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Controlling nucleation and growth of nanodroplets in supersonic nozzles
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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 raleas a function of supersaturati®and temperaturé& directly from the
experimental data. For J® we find that the nucleation rate is K30%<J/cm % s <6.0

X 10" at 230..kT/K<230.4 and 29.2S<32.4. © 2002 American Institute of Physics.
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I. INTRODUCTION Because onset is the result of nucleation and growth taking
. ] ) ) _ place simultaneously over a wide range of temperature and
Particle formation and growth in supersonic expansiongpersaturation, onset measurements alone do not directly
occur in many natural and technological applicatibiél- _ yield information about droplet nucleation and growth rates.
canic eruptions, for example, produce sulfate aerosol whiche jnformation about these processes is only obtained indi-
can profoundly influence both stratospheric chemistry a”‘?ectly by modeling the systeh?®
radiative processesAerosol formation and growth in turbo- To address these limitations, we are developing super-
machinery, on the other hand, decrease turbine efficiency angynic nozzles that decouple droplet nucleation and growth.
can erode turbine bIadé_ﬁ._Thus, understanding condensa- |geally, nucleation should occur at constant temperafure
tion in supersonic flows is important for predicting, and pos-5,,q supersaturatio8 over a well defined time intervalt.
sibly controlling, when the phase transition will occur under gjven such a nozzle, we can then use small angle neutron
the high supersaturations achieved in these rapid eXpanSiorb%attering(SANS) to measure the number densyof the
Direct nucleation and growth rate measurements are criticaAerosoﬁl—M and, thus, determine the nucleation rateli-
for testing and developing the basic physical models describr—ecﬂy asJ(S,T)=N/At. Droplets formed under these con-
ing these pheno_m_er?&These models, in turn, help us create gitions can be more monodisperse than droplets formed dur-
accurate descriptions of atmospheric and industrial POing spontaneous condensation in a conventional nozzle.
cesses. _ ~ Monodisperse aerosols are themselves of technological
Laval nozzles have been used extensively to examingyterest® and they have the added advantage that the SANS

iofr? i i i : 1 =0
conQensauo_?;S of both mixtures Pal‘oconden5|ble vapor Il @ scattering spectra have more structure and are easier to inter-
carrier ga¥®~2° and pure vapor&® = especially stearfy’

In conventional Laval nozzles, the cross-sectional flow area in this paper we present the first results of our efforts to
first decreases to the throat and then increases monotonically,iig and work with such nozzles. In particular, we discuss

in the supersonic region. As the gas flows through the nozzlg,e gesign and characterization of the new nozzles using con-
it expands and the temperature falls at a rate-df° K/s.  yenional thermodynamic state measurements, the optimiza-
Because the equilibrium vapor pressure decreases expongfy, of the operating conditions using pressure trace and light
tially with temperature, very high supersaturations can be&cattering measurements, the particle size distribution mea-
achieved. Eventually, however, homogeneous nucleatiog,rements using SANS, the variation in aerosol size distribu-
produces enough new particles that their growth rapidly defion a5 a function of operating conditions, and the degree to
pletes the condensible vapor and quenches further particlgnich nucleation and growth can be separated. We also esti-
formation. Experimentally, the onset of condensation in gmate the characteristic time for nucleatidn, the nucleation
supersonic nozzle is determined either by observing whepyte 3 and the corresponding supersaturaend tempera-
the heat released to the flow by the phase transition causes@e T. Finally, we combine the light scattering and SANS

noticeable deviation of a state variable from its isentropiGegyts to estimate the droplet growth rate in the nozzle.
value!??* or by detecting light scattered by the aeroSct®

II. NOZZLE DESIGN

dpermanent address: Institute of Physics, National Academy of Sciences of The F:oncept Of.a supersaturation pulse is central to .a"
Belarus, Minsk, Belarus. guantitative nucleation rate measurements, and the technique
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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, the second
expansion(a) The profile of the conventional nozz{dashed grayis much simpler than that of the ideal shaped nozztgid gray. (b) In both nozzles, the

pressure trace for the dilute,D—N, mixture (solid or dashed black lindollows the isentropic expansidsolid or dashed gray lineclosely up to the onset

of condensation. Although onset occurs at about the same distance downstream of the throat, the pressure and temperature are quite diffdiéonsThe con

used as input to the model are noted in the figure.

has been implemented in many of the expansion devices T, — )
used to study vapor-to-liquid nucleation. In expansion cloud 5 =1+ -—5—M%, 2
chambers®—28 shock tubes? piston-expansion tubé$,and
wave tubes**the pressure decreases rapidly as a functioRyhere y is the ratio of the constant pressure and constant
of time until it reaches a minimum value. The pressure isyolume heat capacities, and the subscript O refers to the con-
maintained at this minimum value for a short titf®3-10  ditions when the fluid is at rest. The Mach number is related
ms), and then a rapid recompression is applied to produce g the area ratioA/A*) by
slightly higher pressure in the system. When the system is at
its lowest pressure, the supersaturation and the nucleation A 1
rate are maximized. The slight increase in pressure raises the ax =
temperature and reduces the supersaturation enough to effec-
tively stop nucleation, while allowing existing particles to whereA* is the cross-sectional area of the nozzle throat. In
grow rapidly>®3° the shaped nozzle, recompression of the supersonic flow is
Our objective is to build a supersonic nozzle with a spa-carried out by a series of shocks emanating from the walls of
tial profile such that a fluid element moving through thethe nozzle. As long as the shocks are weak, the flow remains
nozzle experiences the same pressure history as vapor und@fentropic and Eqg1)—(3) are still valid*® The gray lines in
going a controlled pressure pulse. Thus, in the shaped nozzlgjg. 1(b) are the pressure profiles, calculated using Edjs.
the first expansion is produced by the initial increase in thegng (3), that Correspond to the isentropic expansion of pure
area ratio after the throat. This is followed by the nucleationN, for the two nozzle shapes illustrated in Figall In the
zone where the area ratio is constant, a short recompressi@anventional nozzlel(A/A*)/dx is constant and the pres-
region where the area ratio contracts, and finally by a secongure drops monotonically. In the supersonic region of the
expansion region. Figure(d compares the area ratio for an shaped nozzle, the pressure profile mirrors the behavior of
ideal ShaDEd nozzle to that of a conventional nozzle. Th%/A* and C|OSE|y matches the pressure history found in
gentle expansion after the recompression in the shapegther expansion devices.
nozzle prevents the flow from shocking back to the subsonic  To estimate reasonable operating conditions, we then
regime as heat is added by the phase transition. modeled condensation in the nozzle for a mixture of conden-
In our preliminary design, we assume that the flow insiple and noncondensible gas assuming steady, one-
our slender, gently expanding nozzles is one dimensionallimensional, inviscid flow??'3*For every step in the ex-
For an isentropic expansion in a conventional nozzle, thgyansion,Ax, we calculate the number density of newly
pressure ratigp/py and the temperature ratio/T, are re-  formed dropletsAN, using the steady state classical nucle-

