values. This behavior is co
sistent with droplet formation that is maximized in the nuc
ation zone, cut off rapidly by the recompression, and
remaining phase transition is accomplished by drop
growth. The behavior ofg/g` also confirms that class I
condensation is qualitatively different from the other cas
For example, the increase ing/g` is much slower and atx
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 5. The light scattering signal in the shaped nozzle approaches that for a conventional nozzle at the operating extremes but exhibits unusualcture at
the intermediate flow rates where nucleation rates are reduced and the droplets grow to larger size.~a! At T0525 °C, the data in the shaped nozzle correspo
to a positionx58 cm downstream of the throat. In the conventional nozzle, the general trend of the flow rate dependence of the scattering signal
from the results of Stein and Wegener~Ref. 13!. ~b! At T0535 °C, each line joins the light intensity measurements taken at a fixed position. The to
bottom curves are labeled and correspond tox58 and 5 cm downstream of the throat, respectively. Intermediate curves are spaced at 0.5 cm interv
structure in the light scattering signal is more pronounced further downstream in the nozzle because the droplets have had more time to grow.
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59 cm the value is distinctly lower than for the other expe
ments. Althoughg/g` can be as low as 0.6 at the exit of
conventional nozzle for experiments that start under sim
stagnation conditions, it always increases monotonically
g` decreases.55 Finally, Fig. 4~d! illustrates the major weak
ness of the current nozzle design. For both class II cond
sation cases, there is a significant supersaturation peak
ing the second expansion that occurs at a temperature c
to that in the nucleation zone. Thus, although we have se
rated nucleation from growth for the particles formed in t
nucleation zone, the final aerosol formed under these co
tions is bimodal.

B. Light scattering validation

Light scattering experiments were conducted start
from three stagnation temperatures:T0525.0, 35.0, and
45.0 °C. The results obtained at differentT0 are qualitatively
similar for the range of flow rates studied, and here
present the data forT0525.0 and 35.0 °C. Since the exper
ments were conducted quickly to conserve D2O, the true
mass flow rates were not measured. Thus, the results ar
presented in terms of the volumetric flow rate reading fr
the peristaltic pump rather than the true mass flow rate.
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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Figure 5~a! presents the relative light scattering intens
as a function of the D2O flow rate at x'8 cm for T0

525.0 °C. In a continuously expanding nozzle where co
densation is not controlled, the light scattering signal
creases monotonically16 with the flow rate, as indicated
qualitatively by the dashed line. This behavior can also
inferred from the values ofN and^r & reported by Stein and
Wegener13 and is predicted by modeling. In contrast, th
relative light scattering signal in the shaped nozzle ha
complex structure. Starting from the lowest flow rates,
light scattering signal increases rapidly and peaks near a
rate of 3 ml/min. As the flow rate continues to increase,
light scattering signal suddenly drops to a plateau in the fl
rate range from 3.5 ml/min to 6 ml/min. When the flow ra
increases above 6 ml/min,I 0 begins to increase in a manne
consistent with a conventional nozzle. We believe that t
complex behavior arises because near the flow rate of 3
min, nucleation and growth are decoupled and light is sc
tered from a smaller number of larger droplets.

Figure 5~b! shows similar data forT0535.0 °C, but now
the detector position is also varied. The top curve cor
sponds to scattering measured atx58 cm and the lower
curves correspond to moving the observation point upstre
7. The

l

TABLE II. The conditions used to generate the nanodroplets corresponding to the spectra in Fig.
expansions in the conventional~Ref. 56! nozzle ~A! and the shaped nozzle~E! both started fromp0

559.6 kPa andT0535.0 °C. Nozzle A has a constant expansion rate ofd(A/A* )/dx50.048 cm21. In the
region of onset, nozzle E had an expansion rate ofd(A/A* )/dx50.043 cm21. The table compares the initia
flow rates of the condensibleṁv (pv0), the onset conditions (xon ,pon ,Ton), and the location of the viewing
volumexview , and the best fit parameters to a log-normal size distribution~mean particle radius,^r &; the width
of distribution, lns; and the droplet number concentration,N! derived by fitting the SANS spectra.

