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A laminar flow tube reactor was designed and constructed to provide an accurate, quantitative
measurement of a nucleation rate as a function of supersaturation and temperature. Measurements
of nucleation of a supersaturated vapor of dibutylphthalate have been made for the temperature
range from—30.3 to +19.1°C. A thorough analysis of the possible sources of experimental
uncertainties(such as defining the correct value of the initial vapor concentration, temperature
boundary conditions on the reactor walls, accuracy of the calculations of the thermodynamic
parameters of the nucleation zone, and particle concentration measuremeagiven. Both
isothermal and the isobaric nucleation rates were measured. The experimental data obtained were
compared with the measurements of other experimental groups and with theoretical predictions
made on the basis of the self-consistency correction nucleation theory. Theoretical analysis, based
on the first and the second nucleation theorems, is also presented. The critical cluster size and the
excess of internal energy of the critical cluster are obtained2000 American Institute of Physics.
[S0021-9606)0)51133-7

I. INTRODUCTION exists. In order to provide quantitative tests of nucleation
theories, accurate and reliable nucleation rate measurements

During the last few years definite progress has beems functions of supersaturation and temperature are required.
achieved in both the theoretical and experimental aspects @lthough various experimental approaches have been devel-
nucleation. Many recently published papers have been deped for nucleation studié$,it must be noted that, since
voted to the development of nucleation theory. Calculationsiucleation is extremely sensitive to any shift in supersatura-
of nucleation rates have been made using a variety of agion or temperature, the accuracy of defining these param-
proaches and approximations. However, there is still greagters sets very high requirements for the measurements that
uncertainty concerning the estimation of the absolute valugan be characterized as quantitative. In our opinion, among
of the nucleation rate. The usual inadequacy of the classicahe various experimental techniques currently designed for
thermodynamic approach appears every time when one apucleation studies, only two of them have been shown to
proaches small cluster sizes, while modern calculationgrovide such quantitative nucleation rate data. Expansion
based on first principles, or the statistical mechanical apeloud chambét*2and thermal diffusion cloud chamBé&t*
proach, are hampered by uncertainties in how to representexperimental measurements have been carried out for many
physical cluster. years with increasing improvement of their level of accuracy

Fortunately, there exist some theoretical results whichand are the “most commonly used for these types of nucle-
are more secure. The derivative of the nucleation rate witlation measurements®
respect to supersaturation is related to the size of the critical Among the other experimental techniques, which are
cluster, the size of which is equally likely to grow or to also contending to be in the category of quantitative tools,
decay under the prevailing circumstances. This so-called firshe expansion wave tube technidtiean be mentioned. This
nucleation theoref® has been shown to be valid from sev- experimental devicévhich exploits the expansion principle
eral different points of view (including scaling has been under systematic development during the past sev-
consideratiorfsand statistical ensemble arguméntsargely  eral years® The results obtained using this technique pro-
independent of the assumptions employed in the theory. Anvide very interesting information for the high range of nucle-
other important characteristic is the temperature dependenegion rate values and particularly for high total pressure
of the nucleation rate. The so-called second nucleatioronditions.
theorem~ connects this dependence to the excess internal Another very promising tool for precise nucleation mea-
energy(loosely the surface enerppf the critical cluster. surements is the laminar flow technigt@!’~**which ap-

With respect to experimental results, it should be notedplies the principle of the thermal diffusion chamber for the
that a shortage of valid quantitative experimental data stilflow conditions. Today, this device attracts considerable at-
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tention among investigatofé>3 However, the current state <
of the measurement of nucleation of dibutylphthal@&P), -
which can be considered as a more-or-less traditional stan-
dard substance for the laminar flow technique, shows dis-
crepancies between the data obtained by different groups of
experimentalists:}”?°This is not a surprise, because the pro-
cess of nucleation is so difficult to measure that, as already

noted above, dozens of years of experience have been re- D=76 mm

quired to verify both well-known expansion cloud chambergig, 2. Laminar flow tube reactor detail. Condenser consists of several
and the thermal diffusion chamber techniques. Consequentlydentical sections so that the length of the condenser can be varied.

we feel that a very thorough analysis of the laminar flow

technique is essential to understand the reasons for possible

experimental inaccuracies and uncertainties. This is one Qfenser are made from aluminum cylinders of 76 mm external
the main objectives of this paper. The other is to present nefiameter. The total length of the saturator is 225 mm and the
experimental data for DBP. DBP has been used by varioufength of the condenser can be varied from 150 to 650 mm.
experimental groups for nucleation measurements by thghe diameter of the internal channel is 8 mm. Both the satu-
laminar flow type techniqué!”?**Although we would like  rator and condenser are constructed with jackets for liquid
to extend our measurements, on one hand, to cover the dijrculation to support the required temperatures. NESLAB
ferent types of compounds which are of common interest tRTE Refrigerated Circulators are used for temperature con-
nucleation researchefwater, alkanes, alcohols, and particu- trg| and have a temperature stability 50.05 °C. A Teflon®

