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The laminar flow tube reactor as a quantitative tool for nucleation studies:
Experimental results and theoretical analysis of homogeneous
nucleation of dibutylphthalate

Vladimir B. Mikheev, Nels S. Laulainen, and Stephan E. Barlow
Pacific Northwest National Laboratory, Richland, Washington

Michael Knott and Ian J. Ford
Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT,
United Kingdom

~Received 24 March 2000; accepted 2 June 2000!

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 from230.3 to 119.1 °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 measurement! is given. 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 obtained. ©2000 American Institute of Physics.
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I. INTRODUCTION

During the last few years definite progress has b
achieved in both the theoretical and experimental aspec
nucleation. Many recently published papers have been
voted to the development of nucleation theory. Calculatio
of nucleation rates have been made using a variety of
proaches and approximations. However, there is still g
uncertainty concerning the estimation of the absolute va
of the nucleation rate. The usual inadequacy of the class
thermodynamic approach appears every time when one
proaches small cluster sizes, while modern calculati
based on first principles, or the statistical mechanical
proach, are hampered by uncertainties in how to represe
physical cluster.

Fortunately, there exist some theoretical results wh
are more secure. The derivative of the nucleation rate w
respect to supersaturation is related to the size of the cri
cluster, the size of which is equally likely to grow or t
decay under the prevailing circumstances. This so-called
nucleation theorem1–5 has been shown to be valid from se
eral different points of view ~including scaling
considerations4 and statistical ensemble arguments5!, largely
independent of the assumptions employed in the theory.
other important characteristic is the temperature depend
of the nucleation rate. The so-called second nuclea
theorem5–9 connects this dependence to the excess inte
energy~loosely the surface energy! of the critical cluster.

With respect to experimental results, it should be no
that a shortage of valid quantitative experimental data
3700021-9606/2000/113(9)/3704/15/$17.00
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exists. In order to provide quantitative tests of nucleat
theories, accurate and reliable nucleation rate measurem
as functions of supersaturation and temperature are requ
Although various experimental approaches have been de
oped for nucleation studies,10 it must be noted that, since
nucleation is extremely sensitive to any shift in supersatu
tion or temperature, the accuracy of defining these par
eters sets very high requirements for the measurements
can be characterized as quantitative. In our opinion, am
the various experimental techniques currently designed
nucleation studies, only two of them have been shown
provide such quantitative nucleation rate data. Expans
cloud chamber11,12 and thermal diffusion cloud chamber13,14

experimental measurements have been carried out for m
years with increasing improvement of their level of accura
and are the ‘‘most commonly used for these types of nuc
ation measurements.’’10

Among the other experimental techniques, which a
also contending to be in the category of quantitative too
the expansion wave tube technique15 can be mentioned. This
experimental device~which exploits the expansion principle!
has been under systematic development during the past
eral years.16 The results obtained using this technique p
vide very interesting information for the high range of nuc
ation rate values and particularly for high total pressu
conditions.

Another very promising tool for precise nucleation me
surements is the laminar flow technique,1,3,17–21 which ap-
plies the principle of the thermal diffusion chamber for t
flow conditions. Today, this device attracts considerable
4 © 2000 American Institute of Physics
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tention among investigators.22,23 However, the current stat
of the measurement of nucleation of dibutylphthalate~DBP!,
which can be considered as a more-or-less traditional s
dard substance for the laminar flow technique, shows
crepancies between the data obtained by different group
experimentalists.3,17,20This is not a surprise, because the pr
cess of nucleation is so difficult to measure that, as alre
noted above, dozens of years of experience have bee
quired to verify both well-known expansion cloud chamb
and the thermal diffusion chamber techniques. Conseque
we feel that a very thorough analysis of the laminar flo
technique is essential to understand the reasons for pos
experimental inaccuracies and uncertainties. This is on
the main objectives of this paper. The other is to present n
experimental data for DBP. DBP has been used by vari
experimental groups for nucleation measurements by
laminar flow type technique.3,17,20,21Although we would like
to extend our measurements, on one hand, to cover the
ferent types of compounds which are of common interes
nucleation researchers~water, alkanes, alcohols, and partic
larly n-pentanol, which was chosen as a standard during
Workshop on Nucleation Experiments in Prague, June 19!,
we believe it is urgently necessary to substantiate the vali
of the laminar flow device, on the other, by focusing o
attention on DBP.

II. EXPERIMENT

A. Principles of operation

The principle of operation of the LFTR~laminar flow
tube reactor, or laminar flow diffusion chamber,17 or flow
diffusion nucleation chamber18! is relatively simple. Figure 1
represents the general schematic of the experimental de
used in the study and is a useful reference diagram for
discussions that follow. Figure 2 provides additional deta
of the LFTR itself.

Typically, the LFTR consists of two thermally separat
parts. A ‘‘hot’’ part, called the saturator, and a ‘‘cold’’ par
called the condenser. In our case, both saturator and

FIG. 1. General schematic of the experimental setup.
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denser are made from aluminum cylinders of 76 mm exter
diameter. The total length of the saturator is 225 mm and
length of the condenser can be varied from 150 to 650 m
The diameter of the internal channel is 8 mm. Both the sa
rator and condenser are constructed with jackets for liq
circulation to support the required temperatures. NESL
RTE Refrigerated Circulators are used for temperature c
trol and have a temperature stability of60.05 °C. A Teflon®
gasket ~5 mm thick! serves for the thermo-insulation be
tween saturator and condenser. However, because of
cone-shaped interior protrusion on both faces of the satur
and condenser, and consequently the concave cone shap
the Teflon® gasket, we have been able to attain a 1 mmthick
insulation between the internal channels of the saturator
of the condenser. Several narrow~less than 1 mm diameter!
wells have been drilled at different locations in both satura
and condenser to monitor the temperature. In addition, s
cial temperature measurements directly inside the inte
channel can be made. K-type thermocouples~0.25 mm diam-
eter! are used for the temperature measurements.

