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Isothermal homogeneous nucleation rates of 1-butanol were measured both in a thermal diffusion
cloud chamber and in a laminar flow diffusion chamber built recently at the Institute of Chemical
Process Fundamentals, Academy of Sciences of the Czech Republic, Prague, Czech Republic. The
chosen system 1-butanol-helium can be studied reasonably well in both devices, in the overlapping
range of temperatures. The results were compared with those found in the literature and those
measured by Lihavainen in a laminar flow diffusion chamber of a similar design. The same
isotherms measured with the thermal diffusion cloud chamber occur at highest saturation ratios of
the three devices. Isotherms measured with the two laminar flow diffusion chambers are reasonably
close together; the measurements by Lihavainen occur at lowest saturation ratios. The temperature
dependences observed were similar in all three devices. The molecular content of critical clusters
was calculated using the nucleation theorem and compared with the Kelvin equation. Both laminar
flow diffusion chambers provided very similar sizes slightly above the Kelvin equation, whereas the
thermal diffusion cloud chamber suggests critical cluster sizes significantly smaller. The results
found elsewhere in the literature were in reasonable agreement with our results. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1917746g

INTRODUCTION

Homogeneous nucleation is the initial step in the forma-
tion of liquid droplets from condensable vapors. Nucleation
rate is rate of formation of critical clusters, the molecular
clusters that have an equal probability to grow to a droplet or
decay back to the vapor phase. If there is a need to measure
homogeneous nucleation rates with a sufficient precision, the
requirements for experimental methods adequately increase.
According to Kashchiev1 and Anisimov and Cherevko,2 iso-
thermal nucleation rates measured as functions of the satura-
tion ratio yield the molecular content of critical clusters.
Measuring isothermal nucleation rates has thus set the stan-
dard for nucleation rate measurements. Only a handful of
devices are able to fulfill such requirements at the present
time; these are the fast expansion cloud chamber,3,4 two-
piston expansion cloud chamber,5,6 shock tube,7,8 supersonic
nozzles,9 thermal diffusion cloud chamber10–15 sTDCCd, and
laminar flow diffusion chamber16–19 sLFDCd. The experi-

mental data show large scatter, which has been a point of
discussion for a long time. For example, the measured nucle-
ation rates of 1-pentanol can differ by several orders of mag-
nitude depending on the measuring device. Attempts have
been made to rule out reasons for the scatter in data, most
notably the Joint Experiment on Homogeneous Nucleation
initiated in Prague, June 1995.20 However, comparison stud-
ies for understanding the experimental factors leading to dif-
ferent results are still lacking.

For this work, the homogeneous nucleation rates of
1-butanol were measured in parallel in a TDCC and in a
LFDC built recently at the Prague Institute. The system
1-butanol-helium was chosen because it can be studied rea-
sonably well with both devices in an overlapping tempera-
ture range. The new LFDC is based on a design of
Lihavainen and Viisanen21 and having the same experimental
setup. The results of the TDCC, the new LFDC, and those of
Lihavainen22 were compared. A comparison with other mea-
surements found in the literature was also made. The aim of
the study is to gain a better understanding of experimental
factors contributing to different results of measuring devices.adElectronic mail: brus@ipcf.cas.cz
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II. EXPERIMENT, OPERATION PRINCIPLE, AND
SETUP

A. The thermal diffusion cloud chamber

The used TDCC is presented in detail elsewhere.23 A
short overview of the technique is given here. The basic
function of the diffusion cloud chamber is to produce super-
saturated vapor by using nonisothermal diffusion. The cham-
ber is designed so that one-dimensional diffusion of vapor
takes place through an inert carrier gas. The chamber con-
sists of two circular hard aluminum plates, separated by a
25-mm high ring made of a 5-mm-thick optical glass with an
inner diameter of 160 mm. The bottom plate covered with a
thin film sless than 1 mmd of the studied liquid is heated. The
liquid evaporates from the film surface, diffuses through an
inert gas, and condenses on the cooler top plate. The conden-
sate flows along the glass wall back to the pool, so the cham-
ber can be operated at a steady state. The type and pressure
of the inert gas are chosen so that the density profile is stable
to buoyancy-driven convection. Under such circumstances,
the character of transport processes between the plates leads
to a state, where both the temperatureT and the partial vapor
pressurepA decrease almost linearly with increasing chamber
heightssee Fig. 1d. Since the equilibrium vapor pressurepeq

decreases with the height more quickly thanpA, the vapor in
the chamber becomes supersaturated with a maximum super-
saturationS=pA/peq reached close to the top plate.