Iarly ﬂ-pentanOL which was chosen as a standard during thgasket(S mm tth@ serves for the thermo-insulation be-
Workshop on Nucleation Experiments in Prague, June 1995tween saturator and condenser. However, because of the
we believe it is urgently necessary to substantiate the validityone-shaped interior protrusion on both faces of the saturator
of the laminar flow device, on the other, by focusing ourand condenser, and consequently the concave cone shape for

attention on DBP. the Teflon® gasket, we have been able to attal mmthick
insulation between the internal channels of the saturator and
Il. EXPERIMENT of the condenser. Several narrdless than 1 mm diameter

wells have been drilled at different locations in both saturator
and condenser to monitor the temperature. In addition, spe-
The principle of operation of the LFTRaminar flow cial temperature measurements directly inside the internal
tube reactor, or laminar flow diffusion chamBéror flow  channel can be made. K-type thermocoug@®g5 mm diam-
diffusion nucleation chamb#) is relatively simple. Figure 1 etep are used for the temperature measurements.
represents the general schematic of the experimental device The operation of the LFTR is as follows. First, an inert
used in the study and is a useful reference diagram for thearrier gagultra-high purity argon, 99.999%4s injected into
discussions that follow. Figure 2 provides additional detailsthe saturator, where, while passing through a molecular sieve
of the LFTR itself. (1 mm grain diametgrimpregnated by some substance of
Typically, the LFTR consists of two thermally separatedinterest(in the present case, DBP at 99% purjtihe carrier
parts. A “hot” part, called the saturator, and a “cold” part, gas becomes saturated by the vapor of the substance at the
called the condenser. In our case, both saturator and cotemperature of the saturator. The vapor-gas flow then enters

A. Principles of operation
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the internal channel of the reactor and, after passing througimg the typical procedure described in details innitai
the entire length of saturator section, it enters the internagt all’).
channel of the condenser. Here, through the process of cool- Such a simple construction and operation should give
ing, a supersaturated state is achieved and DBP particles bealid reproducible results, but in fact, as mentioned earlier,
gin to nucleate. Once the gas flow leaves the condenser, tliee comparison of the experimental data obtained by differ-
concentration of the particles formed in the LFTR can beent groups of experimentalists?°for the same substance
determined by an appropriate particle counter. We are curDBP) shows serious discrepancig¢sgs. 3—95. In this paper
rently using a condensation particle count&@PQ (TS-  we examine the potential weaknesses of this experimental
3025A), which is based on particle light scatteritgpically  technique to evaluate possible inaccuracies that may lead to
after further enlargement in the CRO'he apparatus is op- the observed discrepancies. The following section provides a
erated at normal atmospheric pressure. The entire system ssep-by-step analysis of possible sources of error.
interfaced to a PC, so the particle concentration dependence
upon the temperatures and flow rate can be plotted and res. possible sources of error and uncertainty
corded. The PC also serves to control the operation of the »
system. 1. Initial conditions for vapor pressure

Because the flow is lamin@volume flow rate is 5 crits The first question about accuracy arises immediately af-
and the diameter of the internal channel of the reactor is &er the inert carrier gas enters the saturator. Is there sufficient
mm), one can calculate the spatial distributions of temperaresidence time in the saturator for the inert gas to become
ture, vapor concentration, and supersaturation. Hence, ttmompletely saturated by the vapor of the substance under
nucleation rate profile inside the internal channel of the restudy? In other words, we need to make sure that the initial
actor can be modeled using the known initial conditiress ~ concentration at the inlet to the internal channel of the satu-
por concentration and temperatucé the flow at the inlet to  rator in fact corresponds to the equilibrium vapor pressure of
the channel and also using the known boundary conditionsur substance at the temperature of saturator. This is not a
on the walls of the channdkemperature and equilibrium trivial question. It is not easy to calculate the residence time
vapor concentration This allows us to define the nucleation for the internal geometry of the saturator used in our study
zone, as well as to determine the nucleation volume and thand for the constructions used by other investigatofs.
residence time. (Self-consistent correction nucleation For a test experiment, we used a saturator that was a
theory’® has been applied for the modeling of nucleation rateconstant diamete8 mm) straight tube and filled with a typi-
profile, but, as shown by Haeri et al.!” the determination cally used molecular sievgrain diameter 1 miimpreg-
of the nucleation zone does not depend upon the particularated by DBP. The length of the tube was 50 cm and the
theory used. From this information, the experimental value volume flow rate was 5 cis. For such a construction the
of the nucleation rate can be determined as a function ofesidence time can be easily defined and is approximately 5
temperature, vapor concentration, and/or supersaturai®n s. We tested this saturator and foundttha was insufficient



Laminar flow tube reactor: dibutylphthalate 3707

FIG. 4. Comparison of our previous experimental data
r (Ref. 17 obtained for the system DBP—Acircles and
the Bedano\et al. (Ref. 3 results obtained for the sys-
tem DBP-N (squares The nucleation temperaturés)

are indicated at the lowest point of each data set.

J. Chem. Phys., Vol. 113, No. 9, 1 September 2000
7.00 - o9 = £ B
6.00 o} ¢} O o O oo ]
=
b
(47]
g 5.00 o o o o o o o
2 i
I:E 4004 O m] o O 0o u]
é 20.4
E
5 3.00- o} ] a oo O
g 7.0 6.5 37 4 -13.5 -13.1 235
=z
2.00-
100 T T T T T T
3.00 3.50 4.00 4.50 5.00 5.50

for argon to be saturated by DBP vapor. Howevermde

et all’

SUPERSATURATION, log S

the internal column of the saturator is several times larger
reported that the residence time in their saturator washan the diameter of the outlet, then the inert gas has enough

less tha 1 s and asserted that this was enough for saturatiortime to become saturated by the vapor of substance under
We suggest that this value may not be correct and believetudy. Haneri et al!” used exactly this kind of construc-
that the residence time in their saturator may be higher thation, but there is still a question of what the true residence
their estimate. We found empirically that if the diameter oftime was.
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FIG. 6. Results of calculations of temperature, vapor
concentration, supersaturation, and nucleation rate dis-
tributions inside the internal reactor channel for the sys-
tem DBP—Ar. The radius of the channel is 4 mm. The
length of the channel in this case is 400 mm. The vol-
ume flow rate is 5 crits. Note that the first 60 mm of
the channel is part of the saturator section and the re-
mainder is the condenser. Temperature of the saturator
is +83.4°C and temperature of the condenser
+20.1°C. The calculations have been made for the
boundary conditions with the gradients described in the
text.