The operation of the LFTR is as follows. First, an ine
carrier gas~ultra-high purity argon, 99.999%! is injected into
the saturator, where, while passing through a molecular s
~1 mm grain diameter! impregnated by some substance
interest~in the present case, DBP at 99% purity!, the carrier
gas becomes saturated by the vapor of the substance a
temperature of the saturator. The vapor-gas flow then en

FIG. 2. Laminar flow tube reactor detail. Condenser consists of sev
identical sections so that the length of the condenser can be varied.
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FIG. 3. Comparison of our previous experimental da
~Ref. 17! obtained for the system DBP–Ar~circles! and
the Hämeri et al. ~Ref. 15! results obtained for the sys
tem DBP-N2 ~diamonds!. The nucleation temperature
~C! are indicated at the lowest point of each data se
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the internal channel of the reactor and, after passing thro
the entire length of saturator section, it enters the inter
channel of the condenser. Here, through the process of c
ing, a supersaturated state is achieved and DBP particle
gin to nucleate. Once the gas flow leaves the condenser
concentration of the particles formed in the LFTR can
determined by an appropriate particle counter. We are
rently using a condensation particle counter~CPC! ~TS-
3025A!, which is based on particle light scattering~typically
after further enlargement in the CPC!. The apparatus is op
erated at normal atmospheric pressure. The entire syste
interfaced to a PC, so the particle concentration depende
upon the temperatures and flow rate can be plotted and
corded. The PC also serves to control the operation of
system.

Because the flow is laminar~volume flow rate is 5 cm3/s
and the diameter of the internal channel of the reactor
mm!, one can calculate the spatial distributions of tempe
ture, vapor concentration, and supersaturation. Hence,
nucleation rate profile inside the internal channel of the
actor can be modeled using the known initial conditions~va-
por concentration and temperature! of the flow at the inlet to
the channel and also using the known boundary conditi
on the walls of the channel~temperature and equilibrium
vapor concentration!. This allows us to define the nucleatio
zone, as well as to determine the nucleation volume and
residence time. ~Self-consistent correction nucleatio
theory25 has been applied for the modeling of nucleation r
profile, but, as shown by Ha¨meri et al.,17 the determination
of the nucleation zone does not depend upon the partic
theory used.! From this information, the experimental valu
of the nucleation rate can be determined as a function
temperature, vapor concentration, and/or supersaturation~us-
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ing the typical procedure described in details in Ha¨meri
et al.17!.

Such a simple construction and operation should g
valid reproducible results, but in fact, as mentioned earl
the comparison of the experimental data obtained by dif
ent groups of experimentalists3,17,20 for the same substanc
~DBP! shows serious discrepancies~Figs. 3–5!. In this paper
we examine the potential weaknesses of this experime
technique to evaluate possible inaccuracies that may lea
the observed discrepancies. The following section provide
step-by-step analysis of possible sources of error.

B. Possible sources of error and uncertainty

1. Initial conditions for vapor pressure

The first question about accuracy arises immediately
ter the inert carrier gas enters the saturator. Is there suffic
residence time in the saturator for the inert gas to beco
completely saturated by the vapor of the substance un
study? In other words, we need to make sure that the in
concentration at the inlet to the internal channel of the sa
rator in fact corresponds to the equilibrium vapor pressure
our substance at the temperature of saturator. This is n
trivial question. It is not easy to calculate the residence ti
for the internal geometry of the saturator used in our stu
and for the constructions used by other investigators.3,17

For a test experiment, we used a saturator that wa
constant diameter~8 mm! straight tube and filled with a typi-
cally used molecular sieve~grain diameter 1 mm! impreg-
nated by DBP. The length of the tube was 50 cm and
volume flow rate was 5 cm3/s. For such a construction th
residence time can be easily defined and is approximate
s. We tested this saturator and found that 5 s was insufficient
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FIG. 4. Comparison of our previous experimental da
~Ref. 17! obtained for the system DBP–Ar~circles! and
the Bedanovet al. ~Ref. 3! results obtained for the sys
tem DBP-N2 ~squares!. The nucleation temperatures~C!
are indicated at the lowest point of each data set.
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for argon to be saturated by DBP vapor. However, Ha¨meri
et al.17 reported that the residence time in their saturator w
less than 1 s and asserted that this was enough for satura
We suggest that this value may not be correct and bel
that the residence time in their saturator may be higher t
their estimate. We found empirically that if the diameter
s
n.
e
n

f

the internal column of the saturator is several times lar
than the diameter of the outlet, then the inert gas has eno
time to become saturated by the vapor of substance u
study. Hämeri et al.17 used exactly this kind of construc
tion, but there is still a question of what the true residen
time was.
h

FIG. 5. Comparison of the Ha¨meri et al. ~Ref. 15! ex-
perimental data obtained for the system DBP–N2 ~dia-
monds! and the Bedanovet al. ~Ref. 3! results obtained
for the system DBP–N2 ~squares!. The nucleation tem-
peratures~C! are indicated at the lowest point of eac
data set.
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FIG. 6. Results of calculations of temperature, vap
concentration, supersaturation, and nucleation rate
tributions inside the internal reactor channel for the sy
tem DBP–Ar. The radius of the channel is 4 mm. Th
length of the channel in this case is 400 mm. The v
ume flow rate is 5 cm3/s. Note that the first 60 mm of
the channel is part of the saturator section and the
mainder is the condenser. Temperature of the satur
is 183.4 °C and temperature of the condens
120.1 °C. The calculations have been made for t
boundary conditions with the gradients described in t
text.
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In the course of our experimental work, we tried diffe
ent internal geometries of the saturator at given temperat
of the condenser and saturator and also at a given vol
flow rate, and for the given geometry of the condenser.
looked for the highest particle concentration at the outle
the reactor, measured in all cases by the same TS-30
counter. Those experiments were made using DBP as a
substance in an argon atmosphere. From these studies
found the optimal construction of the internal geometry
the saturator that corresponds to the highest detected n
ation rate~see Fig. 2!. Again, it should be noted that w
cannot define what the true residence time in our saturato
because these calculations are not so trivial as in the
where the entire internal shape of the saturator, including
outlet, is a tube of constant diameter. Nevertheless, base
the measurements of the nucleation rate dependence on
ume flow rate~similar to what was made by Ha¨meri et al.,17