(y+D)/(2y=2)

2+ (y—1)M?
2+ (y=HM” , 3

y+1

lated to the Mach numbevl by*? ation raté* and the local gas velocity. The condensate mass
p y—1 Yi(y—1) fractiong at every position along the flow is calculated using
—=|1+ TMZ} (1) an isothermal growth lai? From g and the latent heat of
Po vaporization of the condensate, we obtain the other proper-

and ties of the condensing flow by solving the diabatic flow
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equation$"?*for the given nozzle shape. The physical prop- oo ' ' ' ' ' —
erty correlations for DO used in the modeling are those of 7N
Wolk.* /! \\

The black curves in Fig. (b) illustrate the predicted 100+ ! N\ -

pressure traces for the flow of a dilute mixture of@in N, /
through both the conventional and the shaped nozzle. In this ) { )

. . w10 { Conventional \ .
example, the stagnation conditions wefg=308.2K and 'g I Nomte \
'l
[}
]
]

pPo=59.6 kPa, and the partial pressure of condensible was ;

pP,o=861Pa. In the conventional nozzle, the pressure trace 10 |
for the condensing flow follows that of the pure, Mxpan- )

sion until particle growth releases enough heat to produce a o | 1ossee
rapid deviation in pressure from the isentrope at the onset of 100 P =59.6 kPa
condensation. Modeling suggests that nucleation is signifi- p30:0.86kPa
cant for some distance both upstream and downstream of 10° - L L -
onset, and, thus, occurs over a wide range of temperature and 0 10 20 30 40
supersaturation. In the shaped nozzle, the pressure trace of b

the condensing flow follows the corresponding isentroperiG. 2. The aerosol produced in the shaped nozzle has a much lower num-

closely both through the nucleation zone and the recompre§er density of larger particles compared to the aerosol formed in the con-
entional nozzle. Both size distributions correspond to a location 7 cm

sion region. Only_at the end of the recompre;spn reglor};ownstream of the throat. In the shaped nozzle the droplets are still growing
does the condensing flow curve separate from its isentropgignificantly while those in the conventional nozzle are not.

In this case, modeling shows that most particle formation is

restricted to the nucleation zone, and that nucleation and

droplet'F grog\llth aredeffect;'vely_ dfﬁouprd. 'i‘.s long as ttnerte 'Sone produces a constant number density near the maximum.
no noticeablé condensation In the nucieation zone, the Mg, oo ohservations are consistent with the idea that in order

Shaped
Nozzle

\
\
\
\
\
\
\
\
("

perature is related to the pressure by to control nucleation the nucleation rate in the shaped nozzle
T p | (rm=D/irm must be lower than the peak rates that occur during a spon-
T_o = p—o , (4 taneous condensation event. In this example, nucleation rates

in the shaped nozzle are 2—3 orders of magnitude lower than
where yy, is the ratio of heat capacities for the mixture of the peak values reached in the conventional nozzle. The
carrier gas and condensible. The supersaturation is given Qgwer nucleation rates in the shaped nozzle mean that fewer
p p nuclei compete for the available vapor and each droplet
v wo P . .
S= —T): Do) Dy’ (5)  grows I_arger. A simple volume balanc_e shows thﬁt} is
Ped Ped T) Po proportional to the amount of condensible entering the sys-
wherep, andp,, are the local and initial partial pressures of tem divided by the number of droplets. Although both size
condensible ang.((T) is the equilibrium vapor pressure at distributions illustrated in Fig. 2 have similar absolute
the local temperature. Modeling also suggests that if the seavidths, the size distribution of the aerosol formed in the
ond expansion were missing from the shaped nozzle, thehaped nozzle is more monodisperse than that formed in the
rapid heat addition due to particle growth after the compreseonventional nozzle in the sense that/(r) is smaller,
sion would frequently produce a shock. Downstream of thevhere here we define, as the width of the size distribution
shock, the flow would be subsonic, the temperature wouldvhenN is 1% of the maximum value. Physically, is de-
increase, and the droplets would evaporate. termined by the length of time over which nucleation is sig-
As with other expansion devices, each shaped nozzle hasficant. For the conditions chosen here, this time is about
a limited range of operating conditions. If the initial partial the same in both nozzles.
pressure of the condensible speqgesg is too high, sponta- The shaped nozzles are otherwise identical to our con-
neous condensation occurs upstream of the controlled nucleentional nozzles described earf&f! The flow area is rect-
ation zone. Ifp,q is too low, too few droplets form in the angular with flat side walls, and the upper and lower blocks
nucleation zone to grow and deplete the vapor before aare machined to define the area ratio. At the throat the height
uncontrolled burst of nucleation occurs in the second expamsef the channel is 5 mm, the width is 12.7 mm, and the nomi-
sion. Under ideal conditions, however, most of the dropletsal value ofA* is 63.5 mm. Neoprene gaskets constrained
form in the nucleation zone, at constant temperature and sun O-ring grooves seal the nozzle. Glass or Si windows in the
persaturation, the newly formed droplets grow rapidlysidewalls allow transmission of light or neutrons, respec-
enough to deplete the vapor and suppress further particliévely. One difficulty encountered in implementing the ideal
formation, and the second expansion absorbs enough heatdesign is that the area ratio of a nozzle derived from pressure
prevent a shock back to subsonic flow. measurements always differs from the physical area ratio due
Figure 2 depicts the predicted aerosol size distributionso the growth of boundary layers along the nozzle walls. This
7.0 cm downstream of the throat. We see that the shapeagroblem is compounded in the recompression region where
nozzle produces an aerosol with droplets of larger averagboundary layers grow more rapidly than in the expanding
size and lower number density than the conventional nozzlaegion of the flow® Based on our experience with other
Furthermore, the constant nucleation rate in the nucleationozzles, we altered the geometric area ratio to try and com-
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pensate for this effect and better match the desired pressugset criterion isT — T= 0.5 K. The major difference be-
profile. tween the current experiments and those described érlier
lIl. EXPERIMENTAL METHODS is that we have decreased the size of the static pressure probe

to 1.27 mm in diameter, to reduce its influence on the flow
A. Aerosol production field.

