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Homogeneous nucleation rates for D ,0 in a supersonic Laval nozzle
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We measured the homogeneous nucleation rates©fiDa supersonic nozzle. Small angle neutron
scattering(SANS) experiments characterized the nanodroplet aerosols and yielded the number
densityN of particles formed. In these new SANS measurements the number densities were in the
range of 4<10"<N/cm 3<2x10'2 We then determined the characteristic time interval
corresponding to the peak nucleation ratg,,,,, from conventional pressure profile measurements

in the nozzle. The sensitive time is typicallil+3) us. Combining these two pieces of information

we obtained the nucleation rale= Nyz /At ;jnax, WhereNyz is the number density of the aerosol in

the nucleation zone. In this nozzle, the peak nucleation rate ranges betweddt®6and 1.2
x10cm 3s ! and is quite insensitive to the initial conditions of the expansion. 2@3
American Institute of Physics[DOI: 10.1063/1.1590640

I. INTRODUCTION from their isentropic values. Alternatively, onset can be de-
fined as that point in the flow where the light scattered by the
Despite a long history of experimentdland theoretical aerosol is first detected.
investigation, accurate prediction of the nucleation thts The homogeneous nucleation rates found in nozzles,
still a difficult research problem even for vapor-to-liquid 10%< J/cm s~ 1< 10", are typical of those found during
phase transition$? On the experimental side, researcherssteam condensation in turbines, rapidly expanding gas
have developed many apparatuses to study homogeneofisws?’ and in highly reactive particle forming environ-
nucleation. These include the diffusion cloud chanér, ments. The highest rates are produced in nozzles that expand
laminar  diffusion flow tubé° expansion cloud monotonically, and where nucleation and condensation occur
chamber;™*2 piston expansion tub€,shock tube;"*>wave  spontaneously as tightly coupled processes. Lower nucle-
tube!®!” and the supersonic nozzI&:® Each apparatus is ation rates are produced using shaped noZZtssigned to
sensitive to a nucleation rate range of about 3-5 orders ajuench nucleation prematurely and to separate nucleation
magnitude, thus, many different experimental methods arérom subsequent droplet growth. In either nozzle type, the
required to cover the wide range of nucleation rates, temeritical clusters are small, usually containing fewer than 10
peratures and critical cluster sizes required to truly distinmolecules. Working in this regime has the following advan-
guish between competing nucleation rate theories. tages. First, because of the high nucleation rates, heteroge-
In our laboratory we work with both conventional super- neous nucleation cannot compete unless the incoming gas
sonic Laval nozzles, i.e., nozzles that expandstream is extremely contaminated with foreign particles
monotonically®*~**and nozzles specially shaped to decoupleand so the process is truly homogeneous. Second, the data
nucleation from droplet growtff. During an experiment, a stringently test nucleation rate expressions because most of
dilute gas mixture of a condensible vapor in a noncondenthese are valid only in the limit of low supersaturation and
sible carrier gas expands as it flows through the nozzle. Inarge critical cluster size$* Third, the high nucleation rates
the absence of condensation, the pressure, density, and thad small critical cluster sizes should make our data more
temperature fall isentropically and cooling rates are on theamenable to researchers trying to simulate nucleation pro-
order of 1§K/s. As the gas cools, the condensible vaporcesses directly using computational meth&tis?
quickly becomes supersaturated and particles begin to form  Many researchers have used pressure trace or light scat-
by homogeneous nucleation. The newly formed particlesering experiments to locate the onset of condensation in
grow rapidly, depleting the vapor, and thereby quenchingsupersonic nozzles. Figure 1 summarizes the?&atd'—>*
further nucleation. Condensation releases heat to the flofor light water, HO, on a logp versusT or Wilson plot. In
and the pressure, density, and temperature of the gas mixtugpite of the fact that the data come from many different
deviate from their isentropic values. The flow in thesesources, using different nozzles and definitions of onset, all
converging—diverging nozzles can be treated as oneof the points appear tightly clustered around the same curve.
dimensional, and the entire history of the expansion is easilplthough these data are useful and interesting, they do not
obtained by measuring one state variable as a function directly yield quantitative information about nucleation rates
axial position. The onset of condensation is defined as thah nozzles because onset depends on a combination of nucle-
point in the flow where the state variables differ noticeablyation and droplet growth.
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T 7 T T 1 T ' two species as a function of the operating parameters. Fi-

100 | gg:"f"i"lggg_l%s) I 1 nally, the pressure trace results and the SANS results were
v R:tl:;:ts (19)69) _ combined to obtain the peak nucleation rates in a conven-
O Stein and Moses (1972) o tional supersonic nozzle.
< Wyslouzil et al. (1994) © Although H,O nucleation and condensation is more rel-
10 | © Heath et al. (2002) ® Liquid {1  eyantto practical applications,B® has a much weaker neu-
® Current work ﬁ tron scattering length density than®. For identical aerosol

S size distribution parameters, O aerosol has a scattering

g signal that is~130 times stronger than that for,8. Thus,

E 1 E all of the SANS experiments were conducted usingCal-
though extensive pressure trace measurements were made for
both isotopes of water. Parallel work by Heathal?® and