and Bedanovet al.!,3 we believe that the vapor concentratio
of DBP at the inlet to the channel actually corresponds to
equilibrium vapor pressure of DBP at the saturator tempe
ture. Clearly the direct answer to the residence time ques
can be only obtained from a direct measurement of the va
concentration at the outlet of the saturator. We plan to m
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such measurements in future studies, particularly when
study water vapor nucleation.

2. Temperature measurements

The next important question relates to the correct m
surement of the temperature of the reactor, especially in
region of the thermo-insulation between the saturator and
condenser. In order to provide uniform temperature con
tions for the entire saturator, as well as for the entire c
denser~or at least to diminish the temperature gradients
much as possible!, all parts of the reactor~excluding the
insulating Teflon® gasket between saturator and conden!
were made from aluminum~Fig. 2!. Using thin ~0.025 cm
diameter! K-type thermocouples, the temperature was m
sured at different locations inside the aluminum body of b
the saturator and the condenser and along the entire inte
channel of the reactor as well. We discuss temperature m
surements again later.

At a temperature difference of 64.2 °C between the sa
rator and the condenser bodies~saturator584.3, condenser
520.1 °C!, the temperature at the interface of the intern
saturator channel~the face of the cone—see Fig. 2! was less
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FIG. 7. Supersaturation and nucleation rate profil
calculated for the same conditions as shown in Fig.
are superimposed in order to visually demonstrate t
the nucleation rate peak is located in the region whe
the supersaturation changes very slowly.
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than the temperature inside the other internal parts of
saturator by no more than 2 °C. The temperature increa
nearly linearly from 83.2 °C~at the interface! up to 84.1 °C
during the first 40 mm and then it increases up to 84.3
within the next 20 mm. At this point it becomes stable a
equal to the temperature of the main part of the alumin
body of the saturator.

For the condenser the total temperature difference
tween the inside of the internal channel and the whole a
minum body was no more than 0.7 °C~20.8 °C at the cone
face, decreasing to 20.1 °C over the first 30 mm of the in
nal channel, and then remains stable!. As already noted
above, because of the cone shape of both saturator and
denser faces and the corresponding concave cone sha
the Teflon® gasket~Fig. 2!, we have been able to attain a
mm thick insulation layer between the internal channels
the saturator and of the condenser.

For such a geometry, it is a good approximation to us
step function to characterize the temperature condition
the region where the ‘‘hot’’ flow leaves the saturator a
enters the condenser. We solve the equations of heat
mass transfer using a factorization method and in the num
cal calculations, we typically use a 1 mmlength step along
the axial direction. Thus, the 1 mm insulation thickness i
ally represents the boundary conditions used in our calc
tions. We can also take into account the temperature~and
consequently the equilibrium vapor concentration! gradient
along the channel walls by incorporating the proper tempe
ture ~vapor concentration! into the boundary conditions.

Our calculations show that for a DBP–Ar system, t
boundary condition adjustment makes only a very mode
change to the results. In the calculation, we note that the
diffusion coefficient is typically lower than the thermal di
fusivity by about a factor of 5. At a volume flow rate 5 cm3/s
and an internal channel diameter 8 mm, the nucleation
peak occurs in the vicinity of the central axis at a distan
about 10 cm from the beginning of the condenser. As
example, if we put into the boundary conditions all the g
dients described above and then compare the results with
calculations made under the assumption that the tempera
of the entire saturator is 84.3 °C and the temperature of
entire condenser is 20.1 °C, we obtain the result that
nucleation temperature calculated under the former co
tions with gradients is less than that calculated accordin
the second one by only 0.01 °C. This is certainly within t
experimental measurement accuracy. The supersatur
value calculated for the first case isS5505 and for the sec
ond caseS5520. Finally, the nucleation rate isJ5100 000
and 63 000 particles/cm3/s, respectively, for cases 1 and
e
es
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The accuracy of the particle concentration measurem
~see corresponding topic below! for DBP is about 20%.
Thus, while we cannot say that the differences produced
temperature gradients are totally negligible, it appears t
are not large. Gradients may become very important fo
system like water–helium, because both thermal and gas
fusion coefficients are large and of similar magnitude. W
shall present results of calculations for such a system i
separate paper.

3. Computational errors and uncertainties

The next question is about the computational proced
itself. What is the accuracy of the calculations of the te
perature, vapor concentration, supersaturation, and nu
ation rate profiles inside the internal reactor channel, if
initial and boundary conditions are shown to be valid? T
question has been discussed from 1982~Kostrovskii et al.1!
until the present.3,17,19 The following equations of heat an
mass transfer for steady-state conditions with axial symm
must be solved:

Vmax@12~r /R0!2#]T/]z

5a@1/r ]/]r ~r ]T/]r !1]2T/]z2#, ~1!

Vmax@12~r /R0!2#]C/]z

5D@1/r ]/]r ~r ]C/]r !1]2C/]z2#, ~2!

whereT is the temperature,C is the vapor concentration,r
andz are the radial and axial coordinates,R0 is the radius of
the internal channel of the reactor,Vmax is the maximum flow
velocity, a5k/cpr is the thermal diffusivity~wherek is the
thermal conductivity,cp is the isobaric specific heat,r is the
gas density!, andD is the gas diffusion coefficient.