A detailed description of the experimental apparatus .
used to produce the stable supersonic flow is given irc. Characterizing the aerosol

Wyslouzil et al ** Here we simply outline the basic compo-  Ajthough thermodynamic state measurements determine
nents and the operating principles. The expanding gas is @e onset of condensation in the nozzle, they do not provide
dilute (<2 mol % mixture of DO in N, carrier gas. We USe jrect information about the particle size distribution of the
D0 rather than HO because the neutron scattering signal,gerosol. Aerosol measurement methods that require sampling
which depends on the scattering length density squared, is,m the flow are not feasible in our experiments because the
144 times greater for a fO aerosol than for an identical gropjets evaporate as soon as the flow decelerates. Thus, we
H,0 aerosol. We generate a large flowS.5 g/9 of N2 by 56 twoin situ techniques, light scattering and small angle

evaporating liquid i in a commercial heat exchanger using neytron scatteringSANS), to characterize the aerosol.
room air as the heat source. A second stream of hoyasé

(~3 g/9 entrains and evaporates a metered stream,@ D - Light scattering experiments
droplets. After the carrier gas and the vapor-rich gas streams Light scattering experiments are useful for detecting the
are mixed, they flow through a second heat exchanger tonset of condensation under conditions where state variable
adjust the temperature. The combined flow then enters thmeasurements are difficdft,and they can be used to esti-
plenum where final temperature equilibration takes place anthate the number density and average size of the droplets
the stagnation pressupg and temperatur&, are measured. formed in supersonic expansioh®’ The problem inherent in
The mixture then expands through the nozzle and is exthe latter is that the average size of the droplets formed in
hausted to the atmosphere by two rotary vane vacuursupersonic expansiongrl~1—20nm) is generally much
pumps. smaller than the wavelength of visible ligkk~400-600
Most of the experimental results presented here are cornm). In the Rayleigh limit,(r)/\<1, the intensity of the
related with the condensible mass flow ratg entering the  scattered light, is proportional taN(r®) and is independent
system because this is the experimentally measured variablef the observation angle. As a result, the parameters of the
For modeling, and to compare with other experimental reparticle size distribution cannot be deduced from the scatter-
sults, we also calculate the partial pressure of theng signal without additional information. The usual
condensiblé? Under stagnation conditions the partial pres-approach®®is to use the pressure data to infer the total heat

sure of condensible for our dilute mixtures is given by release per unit volume to the flowing gas stream, a quantity
e that is proportional toN(r3). Combined with assumptions
Pro="—"—"Po> (6)  about the general shag€aussian or log-normeknd width
m;/ i of the size distribution, and the latent heat of the condensate,
where u, and u; are the molecular weights of the conden- the two measurements together yield values(forand N.
sible and inert carrier gas, respectively, andis the mass We use light scattering as a way to determine the opti-

flow rate of the carrier gas. AfT;=35.0°C andp, mum operating conditions for the nozzle that is independent
=59.6 kPa, the mass flow rate of, khrough the nozzle was of the pressure trace measurements. As illustrated in Fig. 2,

488 g/min corresponding to a molar flow rate of 17.4 mol/the droplet number density of the aerosol decreases and the
min. average particle size increases when nucleation and growth

are decoupled. Sinck, is proportional toN(r®), the light
scattering signal is extremely sensitive to small changes in
The gas dynamics of steady one-dimensional flow in su{r). For example, if two monodisperse aerosols have the
personic nozzles is well understdddind all the properties same volume fraction and decreases by a factor of 2, the
of the flow can be derived from the initial gas phase compo-average patrticle size increases by a fadgt®randl , doubles.
sition, two stagnation conditions, temperat(rg and pres- To conduct the light scattering experiments, we place
surepg, for example, and one state variable as a function ofjlass windows in the side blocks and remove the pressure
position[e.g., p(x)]. In the absence of condensation, Egs.probe. The internal surfaces of the nozzle are painted black
(1)—(3) are valid, and, thus, expansions of puredeéfine the and all experiments are done in the dark. Light from a 15
effective area ratio and calibrate the shape of the nozzlenW He—Ne laseft\=632.8 nm with a 0.8 mm beam diam-
When condensation occurs in the nozzle, the remaining varieter is intensity modulated by chopping the beam at 70 Hz.
ables(gas density, velocity, temperatliean be derived from The beam is then split, and one beam is sent to a power
the effective area ratio, the measured state variables, and ameter to measure the output power of the incident radiation.
equation of state for the gas, by integrating the diabatic flowrhe second beam enters the nozzle from the downstream
equations1?*As in our previous work, we define the onset side and illuminates the centerline of the flow. The collection
of condensation in terms of a temperature difference betweeoptics are located on a movable platform beside the nozzle
the condensing flow curvd,, and the isentropic expansion and collect the light scattered at 90° to the incident beam. A
of a gas with the same properties as the mixtdig, Our 5 mm wide slit defines the length of the scattering volume.

B. Characterizing the supersonic expansion
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10° ——— . — scattered neutrons are detected by a two-dimensional detec-
: ] tor. The experiments are completed at sample-to-detector dis-
tances(SDD) of 2.9 m or 1 m. SANS signals are relatively
weak, and thus a largéd mm high, 12 mm wide, and 12.7
mm deep viewing volume is used than in the light scattering
experiments. The viewing volume is fixed and centered 7.0
cm downstream of the throat to give the droplets as much
time as possible to grow. The nozzle is placed in an evacu-
ated sample box, and the sapphire and silicon windows sepa-
rating the sample box from the neutron guide and the detec-
tor tube are removed. For these experiments the residual gas
pressure in the evacuated region wa80 Pa. We alternate
30 min of sample measurements with 30 min of scattering
from pure N in order to monitor the level of the background
closely. As long as the background does not drift, individual
runs can be averaged. For many of the current experiments