A Wolk and Strey® suggests, however, that one can predict the
0.1 : 3 nucleation rates for 5O based on the BD results rather
P precisely.
The paper is organized as follows: In the Experimental
0.01 , , , section we briefly describe the apparatus, the pressure trace

experiments and associated analyses, the SANS experiments
180 200 220 240 2 2 : . . )
0 260 280 300 320 and interpretation of the scattering data, and the theoretical

T/K framework for extracting the nucleation rates from the mea-

_ , _ surements. In the Results and Discussion we give the de-

FIG. 1. The onset data for @ from previous supersonic nozzle experi- tailed lts of th t d SANS . ¢
ments(Refs. 22, 24, and 31-34s compared to the current data. The solid ailed results or the p.ressure race_ an experiments,
line is the vapor—liquid equilibrium curve for J@, the dashed line is the and the peak nucleation rates derived from these measure-

solid—vapor equilibrium boundary and the dash—dotted line is the solid-ments. Finally we present our conclusions.
liquid equilibrium line. The data from Heatht al. (Ref. 24 lie directly
underneath the current measurements.

II. EXPERIMENT

Over the past 20 years, the major thrust in nucleatioﬁa" Apparatus
research has been to extract quantitative nucleation rates di- All of our experiments were conducted using a conven-
rectly from experimental dafat? For supersonic nozzles this tional Laval nozzlé>=?® with a nominal opening angle of
goal was achieved only very recently by Streletziyal.  approximately 1.8° and a nominal throat a4 of 63.5
using specially shaped nozzi@sThere, the nozzle shape mn?. The sidewalls of the nozzle contain thin Si-windows
largely determined the characteristic time for droplet forma-that are transparent to the neutrons for the SANS experi-
tion and small angle neutron scatteritf®ANS) experiments ments. Two slightly different flow arrangements were used to
provided the aerosol number density. Combining these twgroduce the aerosols. All of the,B® experiments were con-
pieces of information yielded the nucleation rate as a funcducted using the setup described by Hesitlal2*?° There,
tion of supersaturation and temperature. In this paper wéhe main carrier gas flow was produced by flowing liquig N
extend the work of Streletzkgt al. to extract peak nucle- from a low pressure dewar to an external heat exchanger
ation rates during condensation in a conventional Lavalvhere it was vaporized and brought up to room temperature.
nozzle. The analysis methods developed here were recentBll the D,O experiments were conducted using the set up
used by Heatlret al?® to estimate HO-D,O binary nucle- illustrated in Fig. 2 where the main flow of the carrier gas
ation rates in the same nozzle. was supplied by directly drawing from the gas side of two

At this time the limiting step to measuring nucleation high pressure liquid nitrogefiLN2) dewars. Inline heaters
rates in supersonic nozzles is the time required to collect ththen raised the temperature of the gas to ambient conditions.
SANS data for these weakly scattering systems. For exi addition to simplifying the operation, this change also
ample, the current experiments required op4t h to ad- reduced pressure oscillations in the system significantly.
equately characterize each aerosol sample, and, thus, the to- As illustrated in Fig. 2, carrier gas from the two high
tal number of conditions investigated was limited to 7.pressurdl.5 MP3g LN2 dewars enters the ballast tank, flows
Modeling work by Heath and co-workéPssuggested that through a high volume filter, and is then mixed with a second
the peak nucleation rates depend somewhat on the stagnatistteam of carrier gas that is rich in the condensible vapor. To
conditions and the location of the onset of condensation irproduce the vapor-rich stream, the condensible material is
this nozzle. We therefore chose our operating conditions ified as a liquid into a vaporizer using a peristaltic pump and
order to(1) maintain the onset at two fixed positions in the forced through a spray nozzle along with a heatedgds
nozzle starting from different stagnation temperatu@s, stream. The droplets mix with and evaporate in a second
maintain the same onset temperature in the nozzle startingeated N gas stream. The Nfor these two streams is pro-
from different stagnation temperatures, dB8#l maintain the vided by the third LN2 dewar.
same stagnation temperature but varying the onset position The combined gas mixture then flows through the water
along the nozzle. Extensive pressure trace experiments withath that controls the stagnation temperature of the system.
both H,O and DO characterized the condensation of theseThe relative humidityRH) of the mixture is monitored using
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FIG. 2. A simple schematic diagram of the equipment. The major difference between the current setup and the previous one is that all of the caorer gas is
drawn directly from the gas side of identical high pressure LN2 dewars.

a RH meter and the gas mixture then flows through the plecode that integrates the diabatic flow equatfdrie obtain
num. The plenum contains additional finned copper coils tahe temperaturel, density,p, velocity,v, and the condensate
make the final temperature adjustment and the pressure isass fractiong, at every measured point, in the nozzle.
measured here. An additional measurement of the nonisemecause the mixtures are dilute, the initial composition of
tropic pressure losses between the plenum and the entrant® gas stream is given by
to the nozzle is made in a separate experiment using a stag- _

nation pressure probe. These losses are subtracted from the ~— m,/u,

plenum pressure to obtain the true stagnation presgygre,
The mixture then enters the flow straightener where the stag-
nation temperatureT,, is recorded using a Class A RTD wherey is the mole fraction of the condensible species,
probe. As the gas mixture enters the nozzle, it starts to exand u,, are the mass flow rate and molecular weight of the
pand and cool. The temperature falls, the supersaturation @bndensible speciemio is the mass flow rate of pure nitro-
the condensible vapor increases rapidly, and particle produgien through the nozzle, and is the molecular weight of the
tion begins. The supersaturation continues to increase untihert carrier gas. The value di? is determined by measuring
enough particles have formed so that rapid particle growthhe amount of nitrogen that flows through the nozzle over the
depletes the vapor and new particle formation stops. Finallygcourse 6 1 h at afixed p, and T,. From the value of
the gas stream exits the nozzle and is pumped out of thé’(p,,T,) we can also determine the area of the thrvt

