HTML AESTRACT * LINKEES

JOURNAL OF CHEMICAL PHYSICS VOLUME 121, NUMBER 24 22 DECEMBER 2004
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We have measured isothermal homogeneous nucleationJrite$-pentanol vapor in two different
carrier-gases, argon, and helium, using a two-valve nucleation pulse chamber. The nucleation rates
cover a range of f&<J/cm 3s 1< 10° at temperatures between 235/K <265. We observed no
influence of the carrier gas on location and slope of the nucleation rate isotherms. These
measurements are part of an international effort to examine 1-pentanol using various experimental
techniques, which was initiated in Prague in 1995. In the present paper nucleation rate data obtained
by several groups are compared to each other and to the classical nucleation theory. As expected, the
classical theory is not able to quantitatively predict the experimental results. Nevertheless, relating
the experimental data to the classical theory provides a suitable way to compare data of widely
differing nucleation rates obtained by different experimental techniques. This comparison helps
judging mutual support of the data and, at the same time, provides a rather interesting insight into
the accuracy of the individual experimental techniques. 2@4 American Institute of Physics.
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I. INTRODUCTION J=10"cm 3s ! reachable with supersonic nozzles. Figure

A number of different devices and methods have beer} is an overview containing the different methods and their

developed to investigate homogeneous gas—liquid nucleatigh€@surable nucleation rates. o _
and a variety of chemical compounds has been stuieg, The measurements presented in this paper were made in
Refs. 1-13. Each experiment is working in different re- a two-valve nucleation pulse chamber. Its measuring window
gimes of temperature and pressure. Consequently, differeift reaching fromi=10°cm *s™ ! to 1@ cm™3s™*, lying in
measuring windows of nucleation rates are covéfdd.ad-  the middle of the nucleation rates reachable in this joint ex-
dition, diverse physicochemical constants where often useperiment. We have measured nucleation rate isotherms of
to deduce the data—comparisons between these differedtpentanol in argon for temperatures from 235 K to 265 K in
methods were often complicated. Therefore, atWoekshop 5 K steps. In an earlier paper, Strey and Wagner found no
on Nucleation Experiments—State of the Art and Future Deinfluence of the carrier gas on measurements made with a
velopmentsn 1995 in Prague it was decided to perform atwo-piston expansion chamb¥rwhich we consider to be a
joint experiment on homogeneous nucleation of 1-pentanGyeneral result for all nucleation pulse chambers. Neverthe-
in helium at temperatures of 240 K, 250 K, and 260 K using|ess, measurements at 240 K, 250 K, and 260 K were re-
a variety of different techniques. To preserve comparabil- peated using helium as carrier gas to fulfill the requirements
ity, all groups where encouraged to use 1-pentanol from ONGf the joint experiment. The excess number of molecules in
and the same lofLot NO' K21.223075'.518’ Merck, Ger- the critical cluster was calculated for both carrier gases as a
many). A GC/MS analysis of this material made by Rudek . : .
function of temperature. We compared the data with earlier

et al. attested a purity 0f~99% 1-pentanct® The total ex- ; 19
perimental pressure was chosen to be approximately 100 kF;gsults_ O_f Strey a_nd Wagriérand Hrubyet al.” In the scope
the joint experiment the data was also compared to pulse

and the purity of the carrier gas has been specified to b8 ) . 20 :
>99.999%. For reduction of the data a common set of physi€XPansion wave tube data by Luijtetal,”™ thermal diffu-

. 16 . .
cochemical properties like surface tension, equilibrium presSion cloud chamber data by Rudekal,™ piston-expansion
sure, and density was provided by &l and Smdk (see  Wave tube data by GraBmann and Péfeand data measured

Table ).17 in laminar flow diffusion chambers by Anisimat al?? and

The combined measuring window of the methods used-ihavainenet al'? By reducing the experimental data with
for this joint experiment covers almost 20 orders of magni-the classical nucleation theofNT), a comparison of all
tude, starting from nucleation rates =10 3cm 3s !  experimental results is possible over a wide range of tem-
measured by thermal diffusion cloud chambers up toperatures and nucleation rates.
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TABLE I. Physicochemical constants for 1-pentanol as used in this work. The values where providéday Zdi
and Smok for use in the joint experiment.