FIG. 3. The small angle neutron scattering spectrum predicted for the aerc;[-he cumulative backgrounds are 8.5-10h Iong. Sample mea-

sol produced in the shaped nozzkolid line exhibits more structure and  Surements are 30 mim 2 h |Oﬂg. _
has a higher intensity intercept than the spectrum for the aerosol produced in  The 1(q) spectra are derived from the raw data in the

the conventional nozzlédashed ling The additional structure appears be- following way. The two-dimensional intensity data are first

cause the relative width of the size distribution/(r) is smaller in the ; ; ;
shaped nozzle. The position of the first Bessel function mininiRef. 46 corrected by subtracting the scattering signal from the nozzle

is inversely related to the average particle size. Thus, the first minimum iflOWiNg pure N . .The_ corrected datlalare then Qd.ju_Sted for
the spectrum for the aerosol from the shaped nozzle is at Iqwer any nonuniformities in detector efficiency by dividing the

intensities by those from a water sample on a pixel-by-pixel

) . o ) basis. The data are then placed on an absolute scale and bad
The optics consist of a photomultiplier tubBMT) with @ getector pixels are masked. The absolute scale is determined
632.8 nm bandpass filter, and a 62.9 mm lens that focuses thg, measuring the attenuated neutron flux reaching the detec-
scattered light onto the PMT. The PMT is powered by a hlghtor during a beam center determinaticdirect beam mea-
voltage power supply, and the output from the PMT is sent Qurement Under our operating conditions, the two-
a digital storage oscilloscope. Light scattering from the aerogimensional scattering patterns are anisotropic because the
sol is compared to that from the carrier gas to calculate th‘%peed of the droplet@00—500 m/sis comparable to that of
relative scattering signal of the droplets and to detect anynq colq neutrong500 m/$, introducing a Doppler shift in

drift in the background. the momentum of the neutrons that have a scattering compo-
nent along the flow axi¥*’ A modified version of the
2. Small angle neutron scattering experiments AVERAGE command in the standard NIST data reduction

8 9
To address the limitations inherent in light scattering, wepaCkagél’ '_A‘VERAGE/DQPPLER‘} now correc'Fs for the
Doppler shift in the binning routine used to derive the aver-

use small angle neutron scatterifANS) to measure the 4 .
size distribution of the aerosols formed in the nozzle. Be-f"lgedl(Q) spectra. The particle velocity used by the program

cause the neutron wavelengt~0.5—2 nm is less than the is derived from the pressure trace measurements.
average particle radiug ), the scattering spectrum strongly
depends on the momentum transfer wave vegiawhereq
«(4m/N\)sin(@/2) and 6 is the scattering angle of the
neutron<'® In the appropriate] range the key parameters of |v. RESULTS AND DISCUSSION
the size distribution can be determined by fitting the spec-
trum using only a weak assumption about the general sha;ﬁ%‘
of the size distribution. Figure 3 compares the scattering We first conducted pressure trace experiments with pure
spectra corresponding to the,® aerosol size distributions N, to characterize the assembled nozzle. As illustrated by the
shown in Fig. 2. Although the scattering intensity is propor-lowest pressure tradsolid gray ling in Fig. 4(a), our nozzle
tional to the number density, aidlis significantly lower for  exhibits the key features required to separate nucleation from
the aerosol formed in the shaped nozzles, (i depen- droplet growth, i.e., there is a well defined pressure mini-
dence at lowg ensures adequate signal strength. As expectednum followed by a recompression and a second expansion.
the scattering spectrum predicted for the aerosol formed iThe initial expansion ratd(A/A*); /dx=0.043 cm ! is rea-
the shaped nozzle has more structure than the spectrum prssnable, but the second expansion ratA/A*),/dx
dicted for the aerosol formed in the conventional nozzle. =0.031cm'! is larger than planned. Furthermore, the

We conduct the aerosol SANS experiments using th&m long nucleation zone is shorter and not as flat as desired.
NG7-SANS instrument at the National Institute for Stan-Thus, although nucleation and growth are separated, the
dards and Technolog¢{NIST). The neutron wavelength is nucleation rate, supersaturation, and temperature are not con-
A=0.8 nm and the wavelength spreadA&/A=0.22. The stant in the nucleation zone. Our situation is similar to that
neutron beam is perpendicular to the aerosol stream and theund in Schmittet al’s expansion cloud chamb&tand in

Thermodynamic state measurements
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FIG. 4. The state of the supersonic flow as a function of positianthe nozzle is characterized in terms(af the measured pressure rapifp,, (b) the

temperaturel, (c) the fraction of material condensedg.., and(d) the supersaturatio8. The three flow rate classes are indicated in pajts&nd(b). The
stagnation pressure and temperature are given in(@art

the laminar diffusion flow tub®>2and can be treated in a upstream or far downstream of the nucleation zone. The
similar manner. Finally, for the nozzle profile defined by thelarger mode of the aerosol corresponds to the droplets that
experimental pressure trace, the 1D model suggests that tlage formed in the controlled nucleation zone, while the

final aerosol is bimodal unless condensation occurs eithesmaller droplets come from a spontaneous burst of nucle-

. . ation during the second expansion. Nevertheless, because the
TABLE I. The results of the pressure trace experiments are summarized in . L.
terms of the stagnation and onset conditions. In particular, the onset posFW':J nucleation events are separated in time, and the scatter-
tion, X,,, the onset pressurg,,, and the onset temperatufg, are shown. NG intensity is proportional t¢\|<r6> in the smallqg region,
In all cases the stagnation pressure was-59.6 kPa. The classification the light scattering signal and most of the neutron scattering
scheme is explained in the body of the text. signal will be dominated by the large droplet mode.