€y

me/

system using two vacuum pumps. by mass balance.
Finally, the partial pressure of the condensible vapor
B. Pressure trace measurements depends on the initial condensible partial pressprg

=Yypy, the local pressure ratio, and the fraction of material
Once the system reaches steady state, we record ﬂ&%ndenseqt]/g as

static pressure as a function of positionalong the center-

line of the nozzle using a 0.9 mm diam probe. Pressure mea- p g

surements are made at 0.1 mm intervals in the vicinity of the ~ Pv= pv,O( E) 1- g_x) , @)

throat and at 1 mm intervals downstream of the throat, until

the end of the nozzle is reached. whereg..=m, /m; . Thus, the supersaturation proff¢x) is
Before conducting experiments with condensible sub-given by,

stances, we determine the effective shape or area ratio of the

nozzle by measuring the dry pressure tréice., the expan- Py

sion of N, carrier gas only at the desirechy and T,. We N p”(T)’ )

then use the effective area ratio, the pressure trace measure-

ments for a condensible mixture at fixed stagnation condiwherep®(T) is the equilibrium vapor pressure of the con-

tions, and an equation of state, as input to a data reductiodensible.
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C. SANS 3. Fitting the spectra

To determine the parameters of the aerosol size distribu-
1. Setup tion from thel(q) versusq scattering spectrum, we assume

The SANS experiments were conducted using the ng7ihat the aerosol has a lognormal size distribution with a me-

SANS instrument at the NIST Center for Neutron Researcﬁj'an Idropleft rzat(j|usg, a;'Str('jpr;t'on W'd.th par?tmgterlln, th
(NCNR) of the National Institute of Standards and Technol- Volume frac iong, and a diterence In scattering leng
ogy (NIST), Gaithersburg, Maryland. For the SANS experi- densityAp. The synthetic scattering intensity, is given by

ments, the nozzle and the plenum were placed in the sample 3¢ 1 %1

box with the neutron beam oriented perpendicular to the 1s(Q)= 3 T

aerosol stream. The silicon and sapphire windows that usu- 4m(r’) In Uf\/z 0

ally separate the sample chamber from the detector tube and (Inr=Inry)>2

the neutron guide were removed to reduce and stabilize the X x;{ —— P(q,r)dr, (4)
background scattering, and the sample box was evacuated. 21n% o,

During the experiments the pressure in the entire neutrohere the particle form factor for spherical particles is given
flight path was less than 12 Pa and varied by less than a feyy,

percent. A 1.2 cm wide and 0.4 cm high Gadolinium aper-

ture, centered 5.6 cm downstream of the nozzle throat, and 16m2(Ap)*(singr—qr cosqr)?

the 1.27 cm width of the nozzle define th@.6 cn? scatter- P(a.r)= q° ' ®)
ing volume. After passing through the nozzle, the neutrons ) o o _
scattered by the aerosol were recorded on a two-dimension¥fe Use & nonlinear fitting program to minimize the differ-

detector consisting of a 128128 array of 0.25 cfh3He €nce between the experimental and synthetic scattering spec-
detectors. tra. This program takes both the uncertainty in the data and

The static pressure probe is not in place during thdhe resolution of the SANS instrument into account. Because
SANS experiments. Although removing the 0.9 mm diam? ang A;ilare perfectly correlated we first setp=6.39
probe increase&* by about 1%, the area downstream of the 10%%m ™, the scattering length densffyof D,O, and let
throat also increases, and the actual change in the expansighvary. Once the fit has converged, we calculate the number
rate is less than 0.6%. Hence, we assume that the condeng}gnsity using

tion process during the pressure trace and SANS experiments 3¢
is the same. = SA’S\‘S, (6)
The SANS experiments were conducted at an average 4m(r)

neutron wavelength ok=0.8 nm, a wavelength spread of \yhere a5 is the volume fraction derived by fitting the
AN=22%, and sample-to-detector distan¢8®D) of 2.0 m  sANS spectrum andr3) is the third moment of the size
and 3.75 m. The neutron scattering measurements were NQfistribution. We also derive a second estimateNdsy using
mally made in 30 min intervals, and scattering from an aerothe volume fraction obtained from the pressure traggsin

sol sample was followed by a 30 min background measuregq. (10). This approach is equivalent to lettidg rather than
ment of pure nitrogen flowing through the nozzle. ¢ vary.