Molar mass/kg mol* m=0.088 15
Specific heat ratio Kkg=1.1
Equilibrium pressure/Pa pe=133.324 exp(90.079 0439788.384T —9.9InT)
Liquid density/kg m® 5 "
Sa o
=~ 588.1
a,=270 a;=19226.001

a;=1930.229 a,=-—18559.303

a,=—8414.762 a5;=6555.718
Surface tension/N mt o=0.026 854 69- 7.889x 10~ 5(T—273.15)

Il. EXPERIMENTAL TECHNIQUE pressure pulse, which can be determined geometrically. The

. . nucleation rate is then easily calculated as
The experimental setup and the measuring procedure y

have been described in detail by Streyal,?® so just the
fundamental issues will be repeated here. N
The vapor—carrier-gas mixture is adiabatically expanded J= At @

to a lower pressur@,,, and consequently to a lower tem-
peratureT,,, well inside the metastable regime. Nuclei form . o )
in the supersaturated vapor phase. After a short period of The corresponding supersaturatiGnis defined as the

time (At~1 ms), we slightly recompress the mixture, which ratio of the actual vapor pressufg, and the equilibrium
vapor pressur@, at the given temperaturg,

abruptly stops nucleation while still retaining a super- xps
satured vapor phase. Thus, the already formed nuclei are still
able to grow: nucleation and growth are decoupled. The Pexp P,
. « ” H _ S=w = ’ (2)
growing droplets are then “counted” using constant Pe(Texp)  Pe(Tox)

angle-Mie-scattering? i.e., the number densityl in the scat-

tering volume is determined. A typical pressure pulse and the ) i )
corresponding light scattering signal for a 1-pentanol experi?heréw is the ratio of vapor pressure to carrier-gas pressure.
ment is shown in Fig. 2. It is also worth mentioning, that the optical detection system

Since nucleation and growth are decoupled, the nuclehas been thoroughly recalibrated between the helium and the

ation time is limited to the lengtiAt of the plateau of the argon measurements. Also, the piezo-pressure transducer was
calibrated after every temperature change of the chamber.
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FIG. 1. Different techniques for homogeneous nucleation experiments anélG. 2. Typical nucleation pulse and corresponding light scattering signal
their respective ranges in nucleation rafes for a 1-pentanol experiment.
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1010 . TABLE Il. Averaged temperature$,,, of the measured isotherms, super-
saturationS, where the experimental nucleation rate equalschd 3s !
and experimentally determined critical nuclei siz§§p.
10° 3
] Carrier gas Texp/K ATep/K Sy Nhyo
-2 108 Ar 264.98 0.12 9.0 37
'E ] Ar 260.03 0.06 9.9 36
3} Ar 255.05 0.05 11.2 34
= 107 Ar 250.05 0.05 12.6 33
] Ar 245.01 0.05 14.4 32
| Ar 240.08 0.05 16.9 25
10 3
Ar 235.00 0.05 19.2 25
105 He 260.06 0.05 9.7 33
He 250.07 0.05 12.7 32

S

FIG. 3. Nucleation rated of 1-pentanol as a function of supersaturat®n
for nucleation temperatureg,, from 235 K to 265 K using argoffilled % . .
circles or helium(empty squaresas carrier gas. The solid lines are straight the values Ofnexp are in agreement with the ones found by

line fits to the data produced in argon as carrier gas. Hruby et al,*® while the slopes of the isotherms presented in
this work are based upon 10 times more measurements each.
In Fig. 4 the critical cluster sizelsx’e‘Xp are compared to

IIl. NUCLEATION OF 1-PENTANOL IN ARGON the sizemg; predicted by the Gibbs—Thomson equation us-
AND HELIUM ing the supersaturatio®, at J=10"cm 3s™1,

The experimental data for measurements on 1-pentanol 327 viod
in argon and 1-pentanol in helium is available onfffén ner=—3" KTInS3 4
Fig. 3 the nucleation ratekdetermined are plotted as a func- (KTInS)
tion of supersaturatiofs. Here, o is the bulk surface tension andis the volume