Ty, °C M, g/MIN Pyo, PA Xon, CM  Pons Pa Ton, K Class We then cpnducted pressure trace experiments with
D,0-N, gas mixtures to determine the,O concentrations
35.0 335207 55;56 55':: 117%2 2211;321 |I corresponding to the best separation of nucleation and
4.06 678 514 213 2219 | growth. The experiments started_ from a stagnation pressure
4.74 791 4.31 268 226.6 I of py=59.6kPa and stagnation temperatures of
5.14 858 3.06 333 235.5 I =35.0°C and 45.0°C. Table | summarizes all of the condi-
g-gi ggg ;-(1)3 ggi ;g(l)-g |I|I| tions investigated and classifies the experiments according to
6.32 1056 182 286 9317 i the location of the onset of f:ondensatlon as well as _the gen-
6.97 1163 1.50 442 2346 i eral shape of the congiensmg flqw curve. Class _I mclude_s
those cases where particle formation in the nucleation zone is
450 76';923 1121213 5'3029 43;79 223?:"07 |I negligible, and the aerosol is primarily formed during the
947 1508 210 saa 2384 1 second expansion. Class Ill encompasses the other extreme,

where onset occurs distinctly upstream of the recompression.
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Both class | and class Ill condensation events are similar tincreases correspondingly. Thus, particle formation occurs
condensation in a conventional Laval nozzle. Class Il conwell upstream of the nucleation zone and, up to the end of
densation events correspond to the intermediat® hass the first expansion, the picture is identical to condensation in
flow rates(or partial pressurgsvhere we believe nucleation a conventional nozzle. Becaupfp, depends both oA/A*
and growth are largely decoupled for the droplets formed irand the heat released to the flow, it is difficult to visualize
the nucleation zone. High stagnation temperatures ay@ D from the pressure data how the recompression, startig at
partial pressures were used throughout the experiments ir¥2.2cm, effects the condensation process. The behavior of
order to maximize the volume fraction of condensate and9/d.., is far more informative. In particular, the peakgfg..
therefore, the neutron scattering signal. Our discussion forearx~2.4cm is close to the minimum pressure ratio in the
cuses on thel,=35.0°C data, because these data are th&ucleation zone. As the nozzle narrovggg.. starts to de-
most extensive. Thel,=45.0°C data exhibit the same crease and droplets evaporate rather than grow. At the end of
trends. the recompressionx~3 cm, droplet growth resumes and
Figure 4a) illustrates selected pressure traces measurel/d-- increases monotonically to the end of the nozzle where
for expansions starting frori,=35°C. Figures ¢h)—4(d) it reaches a maximum value ef0.7. Like p/py, T depends
show the profiles, derived from the pressure traces, for th€0th on the flow geometry and heat addition or removal due
temperatureT, the fraction of RO condensedy/g.. (where 0 droplet growth or eva_poration. Thus, during t-he initiql part
g..=m, /m;), and the supersaturatich The supersaturation of t_he recompressiofl increases before leveling _off in a
is calculated using the value pf, derived from the pressure €gion where the heat absorbed by the evaporating aerosol
trace data and the equilibrium vapor pres&ifer D,O. Two exactly balances the increaseTirdue to recompression. On

cases of class | and class Il condensation and one case B¢ downstream side of the recompressidralso remains

class Il condensation are shown in each figure. Velocity prof€latively stable as the heat released by the growing droplets

files were also derived because the average droplet velocify Palanced by the second expansion. Finally the supersatu-
is required to correctly interpret the SANS results. They ardation profile for this case contains only one significant peak,

not shown here because they are essentially mirror images §P'TéSPonding to the onset of condensation in the nozzle, and
the pressure profiles. the aerosol will be unimodal.

The class | condensation events are represented by the Thg picture presentgd by the key varlabl_es raises the
data atrn,=3.50 and 4.74 g/mir(p,,=585, 791 Ph We interesting prospect that in class Il condensation events the
will first oncus. on the [:;ressure traulge at ?;50 g/ntihort recompression can process the aerosol so as to increase the
dashed lingbecause this is the cleanest example of a class fimverage_partmle size and make.the. aerosol more monodis-
condensation event. In this experimemtp, andT both fol- perse. Since the vapor pressure is highest above the smallest

low the isentrope closely until=5.5 cm, more than 2.5 cm droplets, more material will evaporate from small droplets

after the top of the recompression. The abrupt deviation ir;[han from large ones. If the smallest droplets vanish com-

L . pletely during the recompression, condensation on the re-
pressure and temperature, and the rapid increagédp to . ; ;
. : aining droplets during the second expansion should deplete
~0.7, are reminiscent of a spontaneous condensation eve

: . . . e vapor enough to prevent further droplet formation. Thus,
in a conventional nozzle, i.e., almost all of the particles ar

. ) . A Ghe shaped nozzle could hasten the natural process of Ost-
formed in a rapid burst of nucleation and then grow rapldly,Wald ripening® This effect should be stronger the closer

depleting the vapor and quenching nucleation. Furthermor%nset occurs to the recompression, because the newly formed
the supersaturation peak at=6cm downstream of the droplets have less time to grow and are therefore more likely
throat is almost three times higher than the peak found in thrt=-O evaporate.
nucleation zone. Althougfir is ~10 K lower for the second We now consider the best conditions for the desired class
peak than the first, classical nucleation theory predicts thaj condensation behavidsolid and heavy dashed lineThe
the nucleation rate corresponding to the second SUpersat“réS'(periment at 5.41 g/minp(,,=903 Pa) is an upper bound
tion maximum is four orders of magnitude higher than,, this class since the pressure trace starts to deviate from
that for the first. Since classical nucleation theory predicts gne isentropic expansion just before the end of the nucleation
stronger temperature dependence than observed expefisne The deviation is, however, weak guig, follows the
mentally;” this is at least a lower bound, and for a 10 K shape of the isentrope beyond the peak of the recompression
change in temperature the relative rates should be approxipg only clearly separates from the isentropeat3.5 cm.
r_nately correct. The second class | condensation curve, &inally, the experiment an,=5.14 g/min p,,=858 Pa), is
m,=4.74 g/min, exhibits very similar behavior although the gyr pest example for class Il condensation. Within experi-
superaturation peaks are less disparate. Thus, the aerosolyigntal error,p/p, and T follow their respective isentropes
probably bimodal and the scattering signals may be domiexactly until the peak of the recompression, where they de-
nated by the larger droplet mode. This flow rate represents Gate slowly from the isentropic values. This behavior is con-
transition between class | and class Il condensation. sistent with droplet formation that is maximized in the nucle-
At the other extreme is the class Ill condensationation zone, cut off rapidly by the recompression, and the
event, corresponding to the experiment conductednat remaining phase transition is accomplished by droplet
=6.32 g/min p,o=1056 Pa). At this flow ratep/po andT  growth. The behavior ofy/g.. also confirms that class Il
both deviate from the isentropic values about 1.7 cm downeondensation is qualitatively different from the other cases.
stream of the throat and the fraction of material condenseéor example, the increase gig.. is much slower and at
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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 exhibitsaiaresaal stru

the intermediate flow rates where nucleation rates are reduced and the droplets grow to lar@@rdide.= 25 °C, the data in the shaped nozzle correspond

to a positionx=8 cm downstream of the throat. In the conventional nozzle, the general trend of the flow rate dependence of the scattering signal is inferred
from the results of Stein and Wegen@&ef. 13. (b) At T,=35 °C, each line joins the light intensity measurements taken at a fixed position. The top and
bottom curves are labeled and correspona+®B and 5 cm downstream of the throat, respectively. Intermediate curves are spaced at 0.5 cm intervals. The
structure in the light scattering signal is more pronounced further downstream in the nozzle because the droplets have had more time to grow.