w
g
8
3
£
2
al
3
w

TEMPERATURE [K]

VAPOR CONCENTRATION [em-3]

In the course of our experimental work, we tried differ- such measurements in future studies, particularly when we
ent internal geometries of the saturator at given temperaturegudy water vapor nucleation.
of the condenser and saturator and also at a given volume
flow rate, and for the given geometry of the condenser. We
looked for the highest particle concentration at the outlet of>- Teémperature measurements
the reactor, measured in all cases by the same TS-3025A The next important question relates to the correct mea-
counter. Those experiments were made using DBP as a hostirement of the temperature of the reactor, especially in the
substance in an argon atmosphere. From these studies, wegion of the thermo-insulation between the saturator and the
found the optimal construction of the internal geometry ofcondenser. In order to provide uniform temperature condi-
the saturator that corresponds to the highest detected nucliégens for the entire saturator, as well as for the entire con-
ation rate(see Fig. 2. Again, it should be noted that we denser(or at least to diminish the temperature gradients as
cannot define what the true residence time in our saturator ispuch as possib)e all parts of the reactofexcluding the
because these calculations are not so trivial as in the casesulating Teflon® gasket between saturator and condgnser
where the entire internal shape of the saturator, including thevere made from aluminunfFig. 2). Using thin (0.025 cm
outlet, is a tube of constant diameter. Nevertheless, based aliametef K-type thermocouples, the temperature was mea-
the measurements of the nucleation rate dependence on valdred at different locations inside the aluminum body of both
ume flow rate(similar to what was made by ligeriet al,}”  the saturator and the condenser and along the entire internal
and Bedanoet al),® we believe that the vapor concentration channel of the reactor as well. We discuss temperature mea-
of DBP at the inlet to the channel actually corresponds to thesurements again later.
equilibrium vapor pressure of DBP at the saturator tempera- At a temperature difference of 64.2 °C between the satu-
ture. Clearly the direct answer to the residence time questiorator and the condenser bodiesaturator 84.3, condenser
can be only obtained from a direct measurement of the vapor20.1°Q, the temperature at the interface of the internal
concentration at the outlet of the saturator. We plan to maksaturator channdthe face of the cone—see Fig. ®as less
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FIG. 7. Supersaturation and nucleation rate profiles,
calculated for the same conditions as shown in Fig. 6,
are superimposed in order to visually demonstrate that
the nucleation rate peak is located in the region where
the supersaturation changes very slowly.
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than the temperature inside the other internal parts of th&he accuracy of the particle concentration measurements

saturator by no more than 2°C. The temperature increasdsee corresponding topic belpvior DBP is about 20%.

nearly linearly from 83.2 °Gat the interfaceup to 84.1°C  Thus, while we cannot say that the differences produced by

during the first 40 mm and then it increases up to 84.3 °Gemperature gradients are totally negligible, it appears they

within the next 20 mm. At this point it becomes stable andare not large. Gradients may become very important for a

equal to the temperature of the main part of the aluminunsystem like water—helium, because both thermal and gas dif-

body of the saturator. fusion coefficients are large and of similar magnitude. We
For the condenser the total temperature difference beshall present results of calculations for such a system in a

tween the inside of the internal channel and the whole aluseparate paper.

minum body was no more than 0.7 1€0.8 °C at the cone

face, decreasing to 20.1 °C over the first 30 mm of the inter-

nal channel, and then remains stablAs already noted 3. Computational errors and uncertainties

above, because of the cone shape of both saturator and con- 1pe next question is about the computational procedure

denser faces and the corresponding concave cone shapeiRbr what is the accuracy of the calculations of the tem-
the Teflon® gasketFig. 2), we have been able to attain a 1 peratyre, vapor concentration, supersaturation, and nucle-

mm thick insulation layer between the internal channels otyiion rate profiles inside the internal reactor channel, if the
the saturator and of the condenser. initial and boundary conditions are shown to be valid? This

For such a geometry, it is a good approximation to use gyestion has been discussed from 19R@strovskii et all)
step function to characterize the temperature conditions iQntif the present:1719 The following equations of heat and

the region where the “hot” flow leaves the saturator and s transfer for steady-state conditions with axial symmetry

enters the condenser. We solve the equations of heat anf st pe solved:

mass transfer using a factorization method and in the numeri-

cal calculations, we typically @sa 1 mmlength step along Vmal 1= (F/Ro)?1dT/dz

the axial direction. Thus, the 1 mm ?nsulation t_hickness ide- = a[ 1 9l ar (raTlor)+ 62T1672], (1)

ally represents the boundary conditions used in our calcula-

tions. We can also take into account the temperatarel Vol 1— (r/Rg)?]dCl oz

consequently the equilibrium vapor concentratignadient

along the channel walls by incorporating the proper tempera- =D[Lr alar(raClar) +3°Cloz’], @

ture (vapor concentrationinto the boundary conditions. whereT is the temperatureC is the vapor concentratiom,
Our calculations show that for a DBP—Ar system, theandz are the radial and axial coordinatéy, is the radius of

boundary condition adjustment makes only a very moderatéhe internal channel of the react®;,,is the maximum flow

change to the results. In the calculation, we note that the gagelocity, a= «/cyp is the thermal diffusivitywherex is the

diffusion coefficient is typically lower than the thermal dif- thermal conductivityc,, is the isobaric specific hea,is the

fusivity by about a factor of 5. At a volume flow rate 5%  gas density, andD is the gas diffusion coefficient.