Nozzle ṁv , g/min pv0 , Pa xon , cm pon , Pa Ton , K xview , cm ^r &, nm ln s N, cm23

A 7.40 1197 2.00 419 228.8 5.60 9.68 0.218 4.703 1011

E 6.97 1163 1.50 442 234.6 7.00 13.84 0.197 1.573 1011
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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in 0.5 cm increments. As the observation region mo
closer to the throat, the scattering signal decreases bec
the particles have not had as much time to grow and
therefore, smaller. Downstream ofx55.5 cm, all of the light
scattering curves have a peak near 5.6 ml/min similar to
one found for the 25 °C data near 3 ml/min. Although the
experiments are only semiquantitative, they confirm that

FIG. 6. The scattering spectrum for the aerosol formed in the conventi
nozzle~Ref. 56! was measured 5.6 cm downstream of the throat and 3.6
downstream of the onset of condensation. By this point, the aerosol wa
longer evolving and the fraction of material condensed had stabilize
g/g`;0.7. The scattering spectra from the aerosol formed in the sha
nozzle was measured 7 cm downstream of the throat and 5.5 cm d
stream of the onset of condensation. In this case, the droplets in the vie
volume were still growing. The flow rate of D2O was about 6% lower in the
shaped nozzle experiment than the conventional nozzle experiment. N
theless, the relative positions of the first Bessel function minimum~Ref. 46!
shows that the aerosol formed in the shaped nozzle has a larger av
droplet size.

FIG. 7. The SANS spectra for five experiments with initial conditions c
responding to class I through class III condensation. The condensible
flow ratesṁv are close to those experiments presented in Figs. 4~a!–4~d!.
For clarity, the spectra corresponding to the two lowest flow rates are sh
at their true absolute intensity. The spectra corresponding to higher
rates have been offset by factors of 2, 5, and 10, respectively.
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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erating conditions exist under which nucleation and grow
are decoupled in the shaped nozzle.

C. Aerosol SANS experiments

Finally, we conducted aerosol SANS experiments us
the shaped nozzle. Again we focus on the results of exp
ments starting fromT0535.0 °C.

We start by directly comparing the spectrum of an ae
sol formed in the shaped nozzle to one formed in a conv
tional nozzle. The conditions under which each aerosol w
formed are summarized in Table II. Figure 6 shows that
spectrum for the shaped nozzle aerosol has a distinct sh
der rather than an inflection point in the region 0.3,q
,0.4 nm21 and the value ofI 0 is larger by a factor of 2.
Both aerosols are unimodal because the flow rate in
shaped nozzle is high enough that this is a class III cond
sation event. The size distribution parameters presente
Table II are the best fit parameters to log-normal distrib
tions. We see that the aerosol produced in the shaped no
has a number density that is a factor of three lower and
average particle size that is 30% larger than the aero
formed in the conventional nozzle, even though the cond
sible mass flow rate through the shaped nozzle is somew
lower.

Figure 7 presents the SANS spectra where the flow ra
most closely match those in Fig. 4. When the D2O mass flow
rate is 4.75 g/min or above, the spectra all have a dist
shoulder in the region of the Bessel function minimum46

(0.2,q,0.3 nm21). The shoulder is followed by aq24

Porod decay, characteristic of scattering by homogene
spherical particles.46 At lower flow rates, the shoulder van
ishes although an inflection point remains, and beyond
inflection point the intensity again falls off asq24. As the
initial condensible flow rate increases from 3.54 g/min
4.75 g/min, the inflection point moves to lowerq consistent
with an increase in the average particle size. In contras
flow rates above 4.75 g/min the shoulder shifts to higheq
with increasingṁv and, thus, the average droplet size is d
creasing.