The data for the nucleation of 1-pentanol in ardfited of a single moleculéin the liquid phasgcalculated from the
circles coincides with the data of 1-pentanol in helium liquid densityp. The dashed line in Fig. 4 corresponds to a
(empty squareswithin experimental error considering the perfect agreement between experiment and theory.
scatter of data points. This finding is in perfect agreement The critical cluster sizes for both carrier gases agree
with the results of Strey and Wagn&rwho made the first within the error range. For the higher temperatures the ex-
measurements of l-pentanol in a two-piston expansioperimental values are lying close to the prediction, except for
chamber, a former version of the two-valve chamber used ithe highest temperature measured with helium as carrier gas.
this work. They used argon, helium and nitrogen as carrieFor the lower temperatures and correspondingly smaller
gases for nucleation experiments at temperatures around 250
K and 270 K. The lines in Fig. 3 are straight line fits for the
1-pentanol in argon data. The lines for the 1-pentanol in he- M
lium cases were left out to retain lucidity. The slopes of these I
lines yield the excess numbef,, of molecules in the critical
cluster according to the nucleation theorem by KashcHiev, 40

. dind 3
nexp'\’ 5|nST' ()
30

The (InJ/InS; dependence will generally not corre- = [ ,
spond to a straight line. Nevertheless, for the comparatively * © L 4
small experimental window of our experimental data the de- 20 [ /
viations from a straight line fit are negligible. Thus, we feel . 4
(and testeglthat a more elaborate fitting methéas used by [ /7
some groupsserves no purpose, at least when it comes to . e
the determination of critical cluster sizes. The determined 10 i |
critical cluster sizesig,, for the given experimental tempera- -7 ©  l-pentanol in argon 1
ture T, (averaged over the whole isotheroan be found in i
Table II. () ' e

The valueAT,, is the standard deviation of experimen- 0 10 20 30 40 50
tal temperature. Also given is the val@g where the experi-
mental nucleation rate equals’kn 3s 1. We estimate the GT
error of n:xp to be £10% and ofS, to be =4% due to the i, 4. Comparison of the experimentally determined critical cluster sizes
straight line fit and the data scatter. Taking this into accounhy,, to the sizesng; calculated with help of Gibbs—Thomson equation.

T
AN
1

AN
[m}

1-pentanol in helium ]
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given in Table |. As already mentioned, the data of Hruby
101 | § et al.is not based on such an abundant number of data points
108 3 for each isotherm as the data presented in this work. Thus,
106 - the agreement is quite satisfactory. Luijtenal?® used a
10¢ | i pulse-expansion wave tube to make measurements at all
100 b i three demanded temperatur@sossed hexagohsising he-

& ar lium as carrier gas. Their measuring window is lying above
""E 10° the one reachable with the nucleation pulse chamber, just
o] giving an overlap at 260 K, where they measured slightly
; 10 lower nucleation rates than the ones presented in this work.
108 GralRmann and Petéfsdelivered data measured with a
106 £ ] piston-expansion wave tube using nitrogen as a carrier gas

100 } ©  this work | (empty squaresAt 250 K their nucleation rates are approxi-
+  Streyetal. O GraPmann i i
, mately one order of magnitude lower than the data from this
102 + & Hrubyetal and Peters ] i i i
o | ® Lujtenetal. A Anisimoviet dl. work. At 260 K they made three different experimental series
10 I 5 Rudeketal, v Lihavainen et al] using two different values for initial temperatuiig, and
' ' ' ' pressurey,. The two series starting from the same tempera-
6 8 10 15 20 25 30 ture (297.7 K but different pressures are just lying slightly
S below the data given in this paper, while the difference to the

third series with a higher starting temperatygd0.1 K) is
FIG. 5. Nucleation rates determined of this wdfitled circleg for 240 K

and 260 K(upper ploi and 250 K(lower ploY using argon as a carrier gas approxmately one Orde.r of magmtude. At 260 K, tWO.
in comparison with other data from the international joint experiment. Thedatasets taken from laminar flow diffusion chamber experi-

solid lines show the predictions by the CNT. ments using helium as carrier gas are also plotted. The data
given by Anisimov et al??> (empty triangles shows good
agreement with the data from this work, while the data by
cluster sizes the agreement gets worse, even though the difthavainenet al? (turned crossed trianglptends to deviate
ference is still astonishingly small considering the capillarityto |ower nucleation rates at lower supersaturations. The data
approximation inherent in the Gibbs—Thomson equation. given by Rudelet al!® was measured using a thermal diffu-
sion cloud chamber and helium as a carrier gas and therefore
IV. COMPARISONS IN THE SCOPE lies at much lower nucleation rates and supersaturations than
OF THE JOINT EXPERIMENT the data presented in this work.
The solid lines in Fig. 5 represent the predictions of the
CNT by Becker and [xing? for the given temperatures,

AGgnr
KT |’