=9 cm the value is distinctly lower than for the other experi- ~ Figure 8a) presents the relative light scattering intensity
ments. Althoughg/g.. can be as low as 0.6 at the exit of a as a function of the PO flow rate atx~8cm for T,
conventional nozzle for experiments that start under simila=25.0°C. In a continuously expanding nozzle where con-
stagnation conditions, it always increases monotonically adensation is not controlled, the light scattering signal in-
g.. decrease® Finally, Fig. 4d) illustrates the major weak- creases monotonicalfy with the flow rate, as indicated
ness of the current nozzle design. For both class Il condergualitatively by the dashed line. This behavior can also be
sation cases, there is a significant supersaturation peak dunferred from the values dfl and({r) reported by Stein and
ing the second expansion that occurs at a temperature cloggegenel® and is predicted by modeling. In contrast, the
to that in the nucleation zone. Thus, although we have sepaelative light scattering signal in the shaped nozzle has a
rated nucleation from growth for the particles formed in thecomplex structure. Starting from the lowest flow rates, the
nucleation zone, the final aerosol formed under these Condi'rght scattering signal increases rapidly and peaks near a flow

tions is bimodal. rate of 3 ml/min. As the flow rate continues to increase, the
_ _ o light scattering signal suddenly drops to a plateau in the flow
B. Light scattering validation rate range from 3.5 ml/min to 6 ml/min. When the flow rate

Light scattering experiments were conducted Startindncreases above 6 ml/mihg begins to increase in a manner
from three stagnation temperatureBy=25.0, 35.0, and consistent with a conventional nozzle. We believe that this
45.0°C. The results obtained at differdnt are qualitatively ~complex behavior arises because near the flow rate of 3 ml/
similar for the range of flow rates studied, and here wemin, nucleation and growth are decoupled and light is scat-
present the data foF,=25.0 and 35.0 °C. Since the experi- tered from a smaller number of larger droplets.
ments were conducted quickly to conserveCD the true Figure 8b) shows similar data fof ,=35.0 °C, but now
mass flow rates were not measured. Thus, the results are #fle detector position is also varied. The top curve corre-
presented in terms of the volumetric flow rate reading fromsponds to scattering measured xat 8 cm and the lower
the peristaltic pump rather than the true mass flow rate.  curves correspond to moving the observation point upstream

TABLE 1l. The conditions used to generate the nanodroplets corresponding to the spectra in Fig. 7. The
expansions in the conventioné&Ref. 56 nozzle (A) and the shaped nozzléE) both started fromp,

=59.6 kPa andl,=35.0 °C. Nozzle A has a constant expansion ratel@/A*)/dx=0.048 cm’. In the

region of onset, nozzle E had an expansion ratd(@/A*)/dx=0.043 cm 1. The table compares the initial

flow rates of the condensibi@, (p,o), the onset conditionsx(,,Pon. Ton), and the location of the viewing
volumeX,e,, and the best fit parameters to a log-normal size distribytivean particle radiugr); the width

of distribution, Ino; and the droplet number concentratidt), derived by fitting the SANS spectra.

Nozzle m,, g/min p,, Pa Xy, €M pgn, Pa Ton, K Xyiew, €M (r), nm  Ino N, cm 3

A 7.40 1197 2.00 419 228.8 5.60 9.68 0.218 4aot
E 6.97 1163 1.50 442 234.6 7.00 13.84 0.197 X570
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107 . . —— erating conditions exist under which nucleation and growth
are decoupled in the shaped nozzle.

_2

C. Aerosol SANS experiments

Finally, we conducted aerosol SANS experiments using
the shaped nozzle. Again we focus on the results of experi-
ments starting fronT,=35.0 °C.

We start by directly comparing the spectrum of an aero-
sol formed in the shaped nozzle to one formed in a conven-
tional nozzle. The conditions under which each aerosol was
formed are summarized in Table II. Figure 6 shows that the
spectrum for the shaped nozzle aerosol has a distinct shoul-
der rather than an inflection point in the region 9
<0.4nm ! and the value ol is larger by a factor of 2.
Both aerosols are unimodal because the flow rate in the
shaped nozzle is high enough that this is a class Il conden-
FIG. 6. The scattering spectrum for the aerosol formed in the conventionap@lion event. The size distribution parameters presented in
nozzle(Ref. 56 was measured 5.6 cm downstream of the throat and 3.6 cmlable Il are the best fit parameters to log-normal distribu-
downstream of the onset of condensation. By this point, the aerosol was ngons. We see that the aerosol produced in the shaped nozzle

longer evolving and th'e fraction of material condensed had_ stabilized ahas a number density that is a factor of three lower and an
0/9.,~0.7. The scattering spectra from the aerosol formed in the shaped

nozzle was measured 7 cm downstream of the throat and 5.5 cm dowr2Verage particle Size. that is 30% larger than the aerosol
stream of the onset of condensation. In this case, the droplets in the viewinfprmed in the conventional nozzle, even though the conden-

volume were still growing. The flow rate of O was about 6% lower inthe  gjble mass flow rate through the shaped nozzle is somewhat
shaped nozzle experiment than the conventional nozzle experiment. Nevelr(-)Wer

theless, the relative positions of the first Bessel function mininiRef. 49 .
shows that the aerosol formed in the shaped nozzle has a larger average Figure 7 presents the SANS spectra where the flow rates

droplet size. most closely match those in Fig. 4. When thgdbmass flow
rate is 4.75 g/min or above, the spectra all have a distinct
shoulder in the region of the Bessel function mininfGm