2. SANS data analysis D. Estimating the peak nucleation rates

The two-dimensional SANS data were corrected by sub- To estimate the peak nucleation rates as a function of
tracting the background scattering signal from the flow ofSupersaturation and temperature, iEnaSmax: Timad: We
pure nitrogen in the nozzle. The sensitivity of the individualN€€d the number density of the aerosi], and the time
detector cells was accounted for by dividing the intensitiednterval over which the aerosol is formed. The valueNof
by those from a water sample on a pixel-by-pixel basis. Th&omes from fitting the SANS spectrum as described above.
data were placed on an absolute intensity scale, and a stahbe characteristic timeAt;n,,, comes from an analysis of
dard mask was applied. We used the SANS data reductiotie supersaturation and temperature profiles obtained from
software provided by NIST to produce the one-dimensionafh€ pressure trace experiments.
scattering intensity(q), whereq is the momentum transfer As in laminar flow experiment$]**we assume that the
wave vecto?’ In performing the radial average we ac- ratio of the max nucleation ra i to the particle produc-
counted for a Doppler shift in the data that arises because tHEoN rate [ JedV is the same for the experiments as that
velocity of the droplets is about 90% of that of the predicted by any reasonable nucleation theory. If this is true,
neutrons®~“°To make the correctidh we used the velocity —then
of the aerosol droplets derived from the pressure trace infor- Jmax Jmax 1
mation and assumed that the droplets move at the same X oy ,
speed as the gas. For experiments with two sample-to- JIexfV I JtneordV Vimax
detector distancelSDD) the spectra were combined without where V. is the characteristic volume corresponding to
any additional adjustments for an overgllrange of 0.09 the maximum nucleation rate. To evaluate the integrals in Eq.
<qg<1.8nm. (7), dV is set equal tAAdx, whereA(x) is derived from the

@)
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TABLE |. The stagnation and onset conditions for theCHcondensation ~ TABLE Il. The stagnation and onset conditions fos@ condensation ex-

experiments. periments conducted prior to NIST without insulation around the flow
straightener. The experiments marked with the following symbol ¢ are out-
Stagnation conditions Onset conditions liers. They have been omitted from Fig. 3 and were not included in the fit.
po.kPa  Tg,°C m,,g/min p,,Pa p/py  P,.Pa Ton,K Xgn.cM
Stagnation conditions Onset conditions
To=135:0.1°C po.kPa Ty,°C m,,g/min p,.Pa p/py  P,.Pa Ton,K Xon CM

59.68 1350  0.776 1422 02426 345 191.7 5.17
59.67 1349  1.301 2384 02831 675 2003 3.63 T,=25+0.1°C
59.62 13.49  1.789 3276 03167 103.8 206.8 264 +59.60 2499  0.849 1423 02209 314 1941 6.29
50.63 1350  2.711 4965 03694 183.4 2161 153 59.65 2500  1.273 2132 02496 532 2010 4.89
59.65 25.01  1.550 259.6 0.2650 68.8 204.4 4.27
Tp=25+0.1°C 59.70 25.00  1.964 329.2 02844 93.6 2086 3.58
59.65 25.00  1.038 193.6 0.2421 46.9 1992 522 5970 24.99 2547 9954 0.3907 388.9 2284 1.22
59.60 24.98 1.786 332.9 0.2637 87.8 204.2 4.33 50.73 25.02 2.973 4272 0.3128 133.6 214.4 2.76
59.65 25.00  2.584 4819 0.2969 143.1 211.2 321 5967 2499  3.963 498.2 03215 160.2 216.0 2.54

59.77 24.99 4.136 772.7 0.3377 261.0 219.1 2.17 59.70 25.01 4.955 664.3 0.3519 233.8 221.7 1.88
59.71 25.00 6.197  1156.8 0.3789 438.3 2265 140 5973 2501 5938 831.0 0.3705 307.9 2250 153

59.72 25.02 8.307 1551.1 0.4146 643.2 2324 0091

Ty=35+0.1°C
To=35+0.1°C *59.69 34.98  0.989 168.5 0.2061 34.7 196.7 7.20
59.68 35.00 1.303 246.8 0.2207 54.5 200.6 6.33 59.72 34.99 1.973 336.3 0.252 84.8 208.4 4.79
59.66 35.00 2.598 491.7 0.2634 1295 211.0 4.33 59.73 34.99 2.954 503.7 0.2810 1415 214.9 3.71
59.69 35.00  3.920 742.3 02957 2195 2181 325 5972 3500 3.926 669.3 0.3025 202.4 2195 3.05
59.65 35.00 6.210 1175.3 0.3287 386.3 224.8 2.39 59.66 35.02 5.065 862.8 0.3232 278.8 2237 2.50
59.66 34.99 8.317 1574.4 0.3554 559.6 229.9 1.83 59.66 35.00 6.056 1031.3 0.3380 348.6 226.6 2.16
T,=45+0.1°C 59.67 35.00 7.064 1203.2 0.3552 427.4 229.8 1.81
59.73 45.02 1.671 321.9 0.2040 65.7 2025 7.36 59.69 3501 8.012 1365.3 03657 4993 2318 1.62