The demands of the international joint experiment on
1-pentanol were to perform nucleation experiments at tem
peratures of 240 K, 250 K, and 260 K using helium as carrier
gas. Unfortunately, not all research groups where able to ful-  J 1=Kyt exp{ -
fill these conditions due to their individual experimental
setup. For example, not all of them used helium as carrier o

Kent= \/—mU|N§,

5

gas. While we could show that the carrier gas does not have
an influence on nucleation rates measured with the nucle-
ation pulse chamber, this is not necessarily the case for other
devices, e.g., the thermal diffusion cloud chamf3eFor . 16w vio®
some devices it turned out that not all the preferred tempera- AGCNT_T (kT)2(In )2’ @)
tures are lying in their given measuring window, so some of
them were measured at more suitable temperatures. Figure 5 Here o is the surface tensiorm and v the molecular
shows all up to now available experiments performed in thenass and volumeT the temperature, andll; the actual
scope of the joint experiment for 240 K and 260(pper = monomer number concentration calculated from the vapor
figure) and 250 K(lower figure. pressure and the ideal gas law. Figure 5 allows a direct com-
We decided to include our data for 1-pentanol in argonparison of the experimental results measured with different
(filled circles to provide consistency with Fig. 5. It can be devices at the certain temperatures demanded by the interna-
seen that our data agrees well with the data of Hrebgl’®  tional joint experiment. However, most of the experimental
(empty diamondsand Strey and Wagn¥r(empty circles. series already mentioned span greater or different tempera-
The data of Strey and Wagner plotted here is the combinetlre ranges. As these measuring windows differ substantially
data for the three different carrier gases they ugadon, with respect to nucleation rates and supersaturations, a direct
helium, and nitrogen Their data was measured in a former comparison in the form of a lIn Splot is not suitable. The
version of the nucleation pulse chamber and due to a missinGNT can act as a common base for comparison between the
separate mixing unit not measured isothermally. They used different experiments. The ratidg,,/Jcnt Of experimental
different vapor-pressure equation to calculate the experimemucleation rates and nucleation rates predicted by CNT is
tal supersaturation, rather than the one used in this work. Faralculated for all available experimental data. Then, the av-
comparison, their data was converted using the equatioarage is taken over all values corresponding to one measur-

(6)
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6 —————————— — summary, we find a positive slope with a too strong tempera-
$C & ture dependence of theory for the data of the nucleation pulse
4l a 6 10 chamber, the expansion cloud chamber, the thermal diffusion
[ L s . .
Ysjas 5 cloud chamber and the piston-expansion wave tube. A nega-
% % tive slope is found for data produced by laminar flow diffu-
’TZ 2r {] 5 = sion chamber experiments and the experiments made with
s [ ®  l-pentanol in Ar < the expansion wave tube.
~ o[ b 4 Q__LpentanolinHe | 5 In an attempt to analyze the fundamental background,
~ % v Lihavainen et al. ~ we assume that our experimental nucleation raggscan be
20 [ 2 4 Anisimov et al. é described correctly by a Boltzmann ansatz similar to the one
- 2l @ Rudek et al. ] . ; ..
I © Lujenetal -5 for classical nucleation rat@cyt [EQ. (5)]. A similar ap-
[ e 3 +  Hrubpetal proach has already been made by Kacker and Hefst.
4t ] grfﬁmann and 10 dividing the experimental nucleation rate by the CNT we get
o elers 1 -
O Schmidt and * A%
[ @ l;os’;;r - In Jexp =In Kexp AGenr AGeXD. ®)
-6 Jent Kent kT
3.0 35 4.0 4.5 . o . .
1 3 1rel HereK is the kinetic prefactor and G* is the formation
T7/10°K

free energy of the critical nucleus. The indices “exp” and
FIG. 6. Ratio of experimental nucleation ratkg, and nucleation ratet; ~  CNT” represent the experimental and theoretical values,
predicted by CNT as a function of inverse temperaflire respectively. Equation (8) suggests, that the ratio
IN(Jexp/Jdent) Should be a linear function of (Tj (under the
mild assumption that the logarithm of ratio of the experimen-

ing series and one nucleation temperature. This way we af@l and the classical prefactor is temperature

able to compare all experiments in a single diagram. independenit-*) and we can express it in the simple form
In Fig. 6 the experimental data reduced in the abovef™*

mentioned way is plotted as function of inverse temperature.