and an internal channel diameter 8 mm, the nucleation rate Normally the following boundary conditions can be used

peak occurs in the vicinity of the central axis at a distancdor the temperature:

about 10 cm from the beginning of the condenser. As an  T(r,0)=temperature of saturator,

example, if we put into the boundary conditions all the gra-  T(Ry,z) =temperature of condenser.

dients described above and then compare the results with the For the vapor concentration these conditions then be-

calculations made under the assumption that the temperatuceme,

of the entire saturator is 84.3°C and the temperature of the C(r,0)=equilibrium concentration at the saturator tem-

entire condenser is 20.1°C, we obtain the result that the perature,
nucleation temperature calculated under the former condi- C(Ry,z)=equilibrium concentration at the condenser
tions with gradients is less than that calculated according to temperature.

the second one by only 0.01°C. This is certainly within the  But, as discussed in the previous topic, the boundary
experimental measurement accuracy. The supersaturati@onditions are not so simple, because of the temperature gra-
value calculated for the first case3$s=505 and for the sec- dients along the channel walls.

ond caseS=520. Finally, the nucleation rate =100 000 As an example, we show the boundary conditions used
and 63000 particles/cits, respectively, for cases 1 and 2. for the directly measured gradients discussed above.



3710 J. Chem. Phys., Vol. 113, No. 9, 1 September 2000 Mikheev et al.

@
2
g %255‘*&88
e FIG. 8. Temperature and nucleation rate profiles, cal-
S 5 1E+005 culated for the same conditions as shown in Fig. 6, are
Sw superimposed to show the temperature drop during the
ES nucleation pulse.
<< W
w —
(53
p=J
Z . 00.0
Length [mm])
For Zz=0, T(r,0)=T4, condenser, length of the channel, number of steps along the
For Z=1-20 mm, T(Ry,Z2)=T,;—0.01z, channel, number of steps along the radial axis, and volume

For Z=21-60 mm, T(Ry,Z)=T(Ry,20)—0.045¢Z—20), flow rate. After the model is run for these input values, we
For Z=61-90 mm, T(Ry,Z)=Ty+0.7-0.023¢—-60), can analyze the calculated data to refine more precisely the
For Z=91-600 mm, T(Ry,Z)=T,, parameters of the nucleation zone itself. The input param-
whereT;=84.3°C is the temperature of the entire body ofeters for the second part include only the geometrical loca-
the saturator and,=20.1 °C is the temperature of the entire tion of that part of the reactor channel which is of particular
body of the condenser. The boundary conditions for the vainterest. Also, the second step provides an option of whether
por concentration also have to be adjusted to represent the continue calculations or to stop and to write data files. The
equilibrium vapor concentrations corresponding to these newrogram is run on a PC.
wall temperatures. The program has the same limitations as other similar
Figure 6 shows the results of calculations of temperacodes®!’'°because it does not take into account particle—
ture, vapor concentration, supersaturation, and nucleatiomapor and particle—particle interactions. But these interac-
rate for the system DBP—Ar at the temperature of the satutions for the system DBP—argon do not play any important
rator 83.4°C and the temperature of the condenser 20.1°Gole up to a particle concentration of 100 000 ¢mWith
Note that the first 60 mm along theaxis belongs to the respect to the frequently discussed question of whether or not
saturator part of the reactor channel; the remainder is the take into account the axial dispersion terii,this pro-
condenser. gram allows a selection of both ways. We performed both
Figure 7 shows the nucleation rdtelculated according tests and found that for DBP—Ar axial dispersion is negli-
to the self-consistency correctiéBCO modef®] and super- gible.
saturation profiles, while Fig. 8 shows the nucleation rate and  Finally, there are questions about the physicochemical
temperature profiles. On inspection of Figs. 7 and 8, we caproperties of both DBP and Ar that are required for making
see that the majority of all the particlésver 80% nucleate these calculations. Table | shows the molecular weight, den-
inside a narrow region near the central axis. The diametesity, equilibrium vapor pressure, surface tension of DBP,
and length of the nucleation zone are approximately 2 and 6@ensity, thermal conductivity, specific heat of Ar at constant
mm, respectively. The maximum of nucleation rate is locategpressure, and diffusion coefficient of DBP in Ar. We have
at about 100 mm from the beginning of the condenser. In thigised the same vapor pressure data, density, and surface ten-
region, the supersaturati@varies within the range of 96%— sion for DBP as Bedanoet al® and Hameri et al}” The
100% of the maximum value of lo§ and the temperature thermal diffusivity of argon has been calculated using the
decreases by about 4°C. By evaluating the maximum ofandbook* data of thermal conductivity, isobaric specific
nucleation rate and its location, the corresponding supersatireat, and density. Because we are dealing with a mixture of
ration and nucleation temperature can be determined. This
allows nucleation rate measurements as a function of super-
saturation and temperature to be obtaindtbr a detailed  tag|g |. physicochemical properties of DBP and Ar. The parameters are:
description of this procedure, the reader is referred tméf&  M—molecular weight of dibutylphthalate,pg,;—density of DBP,
et a|_17) Pe—equilibrium vapor pressure of DBPg—surface tension of DBP,
The calculations have been made using a computer codargor—density o_f Ar,_x—thern_”lz?\l conductivit_y of Ar,Cp—isobaric_ sp(_acific.
. . heat of Ar,D—diffusion coefficient of DBP in Ar. Temperature is given in
and are ba_sed ONRDRTRAN program first used in 198Zor K and pressure in Torfl Torr—133.322 Pa
the estimation of nucleation of alcohols. In order to examine
how our code performs in comparison with other similarDBP
programs, we have made calculations for the same system M=278.35@/mol)
DBP-—nitrogen and for the same initial and boundary condi- pdbp:f‘°49}0'000 67%293'15;#0'0005(9 orf)
: 3 . log P.=7.065- 16661 — 547 7001 2(Torr)
tions used by Bedanost al” The results obtained are prac- ;= 933 93-0.000 089 4T — 293.15)- 0.000 05 (N/m)
tically identical to each other. Ar
As mentioned, our code uses a factorization method. It  payge=6.9572+ —0.036 853 T +8.592 2& — 005T 2+
calculates temperature, vapor pressure, supersaturation, and—7-447 5E—0.08T°(10 * g/cn) P
nucleation rate profiles inside the internal reactor channel. gzjgg';gsgfsgl)_293'15)(10 Wm=K™)
Initial input parameters to the model include measured par- Dp=0.0005r—0.1065(crﬁ/s)
ticle concentration, temperatures of the saturator and of the
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TABLE Il. Sensitivity analysis of the calculations. The results have been obtained at fixed temperatures of
condenseiTc (C) and of saturatoils(C). Thermal diffusivity as well as diffusion coefficient were varied
within £10%. The changes of nucleation temperaflire(K), supersaturatiofs, experimental nucleation rate
Je(cm 3s1), and theoreticalSCC theory has been usetlicleation ratelt (cm 3s™?%) are shown.