59.68 4502 2572 4950 0.2259 111.8 2085 6.06 To=45+0.1°C

59.65 45.01  2.961 569.6 0.2333 1329 2104 5.69 5967 4499  4.055 701.9 0.2619 183.8 2175 4.40
59.68 45.02 4113 7915 02532 2004 2155 478 5967 4503 5.126 887.4 0.2793 247.8 221.6 3.78
59.68 45.01  5.061 9739 02729 2658 2201 4.00 5966 44.97 6.132 1061.3 0.2963 3145 2253 3.24
59.66 45.02 6.189 1190.6 0.2852 339.6 223.0 3.59 50.72 44.96 8.125 1407.6 0.3149 443.2 2293 2.73
59.73 4500  6.982 13449 03000 4035 226.2 3.13 5971 4500 9.112 1579.8 0.3253 514.0 2315 247
59.66 45.02 8.275 1592.0 0.3133 498.8 229.0 2.77 59.69 45.00 9.980 17281 0.3341 577.3 2333 2.27
59.63 4501 8762 16849 03163 532.9 229.7 270
59.68 4501  5.061 9739 0.2729 265.8 220.1 4.00

E. Materials and physical properties

experimentally determined values of the area ratio The D,O (Sigma Aldrich had more than 99.9% D sub-
(A(x)/A*) andA*. The characteristic time corresponding to stitution. The deionized yO used for these experiments had
Jmax cOmes directly fronV,,,, and the volumetric flow rate resistivity values greater than 15 The thermophysical

in the nucleation zone/,z since parameters of light and heavy water used to invert the pres-
sure trace data, as well as calculate the supersaturation pro-
A _ Vamax 8 files and the nucleation rates, are those compiled bykWo
tJmax ’ ( ) . . 24 .25
Vnz and Strey® and also given in Heatht al?*
where
Viz=Mm/pyz .- (9 11 RESULTS AND DISCUSSION

In Eg. (99 m=m,+m; is the mass flow rate through the A. Pressure trace results
nozzle andpyz is the density of the gas in the nucleation

) . . Because the nozzle was never disassembled, the effec-
zone. Finally, the peak nucleation rate is

tive nozzle expansion rate [d(A/A*)/dx=0.0477
N PNz Nm +0.0001cm*] and N, molar flow rate(17.8 molmint at
Ima Somae Tomand = 37— X === ———, (10 py=59.6+0.2kPa,T,=298.16 K) measured before and af-
Imax. Poo Poo¥Imax ter the SANS experiments were identical. As in our earlier
where p,, is the density in the viewing volume, and the work, the onset of condensation is defined as that point in the
factor pnz/p,, corrects for the continued expansion of the flow where the condensing flow temperatufgy, is 0.5 K
gas between the nucleation zone and observation region. Byigher than the temperature of the isentropic expansion of
using the value ofN from the SANS measurements, we as-the mixtureT,,. Table | summarizes the stagnation and on-
sume that all the droplets were formed in the nucleation zonset conditions obtained for @, while Tables II, 1ll, and IV
and that coagulation between the nucleation zone and viewsummarize the results for 0. The experiments for }O
ing volume is negligible. For the current nozzle these aswere conducted at four different stagnation temperatures,
sumptions are both valid. To=13.5°C, 25°C, 35°C, and 45 °C, while the ® experi-
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TABLE Ill. The stagnation and onset conditions fo® condensation ex- 1
periments conducted prior to NIST with insulation around the flow straight-
ener.

— — H,0
Stagnation conditions Onset conditions | Pon = exp(0.746 T - 17.75)
po.kPa Ty,°C m,,g/min p,o,Pa p/py p,.Pa Tgn,K Xgn,CM

Ty=25+0.1°C

50.74 2500  1.828  306.6 02765 84.8 2069 3.82
59.75 2501 2915  489.1 0.3147 1539 2147 2.69
59.74 2501 4360 7313 0.3518 257.3 2217 1.86

Ty=35x£0.1°C

59.71 35.00 3.207 546.6 0.2814 153.8 215.0 3.67
59.75 35.02 4.933 841.4 0.3173 267.0 2225 2.63
59.75 35.00 7.511 1281.1 0.3511 4498 229.1 1.88

——— D,0
Pon = exp(0.747 T, - 17.79)

Ty=45+0.1°C [ g p::-gist, ynilll:lsu;lzted
59.74 44.99 5.407 937.1 0.2784 260.9 2214 3.76 . Pos;_};:,t:;‘;su?ated
59.68 45.00 6.0823 1053.0 0.2912 306.7 224.3 3.37 I P

50.67 4505 8592  1487.3 0.3151 468.7 2295 2.69
59.77 4500 13.107 22728 0.3491 7935 2364 1.92
59.70 4501 13.729 2378.0 0.3597 855.4 2384 1.73 0.01 L L i L
59.72 4501 13.924 24121 0.3576 862.6 2380 176 200 210 220 230 240

T,,/’K
. IG. 3. The onset data for J» measured before and after the NIST experi-
ments were conducted at the three higher temperatures onlyients and with and without insulation. The exponential fit functions are

The stagnation pressurpg, was constant at 59:680.2 kPa  included for both the KO and the QO data.
for all of the experiments.