Normally the following boundary conditions can be us
for the temperature:

T(r ,0)5temperature of saturator,
T(R0 ,z)5temperature of condenser.
For the vapor concentration these conditions then

come,
C(r ,0)5equilibrium concentration at the saturator tem

perature,
C(R0 ,z)5equilibrium concentration at the condens

temperature.
But, as discussed in the previous topic, the bound

conditions are not so simple, because of the temperature
dients along the channel walls.

As an example, we show the boundary conditions u
for the directly measured gradients discussed above.
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FIG. 8. Temperature and nucleation rate profiles, c
culated for the same conditions as shown in Fig. 6, a
superimposed to show the temperature drop during
nucleation pulse.
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For Z50, T(r ,0)5T1 ,
For Z51220 mm, T(R0 ,Z)5T120.01Z,
For Z521260 mm, T(R0 ,Z)5T(R0,20)20.045(Z220),
For Z561290 mm, T(R0 ,Z)5T010.720.023(Z260),
For Z5912600 mm, T(R0 ,Z)5T0 ,

whereT1584.3 °C is the temperature of the entire body
the saturator andT0520.1 °C is the temperature of the enti
body of the condenser. The boundary conditions for the
por concentration also have to be adjusted to represen
equilibrium vapor concentrations corresponding to these n
wall temperatures.

Figure 6 shows the results of calculations of tempe
ture, vapor concentration, supersaturation, and nuclea
rate for the system DBP–Ar at the temperature of the s
rator 83.4 °C and the temperature of the condenser 20.1
Note that the first 60 mm along thez axis belongs to the
saturator part of the reactor channel; the remainder is
condenser.

Figure 7 shows the nucleation rate@calculated according
to the self-consistency correction~SCC! model25# and super-
saturation profiles, while Fig. 8 shows the nucleation rate
temperature profiles. On inspection of Figs. 7 and 8, we
see that the majority of all the particles~over 80%! nucleate
inside a narrow region near the central axis. The diam
and length of the nucleation zone are approximately 2 and
mm, respectively. The maximum of nucleation rate is loca
at about 100 mm from the beginning of the condenser. In
region, the supersaturationSvaries within the range of 96%–
100% of the maximum value of logS and the temperature
decreases by about 4 °C. By evaluating the maximum
nucleation rate and its location, the corresponding supers
ration and nucleation temperature can be determined.
allows nucleation rate measurements as a function of su
saturation and temperature to be obtained.~For a detailed
description of this procedure, the reader is referred to Ha¨meri
et al.17!

The calculations have been made using a computer c
and are based on aFORTRAN program first used in 19821 for
the estimation of nucleation of alcohols. In order to exam
how our code performs in comparison with other simi
programs, we have made calculations for the same sys
DBP–nitrogen and for the same initial and boundary con
tions used by Bedanovet al.3 The results obtained are pra
tically identical to each other.

As mentioned, our code uses a factorization method
calculates temperature, vapor pressure, supersaturation
nucleation rate profiles inside the internal reactor chan
Initial input parameters to the model include measured p
ticle concentration, temperatures of the saturator and of
f
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condenser, length of the channel, number of steps along
channel, number of steps along the radial axis, and volu
flow rate. After the model is run for these input values, w
can analyze the calculated data to refine more precisely
parameters of the nucleation zone itself. The input para
eters for the second part include only the geometrical lo
tion of that part of the reactor channel which is of particu
interest. Also, the second step provides an option of whe
to continue calculations or to stop and to write data files. T
program is run on a PC.

The program has the same limitations as other sim
codes,3,17,19 because it does not take into account particl
vapor and particle–particle interactions. But these inter
tions for the system DBP–argon do not play any import
role up to a particle concentration of 100 000 cm23. With
respect to the frequently discussed question of whether or
to take into account the axial dispersion term,1,19 this pro-
gram allows a selection of both ways. We performed b
tests and found that for DBP–Ar axial dispersion is neg
gible.

Finally, there are questions about the physicochem
properties of both DBP and Ar that are required for maki
these calculations. Table I shows the molecular weight, d
sity, equilibrium vapor pressure, surface tension of DB
density, thermal conductivity, specific heat of Ar at consta
pressure, and diffusion coefficient of DBP in Ar. We ha
used the same vapor pressure data, density, and surface
sion for DBP as Bedanovet al.3 and Hämeri et al.17 The
thermal diffusivity of argon has been calculated using
handbook24 data of thermal conductivity, isobaric specifi
heat, and density. Because we are dealing with a mixtur

TABLE I. Physicochemical properties of DBP and Ar. The parameters a
M—molecular weight of dibutylphthalate,rdbp—density of DBP,
Pe—equilibrium vapor pressure of DBP,s—surface tension of DBP,
rargon—density of Ar,k—thermal conductivity of Ar,Cp—isobaric specific
heat of Ar,D—diffusion coefficient of DBP in Ar. Temperature is given i
K and pressure in Torr~1 Torr5133.322 Pa!.

DBP
M5278.35 (g/mol)
rdbp51.049220.000 67(T2293.15)60.0005(g cm3)
log Pe57.06521666/T2547 700/T2(Torr)
s50.033 9320.000 089 4(T2293.15)60.000 05 (N/m)

Ar
rargon56.9572120.036 853 9T18.592 28E2005T21

27.447 52E20.08T3(1023 g/cm3)
k5174.4510.465(T2293.15)(1024 W m21 K21)
Cp5522 (J kg21 K21)
D50.0005T20.1065 (cm2/s)
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TABLE II. Sensitivity analysis of the calculations. The results have been obtained at fixed temperatu
condenserTc (C) and of saturatorTs (C). Thermal diffusivity as well as diffusion coefficient were varie
within 610%. The changes of nucleation temperatureTn ~K!, supersaturationS, experimental nucleation rate
Je ~cm23 s21!, and theoretical~SCC theory has been used! nucleation rateJt ~cm23 s21! are shown.