We fit each spectrum assuming a unimodal aerosol w
a log-normal size distribution of droplets and derive t
mean droplet radius,̂r &, the width of distribution, lns, and
the number concentration of droplets,N. Although we be-
lieve that the aerosol is often bimodal, this prelimina
analysis of the SANS data do not justify such a comp
fitting procedure. One problem with the current data se
that the spectra are smeared because the droplets are
growing across the 12 mm wide viewing volume. Furth
more, in this work we are primarily interested in the lar
particle mode and this mode contributes the most to the s
tering intensity at lowq. Table III summarizes the drople
size distribution parameters derived from the spectral fits
der these assumptions, as well as values for the radiu
gyration RG and the intensity interceptI 0 derived from a
Guinier analysis.46,57For our polydisperse droplets, the line
region of the Guinier plots57 extends up to q2'5.5
31026 nm22, corresponding to an upper bound ofqRG

,3.5. For a relative polydispersity of;20%, ^r & should be
close58 to RG , and the values in Table III confirm this.
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TABLE III. The conditions of the aerosol SANS experiments are summarized along with the parameters
log-normal aerosol size distributions determined by fitting the SANS spectra. The radius of gyrationRG and the
interceptI 0 were determined by a Guinier analysis.

T0 , °C ṁv , g/min pv0 , Pa ^r &, nm lns N, cm23 RG , nm I 0 , cm21

35.0 3.19 533 10.0 0.350 3.643 1010 13.5 1.463 1021

3.54 592 13.6 0.280 2.993 1010 15.4 1.703 1021

4.02 671 18.8 0.228 2.163 1010 18.3 1.873 1021

4.75 793 18.7 0.200 4.073 1010 18.1 2.103 1021

5.10 851 17.7 0.194 5.563 1010 17.2 2.023 1021

5.33 890 17.7 0.190 6.593 1010 16.8 2.083 1021

5.83 973 16.7 0.193 8.813 1010 15.7 1.153 1021

6.32 1055 15.2 0.193 11.243 1010 14.7 4.063 1022

6.97 1163 13.8 0.197 15.703 1010 13.7 1.513 1022

45.0 7.02 1117 19.5 0.287 1.873 1010

8.00 1274 21.0 0.243 2.723 1010

9.60 1528 20.0 0.223 5.063 1010
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Figure 8 compares the values ofI 0 derived from the
Guinier analysis to those deduced from the size distribu
parameters using

I 05
16p2

9
Dr2N^r 6&, ~7!

where Dr2 is the scattering length density for D2O and
^r 6&5^r &6 exp@18(lns)2# for a log-normal size distribution
The values ofI 0 derived from Eq.~7! generally lie above the
values derived from the Guinier analysis, but the trends
the same. To directly compare these values ofI 0 to those
measured by light scattering, we scaled the maximum li
scattering intensity to correspond to the maximum SA
intensity. We also scaled the flow rate by a single factor~0.89
g/ml! so that the flow rate atI 0,maxfrom light scattering lined
up with I 0,max from SANS. When all of the remaining point
were scaled using these two factors, the agreement betw
the light scattering measurements and the quantitative SA
results is quite good.

FIG. 8. Over the entire range of condensible flow rates, the values oI 0

derived from fits to the full SANS spectra@Eq. ~7!# are in good agreemen
with those derived from Guinier analysis~Refs. 46, 57!. Furthermore, the
independent measurement ofI 0 from the rescaled light intensity signals, a
also in reasonable agreement. The data for both SANS and light scatt
was obtained atT0535 °C.
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Figure 9 shows the variation of̂r &, RG , and N as a
function of the mass flow rate. Botĥr & and RG have a
maximum atṁv'4 g/min, and this in turn, corresponds
the minimum inN. For flow rates less than 5.5 g/min, th
behavior is readily understood by looking back at the th
modynamic data, especially the temperature and supersa
tion profiles in Figs. 4~b! and 4~d!. At the lowest flow rates,
ṁv,4 g/min, the number of droplets formed in the nucl
ation zone is small and the scattering signal primarily refle
the particles formed by the nucleation event in the sec
expansion. As the flow rate increases above 4 g/min,
supersaturation in the nucleation zone increases steadil
though the temperature profiles in this region are unchang
The nucleation rate in the nucleation zone, and the numbe
particles that comprise the large mode of the aerosols m
therefore increase. Because more particles are formed in
nucleation zone, the supersaturation after the recompres
peak decreases and the droplets cannot grow as large b