Tc Ts Tn logS log Je log Jt
Thermal diffusivity used 20.1 84.3 294.28 2.70 4.02 4.84
Thermal diffusivityx0.9 20.1 84.3 294.55 2.66 4.02 4.30
Thermal diffusivityx1.1 20.1 84.3 294.10 2.73 4.02 5.28
Diffusion coefficient used 20.1 84.3 294.28 2.70 4.02 4.84
Diffusion coefficienx 0.9 20.1 84.3 294.23 2.74 4.00 5.39
Diffusion coefficient<1.1 20.1 84.3 294.48 2.66 4.06 4.31

argon and DBP, it may lea@ccording to Heeriet all’)to 4. Particle concentration measurements
a change of thermal diffusivity within a range &f10%. We
have performed the same sensitivity analysis asnéta The final question concerns the accuracy of particle con-
etal,'” i.e., we have made calculations varying the thermafcentration measurements. One might think that, with the
diffusivity within the range of+10%. The results are pre- available commercial ultrafine condensation particle counters
sented in Table II. One can see that this variation does ndiike TSI-3025A), the technique of particle counting in an air
significantly affect the experimental nucleation rate nor theflow would be well understood. However, the results ob-
nucleation temperature. It does, however, moderately affedgined during our study indicated that the situation is still not
the supersaturatiorflogS changes no more thart2%).  entirely ideal. We have tested the ability of TSI-3025A to
Thus, this effect changes the estimated theoretical nucleationeasure the concentration of the particles freshly nucleated
rate by less thar-0.5 orders of magnitude or a factor of 3. from water, pentanol, pentadecane, ethylene glycol, glycerin,
Measured data for the gas diffusion coefficient of DBPand DBP over a wide range of nucleation temperat(resn
in argon are not available in the handbook. Hence, in order tabout—30 up to+20 °C). The counter only worked well for
obtain it, we have carried out a thorough comparative analyDBP over the entire range of temperatures studied. It worked
sis of available data of diffusion of DBP vapor in nitrogéh  with some restrictions for ethylene glycol and for glycerin,
and in air?* as well as data for the range of several otheralthough some problems arose at room temperatures at high
substancege.g., octang whose diffusion has been measuredconcentration levels. It does not work at all for pentanol,
in different ambient gase®itrogen, argon, and aif* In this ~ pentadecane, and water.
way, we believe we can define the limits of possible devia- Because this paper focuses on the study of DBP, we do
tions of the diffusion of DBP—Ar within=10%. We have not discuss these problems here in great détiady will be
performed a sensitivity analysis similar to that performed forcovered in a separate papeWe note briefly that the most
thermal diffusivity. The results are also presented in Table Illikely source of the problem arises from the capillary tube
Again one can see that gas diffusion coefficient deviationsnside the TSI-3025AFig. 9). It appears that ethylene glycol
have the same influence on the accuracy of the results and glycerin particles under certain conditiqpsirticle size