Tc Ts Tn log S log Je log Jt

Thermal diffusivity used 20.1 84.3 294.28 2.70 4.02 4.84
Thermal diffusivity30.9 20.1 84.3 294.55 2.66 4.02 4.30
Thermal diffusivity31.1 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 coefficient30.9 20.1 84.3 294.23 2.74 4.00 5.39
Diffusion coefficient31.1 20.1 84.3 294.48 2.66 4.06 4.31
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argon and DBP, it may lead~according to Ha¨meri et al.17! to
a change of thermal diffusivity within a range of610%. We
have performed the same sensitivity analysis as Ha¨meri
et al.,17 i.e., we have made calculations varying the therm
diffusivity within the range of610%. The results are pre
sented in Table II. One can see that this variation does
significantly affect the experimental nucleation rate nor
nucleation temperature. It does, however, moderately af
the supersaturation~logS changes no more than62%!.
Thus, this effect changes the estimated theoretical nuclea
rate by less than60.5 orders of magnitude or a factor of 3

Measured data for the gas diffusion coefficient of DB
in argon are not available in the handbook. Hence, in orde
obtain it, we have carried out a thorough comparative an
sis of available data of diffusion of DBP vapor in nitrogen3,17

and in air,24 as well as data for the range of several oth
substances~e.g., octane!, whose diffusion has been measur
in different ambient gases~nitrogen, argon, and air!.24 In this
way, we believe we can define the limits of possible dev
tions of the diffusion of DBP–Ar within610%. We have
performed a sensitivity analysis similar to that performed
thermal diffusivity. The results are also presented in Table
Again one can see that gas diffusion coefficient deviati
have the same influence on the accuracy of the result
shown for thermal diffusivity.
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4. Particle concentration measurements

The final question concerns the accuracy of particle c
centration measurements. One might think that, with
available commercial ultrafine condensation particle coun
~like TSI-3025A!, the technique of particle counting in an a
flow would be well understood. However, the results o
tained during our study indicated that the situation is still n
entirely ideal. We have tested the ability of TSI-3025A
measure the concentration of the particles freshly nuclea
from water, pentanol, pentadecane, ethylene glycol, glyce
and DBP over a wide range of nucleation temperatures~from
about230 up to120 °C!. The counter only worked well for
DBP over the entire range of temperatures studied. It wor
with some restrictions for ethylene glycol and for glyceri
although some problems arose at room temperatures at
concentration levels. It does not work at all for pentan
pentadecane, and water.

Because this paper focuses on the study of DBP, we
not discuss these problems here in great detail~they will be
covered in a separate paper!. We note briefly that the mos
likely source of the problem arises from the capillary tu
inside the TSI-3025A~Fig. 9!. It appears that ethylene glyco
and glycerin particles under certain conditions~particle size
and concentration! cannot pass through this capillary. Th
le
le
FIG. 9. Schematic of the ultrafine condensation partic
counter TSI-3025A. The locations of potential partic
loss ~capillary and right angle turn! are indicated.
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conclusion is based on using a TSI-3010 counter, which d
not have this capillary in parallel with the TSI-3025A. It
not entirely clear why we have a problem with water, pe
tanol, and pentadecane particles. It may be a result of ev
ration of the particles, flow impairment in the capillary, i
teraction~or lack thereof! with the n butanol~which is used
for the enlargement of the particles injected into the T
counter!, or some other effect.

Some counting discrepancies occur even for DBP p
ticles, indicating possible sampling line losses. We p
formed measurements with two versions of the TSI-3025A
standard model with a right angle turn and another, a spe
model loaned to us by TSI, with a straight tube for delive
of particles to the counting volume. The comparison of D
particle concentration measurements made by the stan
counter and the special model showed that the spe
counter gave on average 20% higher values than the reg
one.

Another possible source of particle counting inaccura
is the evaporation of the aerosol during its delivery to
counting volume. Because DBP has a sufficiently low va
pressure, this effect cannot play a role for conditions n
room temperature. However, the importance of the evap
tion is likely to increase when the condenser temperatur
reduced below room temperature. Unfortunately, as a re
of the construction and geometry of the TSI-3025A coun
we are not able to provide immediate delivery of fresh
formed particles to the counting volume. In that sense,
Vohra–Heist construction19 provides certain advantages, b
cause the wall of the condenser section is transpa
~quartz!. On one hand, this construction allows particles
be counted directly in the condenser, but, on the othe
makes it difficult to provide good temperature stability. Id
ally, a counting chamber should be placed directly at
outlet of the condenser. We plan to do this in our futu
work. At the moment we note that our measured nuclea
rate at221.3 °C lies very close~about a factor of 10 higher!
to Bedanov’s3 data~at 223.5 °C! and much higher~several
orders of magnitude! than Hämeri’s17 data~at 222.3 °C!. It
is clear that evaporation will result in a lower nucleation ra
While these comparisons with other data do not provide
rect evidence, they at least confirm that evaporative los
are not significant in our case.

C. Summary of errors and uncertainties

In summary, we can say that, at the current state of
development of the laminar flow tube reactor, the uncerta
of the wall temperature measurement is 0.1 °C and its ef
on the computed supersaturation is negligible. At present
technique is available to measure the temperature in the
accurately without disturbing the flow. However, because
temperature can be measured at any location along the
minum body of both the saturator and condenser, includ
the critically important gradients along the walls of the inte
nal channel of the reactor, we can include these gradi
into the boundary conditions of the calculations, thus de
ing the temperature in the reactor channel with as much
tail as possible.