The current HO data set was already presented in Fig.yrend with respect to the stagnation temperature. The current
1. Onset temperatures range from 192 K to 232 K, and ovefjaia set lies directly on top of the earlier results of Health
this temperature range the onset pressures are an exponentialy| 24

function of temperature. Only a few of the onset values at  The results of the pressure traces experiments witd D

lower temperatures deviate from the exponential trend. Iye presented in three different tables. Table Il summarizes
most of the experiments that deviate, the flow rates are low,

little heat is added to the flow, and onset is 5—7 cm down-

stream from the throat. In general, these create the most dif 0.45
ficult conditions to determine onset. Overall, the data are
tightly clustered about a single line and there is no significant 0.40 |

TABLE IV. The stagnation and onset conditions for thedDcondensation
experiments conducted after NIST with insulation around the flow straight- 0.35
ener. The experiments marked with theorrespond closely to the SANS

experiments and the pressure profiles from these experiments are shown in

Fig. 4.

4
£ 030
Stagnation conditions Onset conditions h"
po.kPa Ty,°C m,,g/min p,o,Pa p/py P, .Pa Ton, K Xgn,cmM
To=25+0.1°C 0.25

*59.70 24.98 1.909 320.1 0.2817 90.2 208.0 3.65
59.70  25.00 2.023 339.1 0.2885 97.8 209.5 3.42
59.72  24.99 4.405 738.6 0.3554 2625 2223 1.79 0.20
59.73  24.99 4.455 747.2 0.3569 266.7 2226 1.76
*59.78 25.00 4.504 756.0 0.3574 270.2 2228 1.75
59.66 25.00 4.523 757.7 03616 274.0 2234 1.67

To=35+0.1°C olsb—m—— L
0=35*0.1°

*59.65 35.00 3242  552.0 0.2820 1557 2151 3.65 0 2 4 6
*59.69 35.01 5100 868.9 0.3196 277.7 223.0 258 distance from the throat /em

*59.61 35.00 7.707  1311.3 0.3582 469.8 2304 1.75
FIG. 4. The BO pressure profiles corresponding to the SANS experiments

Ty=45+0.1°C are as follows. The lowest solid curve is the dry isentropic expansign (N
*59.66 45.00 5.733 992.2 0.2809 278.7 222.0 3.71 only). For the condensing flows, the solid lines correspond to expansions
59.65 44.99 5786 1001.2 0.2821 2824 222.2 3.68 starting fromT,=25 °C, the dashed lines correspond to expansion starting
59.72  44.99 5,906 1023.2 0.2852 291.8 2229 3.56 from T,=35°C, and the dash—dotted lines correspond to expansions start-
59.63 45.01 6.266 1083.8 0.2927 317.3 224.6 3.33 ing from Ty=45°C. The actual flow rates and initial partial pressures are
*59.70 44.99 13.282 2300.3 0.3586 824.8 238.1 1.75 summarized in Table IV and are marked with thesymbol. The vertical
lines indicate the location of the SANS viewing volume.
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FIG. 5. The SANS spectra of the nanodroplet aeorosol. The average mass flowrates of the condensible vapor, in g/min, is noted to the left andvglightly bel
each curve. The spectrum with the lowest intensity is on the absolute scale. The other spectra are offset by factors of 10 or 100, respectively.

those pressure trace experiments that were conducted prior to Our goal was to choose operating conditions for the
the SANS experiments without insulation on the flow SANS experiments so th@l) onset occurred at a fixed po-
straightener. The values in Tables Il and IV correspond tcsition in the nozzle starting from three different stagnation
the experiments with insulation on the flow straightener contemperatures2) onset occurred at the same temperature in
ducted prior to and after the SANS experiments, respectivelythe nozzle starting from three different stagnation tempera-
Insulation was added in order to cut down on heat transfer téures, and(3) onset occurred at three different positions in
the surroundings, and to improve the accuracy of the temthe nozzle withT, fixed. Figure 4 illustrates the pressure
perature measurements. The effect of the added insulatidnaces corresponding as closely as possible to the conditions
was discussed in detail by Hea#t al?* and will not be  used during the SANS experiments. These are the conditions
repeated here. The experiments done before the SANS eraarked with ther symbol in Table IV.
periments established the optimal operating conditions, while  For each value of,, we obtained onset1.75 cm and
those conducted after the SANS measurements confirmed3.65 cm downstream of the throat. F65=35°C, onset
that there were no changes due to transporting the equipmeatcurred at three different positions in the nozzle. Finally,
from WPI to the SANS facility at the NIST. experiments with stagnation temperatures and flow rates of
The Wilson plot in Fig. 3 summarizes the,O onset (T,,m,)=(25,4.405), (35,5.100, and (45,5.733 (°C,
data found in Tables II-IV. Again the onset pressures are ag/min) all had onset occurring very close to 222 K.
exponential function of onset temperature. The open dia-
monds represent the onset data points fgObefore the
SANS experiments, the filled diamonds represent the ons
data points after the SANS experiments and the open circles Figure 5 shows the combinagq) versusq SANS spec-
represent the onset data points taken without insulatiotra for the three different values @f. For clarity, at eacfi
around the flow straightener. The exponential fit function forthe spectrum corresponding to the lowest partial pressure is
the H,O data is also included on this figure and over theshown at its true absolute intensity while those at higher
experimental temperature range the two lines are almogiartial pressures are offset by factors of 10 or 100. When we
parallel. made measurements at multiple sample-to-detector dis-

&. SANS experimental results

TABLE V. The size distribution parameters for,O derived from the SANS spectra. The valuedNoh column
6 and column 8 are calculated using E§0) with ¢gans and ¢pr, respectively.