shown for thermal diffusivity. and concentrationcannot pass through this capillary. This
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conclusion is based on using a TSI-3010 counter, which doesf the unknown vapor concentration at the beginning of the
not have this capillary in parallel with the TSI-3025A. It is internal channel. Such an uncertainty can change the initial
not entirely clear why we have a problem with water, pen-conditions and may lead to incorrect calculations of the va-
tanol, and pentadecane particles. It may be a result of evapgor concentration distribution and, consequently, to inaccu-
ration of the particles, flow impairment in the capillary, in- racies in defining the supersaturation; although as it has been
teraction(or lack thereof with the n butanol(which is used discussed above, experiments with varying of the flow rate
for the enlargement of the particles injected into the TSIhave shown that the initial conditions are correct. However,
countel, or some other effect. for full confidence, the vapor concentration at the outlet of
Some counting discrepancies occur even for DBP parthe saturator needs to be measured.
ticles, indicating possible sampling line losses. We per-  Physicochemical parameters used in the calculations
formed measurements with two versions of the TSI-3025A: anay also be questionable, but as shown above those uncer-
standard model with a right angle turn and another, a specidinties lead at most to 210% uncertainty in supersatura-
model loaned to us by TSI, with a straight tube for deliverytion. Particle concentration measurements when the con-
of particles to the counting volume. The comparison of DBPdenser is near room temperature should not produce more
particle concentration measurements made by the standafdan a 20% error. Evaluation of evaporative losses of the
counter and the special model showed that the specidlarticles formed at condenser temperatures below room tem-
counter gave on average 20% higher values than the regul@eratures will be made in future studies.
one. Generally speaking we note that the entire system is very
Another possible source of particle counting inaccuracystable and the results are reproducible. Indeed, measurements
is the evaporation of the aerosol during its delivery to thePresented in this paper were repeated three times over a one-
counting volume. Because DBP has a sufficiently low vapoy€ar period using slightly different modifications of the
pressure, this effect cannot play a role for conditions neakFTR (mostly these modifications relate to the internal ge-
room temperature. However, the importance of the evaporg2metry of the saturator and to the interface between the satu-
tion is likely to increase when the condenser temperature igator and the condenseDuring the measurements, the sys-
reduced below room temperature. Unfortunately, as a resulem operated continuously through an entire @yout 8—10

of the construction and geometry of the TSI-3025A counterh without interruption and the results were still reproduc-

formed particles to the counting volume. In that sense, tha&vere tried and no difference was observed. Since DBP has a
Vohra—Heist constructidfi provides certain advantages, be- relatively high viscosity, the liquid film formed on .the walls
cause the wall of the condenser section is transparerﬁf the reactor chanr_1e| QOes not affect the nucleation process.
(quart. On one hand, this construction allows particles toEVents such as dripping from the reactor walls were ob-
be counted directly in the condenser, but, on the other, i8€rved only rarely and only after akiod h of continuous
makes it difficult to provide good temperature stability. Ide- OPeration. In any case this latter kind of disturbance was
ally, a counting chamber should be placed directly at the?@sily distinguishable from the nucleation process.
outlet of the condenser. We plan to do this in our future
work. At the moment we note that our measured nucleation
rate at—21.3 °C lies very closéabout a factor of 10 highgr fll. RESULTS AND DISCUSSION
to Bedanov's data(at —23.5°Q and much highefseveral The experiments were conducted in two modes. First, at
orders of magnitudethan Hameri’s'’ data(at —22.3°Q. It a fixed condenser temperature, the saturator temperature was
is clear that evaporation will result in a lower nucleation rate.varied. This mode results in a nucleation rate dependence
While these comparisons with other data do not provide diupon supersaturation at a given nucleation temperdisioe
rect evidence, they at least confirm that evaporative lossetermal nucleation raje This kind of experiment is carried
are not significant in our case. out in discrete steps. Because of the time required to reach
temperature equilibrium between the aluminum body of the
saturator and the molecular sieves impregnated with DBP, it
In summary, we can say that, at the current state of thés not possible to provide correct measurements under con-
development of the laminar flow tube reactor, the uncertaintyinuous change of the saturator temperature. Hence, each
of the wall temperature measurement is 0.1 °C and its effeaheasurement is made after a complete temperature equilib-
on the computed supersaturation is negligible. At present, ndum of the saturator has been achievélring some of the
technique is available to measure the temperature in the gasntrolled measurements, we have allowed a 30—60 min
accurately without disturbing the flow. However, because theime interval for each experimental point in order to assure
temperature can be measured at any location along the althat both temperature and particle concentration remained
minum body of both the saturator and condenser, includingtable during the measuremenlso, we note that the slope
the critically important gradients along the walls of the inter-of each experimental curve remains essentially congsamt
nal channel of the reactor, we can include these gradientsig. 10 over the entire measured particle concentration
into the boundary conditions of the calculations, thus defintange(up to 100 000 particles/chis possible using the TSI-
ing the temperature in the reactor channel with as much de3025A counter. This behavior implies that the measure-
tail as possible. ments of nucleation of DBP vapor presented here are not
There is a possible source of moderate error as a resudtffected by coagulation processes.

C. Summary of errors and uncertainties
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The second mode was carried out at a fixed saturatoand, therefore, with decreasing critical cluster size. Generally
temperature, while varying the condenser temperature. Thispeaking, this conclusion is reasonable, because, as we shall
mode results in a nucleation rate dependence upon tempershow in the next section, the critical cluster size is only six
ture at a given vapor pressuféobaric nucleation raje  molecules in size at—30.2°C. Classical considerations
These types of experiments were made because of the pahould break down under these conditions.
ticular interest in a recent theoretical breakthrotigbased
on the second nucleation theorem, which allows the estimag. Analysis of data with nucleation theorems

tion of important energetic characteristics of the critical clus- A method has recently been develobed for the extraction
ter. Initially our measurements were carried out in a discrete y P

mode. This type of the experiment, however, does not re9f information about the energetics of critical clusters from

quire establishing temperature equilibrium of the condense?Xpe”mental data on the nucleation rate. The critical cluster

with some foreign substance. We have demonstrated that e the size that is equally likely to grow or to decay under the

. . onditions prevailing in the supersaturated vapor; it is re-
results from measurements in the continuous mode do nc?t P 9 P p

differ from those obtained in the discrete mode Subsegarded as the principal intermediate state in a droplet nucle-
uently, measurements were made in the continuoLJs modeation event The analysis uses the two nucleation
d Y theorems;”?® which are general results based on the ther-