There is a possible source of moderate error as a re
es

-
o-

I

r-
-
a
ial

rd
ial
lar

y
e
r
r

a-
is
lt

r,

e

nt

it
-
e

n

.
i-
es

e
ty
ct
o
as
e
lu-
g
-
ts
-
e-

ult

of the unknown vapor concentration at the beginning of
internal channel. Such an uncertainty can change the in
conditions and may lead to incorrect calculations of the
por concentration distribution and, consequently, to inac
racies in defining the supersaturation; although as it has b
discussed above, experiments with varying of the flow r
have shown that the initial conditions are correct. Howev
for full confidence, the vapor concentration at the outlet
the saturator needs to be measured.

Physicochemical parameters used in the calculati
may also be questionable, but as shown above those un
tainties lead at most to a610% uncertainty in supersatura
tion. Particle concentration measurements when the c
denser is near room temperature should not produce m
than a 20% error. Evaluation of evaporative losses of
particles formed at condenser temperatures below room t
peratures will be made in future studies.

Generally speaking we note that the entire system is v
stable and the results are reproducible. Indeed, measurem
presented in this paper were repeated three times over a
year period using slightly different modifications of th
LFTR ~mostly these modifications relate to the internal g
ometry of the saturator and to the interface between the s
rator and the condenser!. During the measurements, the sy
tem operated continuously through an entire day~about 8–10
h without interruption! and the results were still reproduc
ible. Both vertical and horizontal orientations of the LFT
were tried and no difference was observed. Since DBP h
relatively high viscosity, the liquid film formed on the wall
of the reactor channel does not affect the nucleation proc
Events such as dripping from the reactor walls were
served only rarely and only after about 8 h of continuous
operation. In any case this latter kind of disturbance w
easily distinguishable from the nucleation process.

III. RESULTS AND DISCUSSION

The experiments were conducted in two modes. First
a fixed condenser temperature, the saturator temperature
varied. This mode results in a nucleation rate depende
upon supersaturation at a given nucleation temperature~iso-
thermal nucleation rate!. This kind of experiment is carried
out in discrete steps. Because of the time required to re
temperature equilibrium between the aluminum body of
saturator and the molecular sieves impregnated with DBP
is not possible to provide correct measurements under c
tinuous change of the saturator temperature. Hence, e
measurement is made after a complete temperature equ
rium of the saturator has been achieved.~During some of the
controlled measurements, we have allowed a 30–60
time interval for each experimental point in order to ass
that both temperature and particle concentration remai
stable during the measurement.! Also, we note that the slope
of each experimental curve remains essentially constant~see
Fig. 10! over the entire measured particle concentrat
range~up to 100 000 particles/cm3 is possible using the TSI
3025A counter!. This behavior implies that the measur
ments of nucleation of DBP vapor presented here are
affected by coagulation processes.
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FIG. 10. Nucleation of DBP in Ar. The experimenta
results~crosses! of nucleation rateJ dependence on su
persaturationS and theoretical predictions~triangles!
made using SCC theory. The nucleation temperatu
~C! are indicated at the top of each data set~except for
230.2 °C!.
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The second mode was carried out at a fixed satur
temperature, while varying the condenser temperature.
mode results in a nucleation rate dependence upon temp
ture at a given vapor pressure~isobaric nucleation rate!.
These types of experiments were made because of the
ticular interest in a recent theoretical breakthrough5–8 based
on the second nucleation theorem, which allows the esti
tion of important energetic characteristics of the critical clu
ter. Initially our measurements were carried out in a discr
mode. This type of the experiment, however, does not
quire establishing temperature equilibrium of the conden
with some foreign substance. We have demonstrated tha
results from measurements in the continuous mode do
differ from those obtained in the discrete mode. Sub
quently, measurements were made in the continuous mo

A. Comparison with SCC model of nucleation

Figure 10 shows our experimental data and the comp
son with the theoretical predictions based on the S
theory.25 Table III gives the numerical values of those da
Two main points can be made. First, the slopes of the
perimental curves are consistent with the theoretical pre
tions. It would therefore appear that the SCC model~and the
classical theory on which it is based! can correctly accoun
for the critical cluster size in these experiments. Second,
temperature dependence of nucleation rate does not fo
the theoretical predictions. This is in agreement with exp
tations. In particular, it has been emphasized by McGraw
Laaksonen4 that a theory based on the classical capillar
approach does not allow prediction of the correct tempe
ture dependence. One can see that the discrepancies wit
theoretical predictions increase with decreasing tempera
or
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and, therefore, with decreasing critical cluster size. Gener
speaking, this conclusion is reasonable, because, as we
show in the next section, the critical cluster size is only
molecules in size at230.2 °C. Classical consideration
should break down under these conditions.

B. Analysis of data with nucleation theorems

A method has recently been developed for the extrac
of information about the energetics of critical clusters fro
experimental data on the nucleation rate. The critical clus
is the size that is equally likely to grow or to decay under t
conditions prevailing in the supersaturated vapor; it is
garded as the principal intermediate state in a droplet nu
ation event. The analysis uses the two nucleat
theorems,1–7,26 which are general results based on the th
modynamics of cluster formation.

The main result of this analysis is a plot of the exce
internal energy of a critical cluster against its size in m
ecules. The excess internal energy is the difference betw
the energy of the cluster, and the corresponding energy
component molecules would possess if they were part o
bulk condensed phase under the same conditions; i
loosely related to the surface energy.
The two nucleation theorems are

S ] ln J

] ln SD
T

511 i * ~3!

and

S ] ln J

]T D
S

5~L2kT1Ex~ i * !!/kT2, ~4!
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TABLE III. Experimental results and comparison with the predictions of SCC~self-consistency correction! nucleation theory. Six sets of the experiment
points have been obtained at six fixed temperatures of condenserTc (C). Saturator temperatureTs (C) has been varied. Nucleation temperatureTn (K),
supersaturationS, experimental nucleation rateJe ~cm23 s21!, and theoretical nucleation rateJt ~cm23 s21! are presented.