To M, g/min  rg A In o dsans N,cm 3 dpr N,cm 3
25 2.03 43.215 0.256:0.018 4.91%+0.08x10°7 1.02x 10 7.4x 1077 1.51x 10%

4.50 84.2-0.5 0.203:0.005 1.66:0.01x10°® 553x 10 1.65x 10°® 5.53x 10"
35 3.26 53.41.0 0.253:0.011 6.780.07x10°7 7.98x 10" 1.05x 10 1.24x 10%

5.07 81.1%0.5 0.199-0.005 1.66-0.01x10°% 6.23x 10 1.64x 10°% 6.23x 10"
771  104.1-0.5 0.18%:0.005 2.52-0.01x10 ® 4.53x 10 2.37x 10 4.26x 10
45 5.8 70.30.8 0.216:0.007 1.1%+0.01x10°® 6.18x 10" 1.56x 10°® 8.69x 104
13.2 111.90.6 0.18%-0.005 2.8%0.01x10°°% 4.13x 10" 2.73x 106 4.01x 10
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80 T T T T . r 230 condensible and as onset moves upstream in the nozzle. This
\ observation is consistent with the change in the location of

the inflection point in the SANS spectra noted above. Al-

though the observed particle size is primarily a function of

l

|
60 ] 1 228 the amount of condensible added to the flow, the time avail-
|

able for particle growth between the nucleation zone and the
viewing volume can also be important. Again at fix€g,
the number density of the particles with larger mean diam-
eter is less than that of the particles with smaller mean di-
ameter, and in general, aerosols formed earlier in the nozzle
are more monodisperse in the sense that, lhas a lower
224 value. The error bars increase for experiments with onset at
the furthest position downstream in the noz#te3.65 cm
because the volume fraction of the sample is the lowest and
the resultant scattering signal is the weakest. All of the error
0 1 L 1 L L L 222 bars quoted in Table V correspond to one standard deviation
0 20 40 60 80 100 120 in the value of each parameter with the other parameters held
at their optimal values.

40 226

Supersaturation
Temperature / K

20

RKK 3 C. Peak nucleation rates of D ,0

bt |
avsnd o

In order to estimate the peak nucleation rates
Jmad Simax: Timax)» We still need to determine the characteris-
E RKK/70 tic time At a1 @S Well as the values (ﬁ_fjmax andT jmax using
" CNTx79 ] the procedure outlined in Sec. Il D. Figurépshows a typi-
3 E cal supersaturation peak and the corresponding temperature
profile as a function of time in the nozzle. In this case, the
F ONT 3 peak nucleation rate occurs between 67.5 angk3@own-
. 2 stream of the throat. The nucleation rate equals 10%,9f
; ] about 14us before and 7us after the peak rate is reached,
10 1 and, thus, nucleation is restricted to a rather narrow region in

F ] the nozzle.
3 3 Using the supersaturation and temperature profiles, we
” i . : ' . . . ] calculated the theoretical nucleation rates in the nozzle pre-
10 dicted by either the classical nucleation thé8rgCNT) or
0 2 40 60 380 100 120 the modified CNT of Reiss, Katz, and Keffe[RKK). In
(b) t/us Fig. 6(b) we observe that even though the absolute nucle-
. . . ation rates predicted by the two theories differ by about four
FIG. 6. (a) The supersaturation and temperature in the nozzle are illustrated . h .
as function of time for initial temperaturé,=308 K, pressurepg orders 9f m"?‘gthde’ the Sh"’.lp_e of the nUCIG‘Ffmon curves Is
=59.6 kPa and vapor pressysg,=0.89 kPa.(b) The nucleation rates pre- @lmost identical. When we divide the nucleation rates pre-
dicted by classical nucleation thed(fgef. 44 (CNT) and the Reiss Katzand  dicted by the RKK theory by a factor of 79 and multiply that
Kegel theory_(Ref. 45 (RK_K) were calculated using the temperature and predicted by CNT by the same amount, the two curves over-
supersaturation proflles given {a). Note that the two curves overlap ex- lap exactly, and the nucleation volumes predicted by the two
actly when each is scaled by an appropriate factor. ’ &
theories differ by<1%.

Table VI summarizes the peak nucleation rates as a func-
tances, the absolute intensities for each sample-to-detecttion of supersaturation and temperature measured in the
distance(SDD) were determined independently and no fur- nozzle. It also includes the values At ;.. and pnz/pw
ther corrections were made. Each spectrum has an inflectiamsed to calculatel,,,. The two values ford,. given in
point followed by aq~* Porod decay characteristic of scat- Table VI correspond to the two independent estimates of the
tering by homogenous spherical particles. As the initial convolume fraction of the aerosol. In most cases, the agreement
densible vapor pressumg, o increases, the inflection point between these two values is quite good. Significant deviation
shifts to lowerq, indicating an increase in the droplet size. is only observed when onset occurs at the position furthest

We obtained the best-fit parameters to the aerosol sizdownstream of the throat, and even here the two values of
distribution assuming a log-normal distribution of dropletsJ,,.x are well within a factor of 2.
using the procedures outlined in Sec. 11 C 3. Although they  To estimate the overall uncertainty associated with the
are difficult to see, the best-fit curves are included in Fig. 5nucleation rates, we need to consider the uncertainties in the
Table V summarizes the size distribution parameters obAumber density, the characteristic time, and the density
tained by fitting the SANS spectra. At fixel,, the mean change between the nucleation zone and the viewing volume.
radius of the particles increases with the flow rate of theThe uncertainty in the number density stems from the uncer-

3.1
J/em )
i
)
>,
&
-
™
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TABLE VI. The peak nucleation rated,,.{S) max: Tymad @re summarized. The values in columns 7 and 8
correspond to the values df in columns 6 and 8 in Table V.