ing

FIG. 9. The average particle size^r &, the radius of gyrationRG , and the
number density of the aerosolN are plotted as a function of the condensib
mass flow rate. The size distribution parameters are obtained from the s
tra measured in the 12 mm wide viewing volume centered atx57 cm. The
aerosol with the largest droplet size and lowest number density is forme
the transition from class I to class II condensation whereṁv;4 g/min.
Experiments were performed atT0535 °C.
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TABLE IV. This table summarizes the locationxmax, and conditionspv,max, Smax, andTmax, corresponding to
the maximum nucleation rateJmax for the three experiments where nucleation and growth are decoupled
number concentrationNcorr has been corrected for the difference in gas density between the viewing volum
the nucleation zone. The characteristic timeDt was calculated as described in the text.

ṁv , g/min xmax, cm pv,max, Pa Tmax, K Smax Ncorr , cm23 Dt, s Jmax, cm23 s21

4.74 2.10 279 230.1 29.2 4.683 1010 1.323 1025 4.323 1015

5.14 2.10 303 230.3 30.8 6.473 1010 1.393 1025 4.623 1015

5.41 2.08 320 230.4 32.0 7.673 1010 1.433 1025 6.013 1015
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droplet size decreases.

For the highest flow rates (ṁv.5.5 g/min), droplets are
formed upstream of the nucleation zone. Under these co
tions one would expectN to decrease or stay relativel
constant13 and ^r & to increase as the mass flow rate i
creased. We observe the opposite trend and believe tha
is further evidence that the recompression processes the
sol, evaporating the smallest droplets and letting the rem
ing droplets grow larger. Based on the 25.0 °C light scat
ing data, we would need to further increase the flow rate
T0535.0 °C to reverse this trend.

D. Estimates of the nucleation and growth rates

When nucleation and droplet growth are separated,
can estimate nucleation rates asJ(S,T)5N/Dt. The value of
N comes from the SANS measurement assuming that
observed number density corresponds to the large mod
the aerosol and that these droplets all form in the nuclea
zone. We must also correct the observed number density
the ;15% difference in gas density between the viewi
volume and the nucleation zone. Within the nucleation zo
the gas density changes by less than 2%–3% and is igno

The second step is to analyze the experimentally de
mined supersaturation and temperature profiles in the c
trolled nucleation region to determine the time,Dt, over
which most of the droplets comprising the large mode
the aerosol are formed. As in laminar flow tube expe
ments,50–52 we assume that the ratio of the maximum nuc
ation rateJmax to the particle production rate* JdV is the
same for the experiments as that predicted by a reason
nucleation rate theory. If this is true then,

Jexp
max

* JexpdV
5

Jtheory
max

* JtheorydV
5 f . ~8!

The quantityf has units of cm23 and, thus,VJ,max51/f is the
characteristic volume corresponding to the maximum nu
ation rate. We confirmed the observation50,51that the value of
VJ,max is quite insensitive to the nucleation rate express
chosen. In fact, for our experiments, the value predicted
the classical nucleation theory differed from that predic
by the Reiss, Katz, Kegel theory59 by less than 1%. From the
characteristic nucleation volume and the volumetric flow r
in the nucleation zoneV̇ we can then estimate the characte
istic time for nucleationDt as

Dt5
VJ,max

V̇
5

rgVJ,max

ṁ
, ~9!
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where rg is the gas density in the nucleation zone andṁ
5ṁv1ṁi is the total mass flow rate through the nozzle.

Based on all of the experimental evidence, D2O mass
flow rates between 4.74 g/min and 5.41 g/min (791
<pv0<903 Pa) provide the best decoupling between nuc
ation and growth. Using the formalism described above,
the experimental supersaturation and temperature profi
we derived values forJexp

max(S,T) for the three experiments in
this flow rate range. We assume thatJexp is maximized at the
sameS andT asJtheory, and these are the values reported
Table IV. Finally, because the nucleation rates are close
isothermal, we can estimate the number of molecules in
critical clustern* using the nucleation theorem38,60 as

Fd ln J

d ln SG
T

'n* 21. ~10!