All nucleation rates measured by different groups and their N2 -A+=, 9

discrepancy to CNT can be compared as well as the tempera-

ture dependence of the reduced data. The dashed line in Figith

6 would mean perfect agreement of experiment and theory.
Altogether, Fig. 6 shows a rather “chaotic” picture. The A=In

results just coincide around 260 K, but show a different de- Kent k

pendence on temperature. For higher or lower temperaturgng

they diverge and show discrepancies of up to four orders of

magnitude. Let us try to sort the different results. _ AHE\r—AHE,,
The data by Schmitt and Dosféfempty diamondswas B K '

measured in an expansion cloud chamber using argon as car-

rier gas. Although there is no quantitative agreement betweeg,[er

their measurements and the ones by Ruele#l!® (crossed

squarey the temperature dependence is similar. They predic,

agreement between theory and experiment at a temperatu{ggrature dependent paramefeA deeper understanding of

30 _
around 280 K. Recently, Fergussenal.™ made a recalcu the origin, the significance and the numerical magnitude of

lation of the data b_y Rudet al. using a new madel, which these parameters remains a task for future work in nucleation
takes the wall heating of the thermal diffusion cloud chamber

into account. They found that their results at 320 K areresearch.
shifted by about two orders of magnitude, while this sh|ﬁv_ SUMMARY AND CONCLUSION
gets weaker to lower temperatures—the data at 260 K is

nearly unaffected. This would result in a much weaker slope  Homogeneous nucleation rates of 1-pentanol have been
of their reduced nucleation rates. Also, a weaker temperatummeasured for temperatures 235K <265K in steps of 5 K
dependence is shown by the data from this wéiiked using argon as a carrier gas. The measurements at 240 K,
circles and the data measured by GraRmann and Péters250 K, and 260 K were repeated using helium as a carrier
(empty squares so that based on these data the temperaturgas. In accordance with the measurements of Strey and
of agreement between experiment and CNT is expected to li#/agnet® we found no influence of the carrier gas to our
at much higher temperatures. The data measured bgxperimental results. Quantitatively, there is good agreement
Lihavainen et al? (turned crossed trianglesand Luiften  of the data presented in this work with older data measured
et al?° (crossed hexagopsire also lying parallel in respect with the nucleation pulse chambé&r® At 260 K our data is

to each other, but now with an inverted slope compared tdying on top or just slightly above the data measured with
results already mentioned. Anisimet al?? also found this  laminar flow diffusion chamber€;??expansion wave tub@,
inverted temperature dependence, but with a steeper slope. &md piston-expansion tuéA further comparison exhibits

From a least squares fit to our data we find these param-
s to beA=—39 andB=15 643 K. This finding seems to

onfirm the suggestion made by McGraw and Laaksonen,
at the CNT can be effectively corrected by one single tem-
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significant differences in the temperature dependence of the€Rr. H. Heist and H. J. He, J. Phys. Chem. Ref. C28a781(1994.
data measured by different techniques. If anything, thes&J. Smolik and P. E. Wagner, iNucleation and Atmospheric Aerospls
joint experiments on homogeneous nucleation seem to raiggtdit€d by P. E. WagnéiPergamon, Oxford, 1996p. 58. .
" bout th litv of the diff t tech M. M. Rudek, J. L. Katz, 1. V. Vidensky, V. Zdnal, and J. Smii, J.

even more questions about the quality of the different tech- oo o111 3623(1999.
niques than in 1995- Recenﬂy, WKoet al. showed thaF their 17y, zdimal and J. Smék (private communication with the Workshop
empirically determined function to calculate nucleation rates Group, 1996.
of water is in good agreement with results over a range of 2(?2'?- Strey and P. E. Wagner, J. Phys. Chéf. 1013(1982.
orders of magnitudd This function is based on measure- ZOJ' Hruby Y. Viisanen, and R. Strey, J. Chem. Phg84, 5181 (1996.

. . C. C. M. Luijten, O. D. E. Baas, and M. E. H. van Dongen, J. Chem. Phys.
ments performed with the same nucleation pulse chamber W€, 04 4152(1996
used in this work, spanning just four orders of magnitude ireta Gragmann and F. Peters, J. Chem. Phg8 6774(2000.

terms of nucleation rates. This unique finding adds confi?>m. P. Anisimov, P. K. Hopke, S. D. Shandakov, and I. I. Shvets, J. Chem.

dence to the data we present in this work.
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