A. Comparison with SCC model of nucleation modynamics of cluster formation.

Figure 10 shows our experimental data and the compari- The main result of.t'his analysis is a plqt of .the'excess
son with the theoretical predictions based on the Scdnternal energy of a critical cluster ggalnst'lts size in mol-
theory?® Table Iil gives the numerical values of those data.eCUIeS' The excess internal energy is the dlffe_rence between
Two main points can be made. First, the slopes of the ex'Ehe energy of the cluster, and the corr_espondmg energy the
perimental curves are consistent with the theoretical predic(-:Omloonerlt molecules would possess if they were part _Of a
tions. It would therefore appear that the SCC mdded the bulk condensed phase under the same conditions; it is
classical theory on which it is basedan correctly account '00Sely refated to the surface energy.
for the critical cluster size in these experiments. Second, tha "€ tWo nucleation theorems are
temperature dependence of nucleation rate does not follow [ ¢gInJ
the theoretical predictions. This is in agreement with expec- (m
tations. In particular, it has been emphasized by McGraw and
Laaksonefi that a theory based on the classical capillarityand
approach does not allow prediction of the correct tempera-
ture dependence. One can see that the discrepancies with the
theoretical predictions increase with decreasing temperature

) =1+i* 3
T

J
—) =(L—KT+E(i*))/kT? (4)
S
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TABLE Ill. Experimental results and comparison with the predictions of 38&If-consistency correctiomucleation theory. Six sets of the experimental
points have been obtained at six fixed temperatures of cond&rde®). Saturator temperaturés (C) has been varied. Nucleation temperatiire(K),
supersaturatiof$, experimental nucleation ratke (cm3s™1), and theoretical nucleation rafk (cm™3s™?) are presented.

Tc Ts Tn log S log Je log Jt Tc Ts Tn logS log Je log Jt
—30.3 38.4 242.98 4.857 1.527 7.486 -1.3 61 272.46 3.24 1.04 3.42
-30.3 39.3 242.98 4.904 1.963 7.834 -1.3 62.2 272.48 3.291 1.34 4.12
—30.3 40.3 242.98 4.955 2.572 8.209 -13 63 272.48 3.324 1.6611 4.57
—30.3 425 242.99 5.066 3.611 8.985 -1.3 64.2 272.5 3.374 2.21 5.21
-30.3 435 242.99 5.115 4.006 9.32 -1.3 65.3 27251 3.419 2.67 5.77
—30.3 44 242.99 5.14 4.208 9.483 -1.3 66.1 272.52 3.451 3.14 6.169
-30.3 445 242.99 5.165 4.418 9.644 -1.3 67.3 272.53 3.499 3.7608 6.736
—30.3 45 242.99 5.189 4.603 9.802 -13 68.1 272.54 3.531 4.15 7.1

-13 69.2 272.55 3.575 4.61 7.583
—21.6 45 251.8 4.283 1.61 6.35 -13 70.3 272.56 3.618 4.94 8.04
—-21.6 45.7 251.8 4.317 1.83 6.663 -1.3 70.8 272.56 3.638 5.09 8.25
—-21.6 46.8 251.81 4.37 2.43 7.13 -1.3 71.3 272.57 3.657 5.22 8.45
—-21.6 47.7 251.81 4.41 29 7.5
-21.6 48.7 251.81 4.46 3.36 7.89 8.9 71.2 282.88 2.9 1.42 3.09
—21.6 49.8 251.82 4.51 3.86 8.32 8.9 72.3 282.9 2.942 2.12 3.77
-21.6 50.8 251.82 4.55 4.29 8.68 8.9 73.3 282.91 2.976 251 4.3
-21.6 51.8 251.82 4.6 4.66 9.046 8.9 745 282.93 3.026 3.288 5.03
8.9 75.6 282.94 3.0673 3.8 5.62
-11.8 51.7 261.81 3.69 1.02 4.55 8.9 76.6 282.96 3.104 4.4 6.13
—-11.8 52.9 261.82 3.753 1.26 5.178 8.9 77.6 282.97 3.14 4.87 6.63
-11.8 54 261.83 3.8 1.59 5.72 8.9 78.6 282.98 3.177 5.27 7.1
—11.8 55 261.84 3.84 2.11 6.2 8.9 79.6 283 3.214 5.6 7.56
-11.8 56 261.85 3.89 2.656 6.665
—11.8 57 261.85 3.93 3.15 7.1 19.1 81.7 293.37 2.611 1.97 2.75
—-11.8 58 261.86 3.979 3.66 7.53 19.1 82.8 293.4 2.65 2.57 3.46
-11.8 59.1 261.87 4.026 4.14 7.98 19.1 83.7 293.41 2.681 3.22 4.02
—-11.8 60.1 261.88 4.069 4579 8.379 19.1 84.7 293.43 2.716 3.81 4.61
-11.8 61.1 261.88 4112 4.94 8.7608 19.1 85.7 293.45 2.75 4.36 5.178
191 86.7 293.47 2.784 4.91 5.721
191 87.7 293.49 2.818 5.43 6.243
191 88.7 293.51 2.852 5.82 6.744

whereJ is the rate of formation of critical clusterS,is the
supersaturation ratid; is the temperature;” is the number
of molecules in a critical clusteE,(i*) is its excess internal
energy K is Boltzmann’s constant, arldis the latent heat of
condensation per molecule. The nucleation theorems in thid In P,/dT=L/(kT?). HenceL/k (in units of K™%) is given by
form assume that the vapor phase can be described as an
ideal gas. Corrections for nonideal effects have recently been
derived but quantifying them requires knowledge of the sec-

ond virial coefficient.