—1 . —4

in 0.5 cm increments. As the observation region moved0-2<q<0.3nm 7). The shoulder is followed by &

closer to the throat, the scattering signal decreases becau@8rod decay, chaeracterlstlc of scattering by homogeneous
the particles have not had as much time to grow and are?phencal partlcleé..At Iovyer flow rates, Fhe shoulder van-
therefore, smaller. Downstream % 5.5 cm, all of the light ~1Shes although an inflection point remains, aggl beyond the
scattering curves have a peak near 5.6 ml/min similar to théfléction point the intensity again falls off ap *. As the

one found for the 25 °C data near 3 ml/min. Although thesdhitial condensible flow rate increases from 3.54 g/min to

experiments are only semiquantitative, they confirm that op#-7> 9/min, the inflection point moves to lowgrconsistent
with an increase in the average particle size. In contrast, at

flow rates above 4.75 g/min the shoulder shifts to higier
with increasingm, and, thus, the average droplet size is de-

1(q), em’

T,=35 °C, p,=59.6 kPa

[ © Shaped nozzle
L O Conventional nozzle

-1
g, nm

' T 3 creasing.
O6.32 in (x10 ] . . . .
Py : We fit each spectrum assuming a unimodal aerosol with
158 ¥ 5.10 g/min (x2) | a log-normal size distribution of droplets and derive the
< 203 gl mean droplet radiugy ), the width of distribution, Irr, and

354 gl the number concentration of droplefd, Although we be-

lieve that the aerosol is often bimodal, this preliminary
analysis of the SANS data do not justify such a complex
fitting procedure. One problem with the current data set is
that the spectra are smeared because the droplets are still
growing across the 12 mm wide viewing volume. Further-
more, in this work we are primarily interested in the large
particle mode and this mode contributes the most to the scat-
tering intensity at lowg. Table Ill summarizes the droplet
size distribution parameters derived from the spectral fits un-
der these assumptions, as well as values for the radius of
gyration Rg and the intensity intercegt, derived from a

FIG. 7. The SANS spectra for five experiments with initial conditions cor- Guinier analysi€®>’ For our polydisperse droplets, the linear
responding to class | through class Il condensation. The condensible magggion of the Guinier p|0{5§ extends up to q2~ 55

flow ratesm, are close to those experiments presented in Fig8—4(d). — 6 -2 i
For clarity, the spectra corresponding to the two lowest flow rates are shown 107" nm™, correspondlng to an upper bound QRG

at their true absolute intensity. The spectra corresponding to higher flow<3-5-8|:Or a relative polydispgrsity 0f20%,<r>_ Shou_ld be
rates have been offset by factors of 2, 5, and 10, respectively. close® to R, and the values in Table Il confirm this.

=1
¥

I(q), cm

Vo]

[ T,=35°C, p=59.6 kPa

0.1 . 1
qj, nm
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TABLE lll. The conditions of the aerosol SANS experiments are summarized along with the parameters of the
log-normal aerosol size distributions determined by fitting the SANS spectra. The radius of gir@ton the
interceptl , were determined by a Guinier analysis.

To, °C m,, g/min  p,e, Pa  (r), nm Ino N, cm 3 Rg, hm lg, cm?

35.0 3.19 533 10.0 0.350 3.6410° 135 1.46x 1071
3.54 592 13.6 0.280 2.99 10" 15.4 1.70x 107*
4.02 671 18.8 0.228 2.18 101 18.3 1.87x 1071
4.75 793 18.7 0.200 4.0¢ 10%° 18.1 2.10x 101
5.10 851 17.7 0.194 5.58 10'° 17.2 2.02x 107!
5.33 890 17.7 0.190 6.59 10 16.8 2.08x 107!
5.83 973 16.7 0.193 8.8% 10 15.7 1.15x 107*
6.32 1055 15.2 0.193  11.2410Y 14.7 4.06x 10?2
6.97 1163 13.8 0.197  15.2010% 13.7 1.51x 1072

45.0 7.02 1117 19.5 0.287 1.8710%
8.00 1274 21.0 0.243 2.72 101
9.60 1528 20.0 0.223 5.06 10%°

Figure 8 compares the values bf derived from the Figure 9 shows the variation dfr), Rg, andN as a
Guinier analysis to those deduced from the size distributiorffunction of the mass flow rate. Bot{r) and Rg have a
parameters using maximum atm,~4 g/min, and this in turn, corresponds to
2 the minimum inN. For flow rates less than 5.5 g/min, this
167 . . .
lo= Ap2N<I’6>, 7) behavior is readily understood by looking back at the ther-
9 modynamic data, especially the temperature and supersatura-

where Ap? is the scattering length density for,0 and tion profiles in Figs. 4) and 4d). At the lowest flow rates,
(r®={(r)® exg18(Ino)?] for a log-normal size distribution. M,<4 g/min, the number of droplets formed in the nucle-
The values of , derived from Eq(7) generally lie above the ation zone is small and the scattering signal primarily reflects
values derived from the Guinier analysis, but the trends aréhe particles formed by the nucleation event in the second
the same. To directly compare these valued pfo those expansion. As the flow rate increases above 4 g/min, the
measured by light scattering, we scaled the maximum lighBupersaturation in the nucleation zone increases steadily al-
scattering intensity to correspond to the maximum SANShough the temperature profiles in this region are unchanged.
intensity. We also scaled the flow rate by a single fa@@89  The nucleation rate in the nucleation zone, and the number of
g/ml) so that the flow rate d, s from light scattering lined ~ particles that comprise the large mode of the aerosols must
up with | a from SANS. When all of the remaining points therefore increase. Because more particles are formed in the
were scaled using these two factors, the agreement betweé&Hcleation zone, the supersaturation after the recompression
the light scattering measurements and the quantitative SANBeak decreases and the droplets cannot grow as large before
results is quite good.

i f 4 1.9e+11
Class I | Class | Class IIT ]
T T T r r 125 20 | : :
025 | 4 a : @ i Q ! o
d 1 100 I A ! @i ® i
oA ® > 15 i I x §
02 | 0 ps g8 g AO ' ' a 7
A . E 5 o |
. A0 {75 @ o 1 1e+11
o 0S| A A& k. S0 (o) o |
u'\ = V
-~ o 1s0 £ <o O<r>
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5 o < ON
° Q Guinier Analysis 125 — I o
005 | b5 A ® Eq.7 [ oS |
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FIG. 9. The average particle siZe), the radius of gyratiorRg, and the
FIG. 8. Over the entire range of condensible flow rates, the valuég of number density of the aeroshllare plotted as a function of the condensible
derived from fits to the full SANS spectf&q. (7)] are in good agreement mass flow rate. The size distribution parameters are obtained from the spec-
with those derived from Guinier analysiRefs. 46, 5J. Furthermore, the  tra measured in the 12 mm wide viewing volume centered=af cm. The
independent measurementlgffrom the rescaled light intensity signals, are aerosol with the largest droplet size and lowest number density is formed in
also in reasonable agreement. The data for both SANS and light scatterintpe transition from class | to class Il condensation wherg-4 g/min.
was obtained aT,=35°C. Experiments were performed &=35 °C.
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TABLE IV. This table summarizes the locatiof,,, and conditiong, max, Smax, andTpay, corresponding to

the maximum nucleation rat&,,, for the three experiments where nucleation and growth are decoupled. The
number concentratioN,,, has been corrected for the difference in gas density between the viewing volume and
the nucleation zone. The characteristic tithewas calculated as described in the text.