For this data set, we findn* '5.
We can also estimate the particle growth rate in

nozzle. From the SANS data we know the average size of
droplets in the viewing volume centered atx57 cm. As
demonstrated in Fig. 8, the relative behavior ofI 0 from light
scattering closely matches that derived from SANS. We
therefore use theI 0(x) data in Fig. 5~b! to estimate relative
droplet size if we assume that~1! the number of particles in
the large particle mode does not change during the sec

FIG. 10. The change in average droplet size as a function of time
deduced from the light scattering data in Fig. 5~b!, the gas stream velocity
the SANS measurement atx57 cm, and Eq.~11!. The times are all relative
to t50 s at the throat. The three flow rates correspond to class II con
sation and the transition to class I. The arrow marks the location where
SANS measurements were made.
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expansion and~2! the relative width of the distribution~ln s!
is constant. With these assumptions, changes inI 0(x) are
related to changes in̂r (x)& by

I 0~x!

I 0~7.0!
5

N^r 6~x!&
N^r 6~7.0!&

'
^r ~x!&6

^r ~7.0!&6 . ~11!

The droplet velocities come from the pressure trace exp
ments, and, thus, we deduce the time evolution of the dro
size.

Figure 10 illustrates the particle size as a function
time for three different values ofpv0 wheret50 corresponds
to the position at the throat. In each case droplet gro
slows near the nozzle exit due, in part, to the growth of
small particles formed during the second nucleation bu
Approximate growth rates can be derived by numerica
differentiating these curves. For example, atx57.0 cm and
ṁv55.10 g/min,^r &517.7 nm andd^r&/dt'4.23104 nm/s.
From the thermodynamic data in Figs. 4~a! and 4~d!, the
corresponding temperature and supersaturation areT
5230.3 K andS514.8.

One assumption that we have made in all of our analy
is that the flow in the nozzle is one dimensional. A noz
such as ours is inherently two dimensional because the w
shocks that recompress the flow take time to propagate f
the walls to the centerline. Different stream tubes theref
experience different supersaturation histories and so the
gion where nucleation is significant cannot be uniform acr
the nozzle.22,25 We are starting to explore this problem
more detail in order to refine our estimates ofJ(S,T).

V. SUMMARY AND CONCLUSIONS

We have built a shaped nozzle that decouples dro
nucleation and growth in a supersonic expansion. We c
acterized the nozzle and determined the optimal opera
conditions using thermodynamic state measurements
light scattering experiments. Under a limited range of con
tions (791 Pa<pv0<903 Pa), that we called class II conde
sation, the measured pressure profiles, the deduced tem
ture profiles, the amount of condensible, and
supersaturation profiles are consistent with nucleation lo
ized in a;1 cm long region of the nozzle. The decoupling
nucleation and growth is not complete in the nozzle u
here because a second nucleation burst in the second e
sion region often results in a bimodal aerosol. The two ot
condensation classes correspond to condensible pres
that are too high~class III! or too low ~class I!. In these
cases, spontaneous nucleation outside the nucleation
dominates particle formation and the aerosol can be uni
dal. In class III condensation, flow recompression may
hance the natural process of Ostwald ripening by evapora
the smallest droplets during the recompression and o
growing the remaining droplets during the second expans

We used SANS to directly measure the size distribut
parameters of the aerosols formed in the shaped nozzle.
SANS experiments confirmed the findings of the press
trace and light scattering measurements for the condit
corresponding to the best decoupling of nucleation a
growth. Assuming that for class II condensation the sm
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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particle mode formed during the second expansion cont
utes little to the SANS spectra in ourq range, we estimated
the number densityN of particles formed in the controlled
nucleation zone. We then analyzed the supersaturation
temperature profiles to determine the time intervalDt over
which droplet formation is significant. FromN and Dt we
obtained the first direct measurements of the nucleation
J(S,T) in a supersonic nozzle. By analyzing the change inI 0

from the light scattering data with the position we also o
tained the first independent estimates of the growth rate
droplets in a supersonic nozzle.
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