Approximate calculations on
n-pentanof together with physical considerations, suggest

that they should be small, so we neglect the corrections.

The nucleation theorems enable us to calculate the size
and excess energy of a critical cluster, if we know the de-
pendence of the nucleation rate on temperature and super

saturation. We therefore need to fit a functig(s, T) to the
experimental data. We use a fitting function of the form

InJ=a—b(c/T—1)%(InS)?

where a, b, and c are fitting parameters. This function is

)

similar to the phenomenological expression which Bzig

showed to be effective in correlating nucleation rates for a
variety of substances. It is consistent with the following ex-
pression for the excess energy:

1/3

Ex(i*)= —am— (1+i*)#3—L+KT.

2

(6)

The latent heat of condensation per molecule¢an be cal-
culated from the empirical expression for the saturation va-
por pressuré®, as a function of temperature, given in Table
I, through use of the Clausius—Clapeyron equation

28

Fitted InJ
[\"4
T

] I
22 24

Experimental ind

26

28

FIG. 11. Evaluation of the success of the fitting function. The dots display
the experimental and fitted values ofJnThe dashed line represents a

perfect fit to the data.
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experiments. Dashed lines: predictions of classical nucleation theory. gies we extract from the nucleation data are therefore not
unrealistic, and would be ideal for testing more detailed

models of the binding of DBP clusters.
L=3836k+2 522 00®/T. (7)

Fitting a function of the form of E((5) to experimental data
from the present investigation produceae-67.4, b=5730,
andc=490K. Figure 11 demonstrates that the function de
scribes the data well. The graph Bf(i*) againsti* (in Figures 14—16 allow comparison of our experimental re-
units ofk Ty, whereT,=273.15K) is plotted in Fig. 12. Also  sults with previously measured dat#?° Comparison with
shown, for comparison, are the predictions of classical nucledata obtained by two other experimental grot{isshows

C. Comparison with other experimental data

ation theory, which are given by that in one caséBedanovet al®) there is agreement at low
. L[ 1 do (36m3(3 do 2 dpabp f[empergture(around—20°C),_ but dlscrepa_nm_es grow Wlth
x=KT o g 3 ladT o aT increasing temperature. Quite the opposite is seen with the
o 7 Pdbp Hameri et al!® data, which are in agreement at room tem-

(8) ancy grows very quickly until it reaches an enormous value
(approximately seven orders of magnitu@e a temperature
whereE}, represents the classical excess energy evaluatesf —27 °C.

3) o ) perature, but then as the temperature decreases, the discrep-

at the classical critical siz,. Here,pgp, is the liquid mo- Clearly, such a large discrepancy cannot be caused by
lecular density, and- is the surface tension. We use physicalany of the possible reasons discussed earlier. In particular,
properties given in Table . because we have used practically the same physicochemical

The critical clusters investigated here are remarkablydata(with the exception of a different carrier gashe cal-
small, containing as few as six molecules, and there is naulations themselves can not be the source of the discrep-
reason to expect them to be described by classical nucleati@ncy. We are inclined to assume that it is most likely the
theory. It is instructive to compare the results depicted intemperature measurements that may be the cause of these
Fig. 12 with calculations using the latent heat and the numédrastic differences. Perhaps use of a relatively large diameter
ber of dangling(unsatisfied bonds in a cluster. The latent (0.5 mn) thermocouple is not appropriate. During our mea-
heat per molecule at 273.15 K, from Ed7), is L surements, we have tested three types of thermocouples:
=47.8kTy. Now, a molecule in the bulk liquid will interact 0.025, 0.25, and 0.5 mm in diameter. The thinnest one is too
with around 12 nearest neighbors, if the arrangement beasensitive and it is practically impossible to use for gas tem-
any resemblance to that in a close-packed solid. If we assgerature measurements. A comparison between the second
ciate the latent heat of condensation with the formation ofand third types has shown a difference that increases below
nearest-neighbor bonds, then each bond will therefore comoom temperature. The thickeg§.5 mm thermocouple may
tribute a binding energy of arounid6. An isolated cluster of indicate a temperature up to several degrees warmer than the
six molecules, arranged as a compact fragment of a clos@&.25 mm one in the regior-20 to —30 °C, depending on
packed structure, is sketched in Fig. 13. It possesses I#ow deep the thickest thermocouple is slipped into the
bonds in all, so that the total energy is abeul2L/6. Ac-  thermo-well. For this reason, all our measurements were
cording to this simple model, the excess energy for themade using the 0.25 mm type. We also suspect that the de-
6-cluster will therefore be —12L/6—6(—L)=4L viations with our own earlier measureméfitmnay have been
=191kT,. Similarly, a cluster of 15 molecules, arranged ascaused by the same reason, since a 0.5 mm thick thermo-
the close-packed fragment sketched in Fig. 13, would coneouple was used in the earlier work.
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IV. CONCLUSIONS AND FUTURE PLANS tor and evaporative losses of particles formed at conditions

We have clearly shown that the laminar flow tube reac.below room temperature. Also, careful attention needs to be

tor technique can be used as a quantitative tool for nucleatiop@id to the choice of physicochemical parameters used in
measurements. There is still some work that needs to be dof@lculations.

to evaluate possible sources of uncertainties, such as vapor The data gathered have provided significant insight into
concentration at the inlet to the internal channel of the reacthe properties of small molecular clusters of DBP. Through

SUPERSATURATION, log S
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use of the nucleation theorems, the dependence of the nucléens on CPC applications and limitations. Discussions with
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