m,, g/MiN Xmax M Py e P& Trao K Smax Neorrs cmi 3 At, s Jimax, cm 3571
4.74 2.10 279 230.1 29.2 468100 1.32x 10°° 4.32x 10%
5.14 2.10 303 230.3 30.8 6.4710°° 1.39x10°° 4.62x 10
5.41 2.08 320 230.4 320 7.6710° 1.43x10°° 6.01x 10%°

they reach the observation region, and hence the averagehere p, is the gas density in the nucleation zone and
droplet size decreases. =m,+m; is the total mass flow rate through the nozzle.

For the highest flow ratesi(,>5.5 g/min), droplets are Based on all of the experimental evidence;(Dmass
formed upstream of the nucleation zone. Under these condflow rates between 4.74 g/min and 5.41 g/min (791 Pa
tions one would expecN to decrease or stay relatively <p,,=<903Pa) provide the best decoupling between nucle-
constant® and (r) to increase as the mass flow rate in- ation and growth. Using the formalism described above, and
creased. We observe the opposite trend and believe that thise experimental supersaturation and temperature profiles,
is further evidence that the recompression processes the aerse derived values foﬂg“xf’;j‘(ST) for the three experiments in
sol, evaporating the smallest droplets and letting the remairthis flow rate range. We assume tlat, is maximized at the
ing droplets grow larger. Based on the 25.0 °C light scattersameS andT asJieory, and these are the values reported in
ing data, we would need to further increase the flow rates afable 1V. Finally, because the nucleation rates are close to

To=235.0°C to reverse this trend. isothermal, we can estimate the number of molecules in the
critical clustern* using the nucleation theoréff®as
D. Estimates of the nucleation and growth rates dinJ
_ ———=| ~n*—1. 10
When nucleation and droplet growth are separated, we |dInS T (10

can estimate nucleation ratesH$, T) = N/At. The value of Eor this dat i find* ~5
N comes from the SANS measurement assuming that theO" this data Set, we Tind™=>.

. We can also estimate the particle growth rate in the
observed number density corresponds to the large mode of .
y P g ozzle. From the SANS data we know the average size of the

the aerosol and that these droplets all form in the nucleatio lets in the viewi | tered me 7 A
zone. We must also correct the observed number density f OPIETs In e VIEWING Volume centerec &« 7 cm. AS
emonstrated in Fig. 8, the relative behaviol gfrom light

the ~15% difference in gas density between the viewing ) .
volume and the nucleation zone. Within the nucleation Zongcatterlng closely matches .that. e ”0”.‘ SANS. We can
erefore use théy(x) data in Fig. Bb) to estimate relative

the gas density changes by less than 2%—-3% and is ignored. L . .
The second step is to analyze the experimentally dete droplet size if we assume thét) the number of particles in

mined supersaturation and temperature profiles in the cor"fhe large particle mode does not change during the second

trolled nucleation region to determine the tim&t, over

which most of the droplets comprising the large mode of
the aerosol are formed. As in laminar flow tube experi- 20 ' ' ' ' ' '
ments>°~>?we assume that the ratio of the maximum nucle-
ation rateJ™® to the particle production ratg JdV is the 19
same for the experiments as that predicted by a reasonable

nucleation rate theory. If this is true then, 18

Jmax max
exp _ theory —f

f Jexpdv— f Jtheorﬂv— '
The quantityf has units of cr® and, thusV; na=1/f is the

characteristic volume corresponding to the maximum nucle-
ation rate. We confirmed the observafiortthat the value of

)

16 |

V—V¥ 4.75 g/min 1
&—© 5.10 g/min |

V;.max IS quite insensitive to the nucleation rate expression 15 A—A 533 g/min
chosen. In fact, for our experiments, the value predicted by
the classical nucleation theory differed from that predicted 14 . . . . . . .

1.2e-04 1.4e—-04 1.6e-04 1.8e—04 2.0e-04

by the Reiss, Katz, Kegel thediby less than 1%. From the
characteristic nucleation volume and the volumetric flow rate

in the nucleation zon¥ we can then estimate the character-FIG. 10. The change in average droplet size as a function of time was
b g : deduced from the light scattering data in Figh)s the gas stream velocity,
istic time for nucleationAt as the SANS measurement a7 cm, and Eq(11). The times are all relative

to t=0 s at the throat. The three flow rates correspond to class Il conden-
, (9 sation and the transition to class I. The arrow marks the location where the
\% m SANS measurements were made.

t, sec

V V
At= J.max _ Pg J,max
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expansion an@2) the relative width of the distributiofin o) particle mode formed during the second expansion contrib-
is constant. With these assumptions, change$y(®) are utes little to the SANS spectra in ogrrange, we estimated
related to changes ir (x)) by the number densit\N of particles formed in the controlled
1o(X) N(rﬁ(x)> <r(x))6 nucleation zone._We then ana!yzed thg supersaturation and
= 5 ~ 5. (11)  temperature profiles to determine the time interalover
10(7.0 N(r(7.0))  (r(7.0)) which droplet formation is significant. FromM and At we
The droplet velocities come from the pressure trace experiobtained the first direct measurements of the nucleation rate

ments, and, thus, we deduce the time evolution of the droplel(S,T) in a supersonic nozzle. By analyzing the changkin
size. from the light scattering data with the position we also ob-

Figure 10 illustrates the particle size as a function oftained the first independent estimates of the growth rate of

time for three different values qf,, wheret=0 corresponds droplets in a supersonic nozzle.
to the position at the throat. In each case droplet growth
slows near the nozzle exit due, in part, to the growth of theACKNOWLEDGMENTS
small particles formed during the second nucleation burst.
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