Tc Ts Tn log S log Je log Jt Tc Ts Tn log S log Je log Jt

230.3 38.4 242.98 4.857 1.527 7.486 21.3 61 272.46 3.24 1.04 3.42
230.3 39.3 242.98 4.904 1.963 7.834 21.3 62.2 272.48 3.291 1.34 4.12
230.3 40.3 242.98 4.955 2.572 8.209 21.3 63 272.48 3.324 1.6611 4.57
230.3 42.5 242.99 5.066 3.611 8.985 21.3 64.2 272.5 3.374 2.21 5.21
230.3 43.5 242.99 5.115 4.006 9.32 21.3 65.3 272.51 3.419 2.67 5.77
230.3 44 242.99 5.14 4.208 9.483 21.3 66.1 272.52 3.451 3.14 6.169
230.3 44.5 242.99 5.165 4.418 9.644 21.3 67.3 272.53 3.499 3.7608 6.736
230.3 45 242.99 5.189 4.603 9.802 21.3 68.1 272.54 3.531 4.15 7.1

21.3 69.2 272.55 3.575 4.61 7.583
221.6 45 251.8 4.283 1.61 6.35 21.3 70.3 272.56 3.618 4.94 8.04
221.6 45.7 251.8 4.317 1.83 6.663 21.3 70.8 272.56 3.638 5.09 8.25
221.6 46.8 251.81 4.37 2.43 7.13 21.3 71.3 272.57 3.657 5.22 8.45
221.6 47.7 251.81 4.41 2.9 7.5
221.6 48.7 251.81 4.46 3.36 7.89 8.9 71.2 282.88 2.9 1.42 3.09
221.6 49.8 251.82 4.51 3.86 8.32 8.9 72.3 282.9 2.942 2.12 3.77
221.6 50.8 251.82 4.55 4.29 8.68 8.9 73.3 282.91 2.976 2.51 4.3
221.6 51.8 251.82 4.6 4.66 9.046 8.9 74.5 282.93 3.026 3.288 5.03

8.9 75.6 282.94 3.0673 3.8 5.62
211.8 51.7 261.81 3.69 1.02 4.55 8.9 76.6 282.96 3.104 4.4 6.13
211.8 52.9 261.82 3.753 1.26 5.178 8.9 77.6 282.97 3.14 4.87 6.63
211.8 54 261.83 3.8 1.59 5.72 8.9 78.6 282.98 3.177 5.27 7.1
211.8 55 261.84 3.84 2.11 6.2 8.9 79.6 283 3.214 5.6 7.56
211.8 56 261.85 3.89 2.656 6.665
211.8 57 261.85 3.93 3.15 7.1 19.1 81.7 293.37 2.611 1.97 2.75
211.8 58 261.86 3.979 3.66 7.53 19.1 82.8 293.4 2.65 2.57 3.46
211.8 59.1 261.87 4.026 4.14 7.98 19.1 83.7 293.41 2.681 3.22 4.02
211.8 60.1 261.88 4.069 4.579 8.379 19.1 84.7 293.43 2.716 3.81 4.61
211.8 61.1 261.88 4.112 4.94 8.7608 19.1 85.7 293.45 2.75 4.36 5.17

19.1 86.7 293.47 2.784 4.91 5.721
19.1 87.7 293.49 2.818 5.43 6.243
19.1 88.7 293.51 2.852 5.82 6.744
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whereJ is the rate of formation of critical clusters,S is the
supersaturation ratio,T is the temperature,i * is the number
of molecules in a critical cluster,Ex( i * ) is its excess interna
energy,k is Boltzmann’s constant, andL is the latent heat of
condensation per molecule. The nucleation theorems in
form assume that the vapor phase can be described a
ideal gas. Corrections for nonideal effects have recently b
derived8 but quantifying them requires knowledge of the se
ond virial coefficient. Approximate calculations o
n-pentanol,8 together with physical considerations, sugg
that they should be small, so we neglect the corrections.

The nucleation theorems enable us to calculate the
and excess energy of a critical cluster, if we know the
pendence of the nucleation rate on temperature and su
saturation. We therefore need to fit a functionJ(S,T) to the
experimental data. We use a fitting function of the form

ln J5a2b~c/T21!3/~ ln S!2, ~5!

where a, b, and c are fitting parameters. This function
similar to the phenomenological expression which Hale27,28

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

Ex~ i * !5
3b1/3ck

22/3 ~11 i * !2/32L1kT. ~6!
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The latent heat of condensation per molecule,L, can be cal-
culated from the empirical expression for the saturation
por pressurePe as a function of temperature, given in Tab
I, through use of the Clausius–Clapeyron equat
d ln Pe/dT5L/(kT2). HenceL/k ~in units of K21! is given by

FIG. 11. Evaluation of the success of the fitting function. The dots disp
the experimental and fitted values of lnJ. The dashed line represents
perfect fit to the data.
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L53836k12 522 000k/T. ~7!

Fitting a function of the form of Eq.~5! to experimental data
from the present investigation produceda567.4, b55730,
andc5490 K. Figure 11 demonstrates that the function d
scribes the data well. The graph ofEx( i * ) against i * ~in
units ofkT0 , whereT05273.15 K! is plotted in Fig. 12. Also
shown, for comparison, are the predictions of classical nu
ation theory, which are given by

Excl* 5kT2 S 1

2s

ds

dT
2

~36p!1/3

3 S 3

s

ds

dT
2

2

rdbp

drdbp

dT

2
3

TD s

kTrdbp
2/3 i * 2/3D , ~8!

whereExcl* represents the classical excess energy evalu
at the classical critical sizei cl* . Here,rdbp is the liquid mo-
lecular density, ands is the surface tension. We use physic
properties given in Table I.