To mv’g/min TimacK Py amacP@  Symax  AtymaxssS  pnz/Puw Jmaxvcm73571 Jmaxrcm73371

25 2.03 208.8 94.4 135 14.7 1.14 72910 1.17x 10
4.50 222.6 254 62.3 9.7 1.32 7800 7.50x 106

35 3.26 215.5 154 90.5 13.9 1.12 624306 9.99x 106
5.07 222.9 272 64.3 11.4 1.21 6610 6.60x 10

7.71 230.0 444 46.5 9.0 1.30 6.820' 6.13x 106

45 5.8 222.8 283 67.8 11.9 1.11 5X10'° 8.11x 10'°
13.2 237.5 772 36.2 8.3 1.30 6410 6.28x 106

tainty in fitting the scattering datéhe formal error in the predicted by the empirical correlation function fop® de-
fitted parameters is usually much less than)5#te uncer-  veloped by Wik and Strey®*” and given by

tainty in the absolute calibration factor for the SANS experi-
ments(~10%), the difference betweepsans and ¢gpt (USU-
ally ~10%-15% and our assumption that the aerosol
follows a log-normal rather than a Gaussian distribution i
(usually less than-10%-15%. Based on a correlation of WhereJgp is the Becker—Dong formulation for the classi-
At With the mass flow rate, the uncertainty it is @l nucleation rate given by

less than 10%. Finally, although the gas density in the view-

. o . . . 2 _ 6771}20'3

ing volume changes by a few percent, within this region it is Jor= /2_‘TU (&) ex 16mug, (12)

a linear function of position. By using the density at the BD mm~ ™ kT 3(kTInS)?|

center of the viewing volume, the variation in density can-

cels and can be ignored. In the nucleation zone the densityy EQ. (12), o, v,, andm are the surface tension of the
varies by about 3% but by using the density corresponding téritical cluster, the molecular volume and mass of the water
the maximum nucleation rate conditions, changes in the derolecule, respectively, andl is the Boltzmann constant.
sity again essentially cancel. Our overall estimate for theAgain, the physical property data used to compute these
uncertainty inJ,. is therefore=50%. curves are those given in our earlier papgféand are not

To estimate the uncertainty in supersaturation, we neetepeated here.
to consider both the mass flow rate and temperature measure- Above 215 K, Eq(11) does a remarkable job of captur-
ments. The uncertainty in measuring the mass flow rates i#9 both the supersaturation and temperature dependence of
within 5%. The largest contribution to the uncertainty in thethe current data points even though it was developed using
supersaturation, comes from the exponential dependence @@ta measured solely in the nucleation pulse chamber. Only
this quantity on the equilibrium vapor pressure. The latterat temperatures below 215 K does there appear to be a sys-
quantity depends directly on the initial stagnation temperatematic deviation between the predictions of the theory and
ture measurements. Thus the uncertainty in supersaturationtide rate measurements. We note that at this point classical
dominated by the assumption that the uncertainty in the trugucleation theory predicts that the critical cluster contains
stagnation temperature measurements 1sK. In all of the
experiments the vapor pressure curve used to calculate the
supersaturation is that for liquid,® developed by Hill, Mc- 10
Millan, and Le€*® We have also included the pressure of the
condensible corresponding to the maximum nucleation rate Tyua/K=2375 2300 2228 2155 2088
P,.Jmax IN Table VI because this value is less dependent on
the choice of the vapor pressure curve.

Figure 7 illustrates the nucleation rates, calculated using
both estimates oN, as a function of supersaturation and
temperature. At higher temperatures, and onset conditions
further upstream in the nozzle, the two rate estimates overlap
nicely. Even the data taken at=3.65cm have overlapping
error bars. The maximum supersaturations we achieved are
on the order of 100 and the minimum temperature is below B
210 K. For this supersonic nozzle, the nucleation rates ap- 10 20 30 40 50 100 150

8.6x 10°

JDZO: ‘]BD EX[< —35.98+ T , (11)

10V7 +

Tmax ! ems!

pear to be almost independent of the initial conditions or the S Jamax
location of onset. We have also included the single nucle-
ation rate for pure PO measured by Heatét al 25 Again, FIG. 7. The peak nucleation rates obtained for our conventional supersonic

- zzle are compared to the predictions of the nucleation rate correlation
the value agrees well with the current measurements and !}gveloped by Wik and Strey(Ref. 36. The circles(diamond$ correspond

well V_Vithin the exp_erir_nentgl error bars. _ to the values 08,5 in column 7(8) of Table VI. The upward facing triangle
Finally, the solid lines in Fig. 7 are the nucleation ratesis the point from Heattet al. (Ref. 25.
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