The critical clusters investigated here are remarka
small, containing as few as six molecules, and there is
reason to expect them to be described by classical nuclea
theory. It is instructive to compare the results depicted
Fig. 12 with calculations using the latent heat and the nu
ber of dangling~unsatisfied! bonds in a cluster. The laten
heat per molecule at 273.15 K, from Eq.~7!, is L
547.8kT0 . Now, a molecule in the bulk liquid will interac
with around 12 nearest neighbors, if the arrangement b
any resemblance to that in a close-packed solid. If we a
ciate the latent heat of condensation with the formation
nearest-neighbor bonds, then each bond will therefore c
tribute a binding energy of aroundL/6. An isolated cluster of
six molecules, arranged as a compact fragment of a cl
packed structure, is sketched in Fig. 13. It possesses
bonds in all, so that the total energy is about212L/6. Ac-
cording to this simple model, the excess energy for
6-cluster will therefore be 212L/626(2L)54L
5191kT0 . Similarly, a cluster of 15 molecules, arranged
the close-packed fragment sketched in Fig. 13, would c

FIG. 12. The excess energy as a function of critical cluster size, expre
in units of kT0 , where T05273.15 K. Solid line: calculations from the
experimental data, valid within the range ofS, T values covered in the
experiments. Dashed lines: predictions of classical nucleation theory.
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tain 42 bonds, and the excess energy would be242L/6
215(2L)58L5383kT0 . These estimates are just a litt
higher than the values indicated in Fig. 12. The cluster en
gies we extract from the nucleation data are therefore
unrealistic, and would be ideal for testing more detail
models of the binding of DBP clusters.

C. Comparison with other experimental data

Figures 14–16 allow comparison of our experimental
sults with previously measured data.3,18,20 Comparison with
data obtained by two other experimental groups3,18 shows
that in one case~Bedanovet al.3! there is agreement at low
temperature~around220 °C!, but discrepancies grow with
increasing temperature. Quite the opposite is seen with
Hämeri et al.18 data, which are in agreement at room tem
perature, but then as the temperature decreases, the dis
ancy grows very quickly until it reaches an enormous va
~approximately seven orders of magnitude! at a temperature
of 227 °C.

Clearly, such a large discrepancy cannot be caused
any of the possible reasons discussed earlier. In particu
because we have used practically the same physicochem
data~with the exception of a different carrier gas!, the cal-
culations themselves can not be the source of the disc
ancy. We are inclined to assume that it is most likely t
temperature measurements that may be the cause of
drastic differences. Perhaps use of a relatively large diam
~0.5 mm! thermocouple is not appropriate. During our me
surements, we have tested three types of thermocoup
0.025, 0.25, and 0.5 mm in diameter. The thinnest one is
sensitive and it is practically impossible to use for gas te
perature measurements. A comparison between the se
and third types has shown a difference that increases be
room temperature. The thickest~0.5 mm! thermocouple may
indicate a temperature up to several degrees warmer tha
0.25 mm one in the region220 to 230 °C, depending on
how deep the thickest thermocouple is slipped into
thermo-well. For this reason, all our measurements w
made using the 0.25 mm type. We also suspect that the
viations with our own earlier measurements16 may have been
caused by the same reason, since a 0.5 mm thick ther
couple was used in the earlier work.

ed

FIG. 13. Suggested structures of molecular clusters of 6 and 15 molec
Both are fragments of close-packed structures.~111! planes in the 15-cluster
are indicated in different line styles to make the structure easier to re
nize.
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FIG. 14. Nucleation of DBP in Ar. The nucleation rat
J dependence on supersaturationS. Comparison of our
current experimental data~crosses! and the Ha¨meri
et al. ~Ref. 15! results~diamonds!. The nucleation tem-
peratures~C! are indicated at the lowest point of eac
data set.
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IV. CONCLUSIONS AND FUTURE PLANS

We have clearly shown that the laminar flow tube re
tor technique can be used as a quantitative tool for nuclea
measurements. There is still some work that needs to be d
to evaluate possible sources of uncertainties, such as v
concentration at the inlet to the internal channel of the re
-
on
ne
or

c-

tor and evaporative losses of particles formed at conditi
below room temperature. Also, careful attention needs to
paid to the choice of physicochemical parameters used
calculations.

The data gathered have provided significant insight i
the properties of small molecular clusters of DBP. Throu
e

h

FIG. 15. Nucleation of DBP in Ar. The nucleation rat
J dependence on supersaturationS. Comparison of our
current experimental data~crosses! and the Bedanov
et al. ~Ref. 3! results ~squares!. The nucleation tem-
peratures~C! are indicated at the lowest point of eac
data set.
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FIG. 16. Nucleation of DBP in Ar. The nucleation rat
J dependence on supersaturationS. Comparison of our
current experimental data~crosses! and our previous re-
sults ~Ref. 17! ~circles!. The nucleation temperature
~C! are indicated at the lowest point of each data se
uc
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J.
use of the nucleation theorems, the dependence of the n
ation rate on temperature and supersaturation has yielde
excess energies of clusters consisting of as few as six m
ecules. We have shown that these results are not consi
with the capillarity approximation, which is to be expecte
However, if we model the clusters are fragments of a clo
packed structure, and estimate the excess energies o
basis of the number of broken surface bonds and the m
sured latent heat of condensation, then we find good ag
ment. It suggests that more detailed molecular mode
would be profitable.

We note that this study has been made using the v
convenient working substance DBP, for which the Lew
number (Le5a/D) is typically much larger than unity fo
any of the carrier gases used~for argon Le is approximately
equal to 5!. Our next studies will include such substances
glycerol, ethylene glycol, range of alkanes, a range of al
hols, and water. For some of them, like light alkanes, lig
alcohols, and particularly for water, it is not so easy to fi
appropriate conditions, where thermal processes preva
comparison with diffusion. However, some preliminary wo
has already been done and the results will be publishe
future papers.
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