By increasing the temperature difference between both
plates, the supersaturation can be increased until it is suffi-
cient for homogeneous nucleation to start. The self-cleaning
nature of the chamber hinders heterogeneous nucleation. The
nucleation induced by ions is effectively prevented by apply-
ing an electrostatic field across the chamber. Stable clusters
of the new phase grow rapidly to visible droplets inside a
thin layer called nucleation zone with nucleation rate maxi-
mum located somewhere below supersaturation maximum.
The formed droplets fall back to the liquid film due to gravi-
tation. The nucleation rate determination is described later in
a separate section.

B. The laminar flow diffusion chamber

The laminar flow diffusion chambersLFDCd is based on
a method proposed by Anisimovet al.24 The LFDC used in
this investigation is based on a design of Lihavainen and
Viisanen.21 The operational principle of the LFDC is similar
to the static diffusion cloud chamber. The LFDC consists of

three main parts: a saturator, a preheater, and a condenser
sFig. 2d. The carrier gas first enters a horizontal saturator
containing the liquid under investigation. At the exit of satu-
rator the carrier gas is saturated with the vapor. A laminar
velocity profile is obtained in the preheater that is perpen-
dicularly connected to the end of the saturator. The flowing
vapor-gas mixture is then rapidly cooled in the condenser by
heat exchange through the condenser wall. The temperature
of the condenser is much lower than that of the saturator and
hence high vapor supersaturation can be obtained due to a
strong exponential dependence of equilibrium vapor pressure
on temperature. In addition, an important principle of the
LFDC operation is that the heat transfer by conduction is

FIG. 1. Vertical 1D profiles of density,
temperature, equilibrium and partial
vapor pressures, saturation ratio, and
nucleation rate inside TDCC.

FIG. 2. Schematic picture of the LFDC.s1d saturator,s2d preheater,s3d
condenser,s4d teflon spacer,sAd carrier gas inlet,sBd saturator thermostated
liquid inlet and outlet,sCd preheater thermostated liquid inlet and outlet, and
sDd condenser thermostated liquid inlet and outlet,T1−T7: thermocouples.
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faster than the mass transfer by diffusion in the condenser
tube. As a result, the equilibrium vapor pressure decreases
faster than the partial pressure of the nucleating vapor which
increases the saturation ratio. Also, a well-defined nucleation
zone is produced in the axial region of the tube making data
interpretation easier.

The ratio of the rates of heat transfer by conduction and
mass transfer by diffusion is expressed by the Lewis number,

Le =
k

Drcp
, s1d

wherek is the thermal conductivity of the vapor-carrier gas
mixture,D is the binary diffusion coefficient,r is the density
of the mixture, andcp is the specific heat of the mixture. For
the correct operation of the LFDC, the Lewis number should
be larger than unity. The Lewis number for 1-butanol in he-
lium is 5.8.

Concentration of the vapor in the mixture is controlled
by temperature of the saturator. To be sure of proper opera-
tion of the saturator in the LFDC, a flow rate test was made.
The model predicts that at higher flow rates the nucleation
rate is independent of the flow rate. At lower flow rates, with
constant boundary conditions, the nucleation rate is lowered
by several effects arising from the heat and mass transfer
relations and also the vapor is considerably depleted already
in the nucleation zone because of condensational growth of
nucleated particles. Figure 3 illustrates how the number of
counted particles rises to a certain value with increasing flow
rate as these effects become negligible. When the flow rate is
high enough the number of counted particles remains almost
constant. However, if the flow rate becomes too high, the
residence time in the saturator shortens so much that the
carrier gas does not get fully saturated with the vapor any
longer. The carrier gas flow rate of 1000 cm3/min was cho-
sen for this investigation.

The level of supersaturation is controlled by the tem-
perature difference between the saturator and the condenser.
The nucleation temperature is controlled by temperatures of
the preheater and the condenser. The flow is kept laminar to
ensure that the transport processes are well defined. The

number concentration of droplets is measured optically be-
hind the condenser. A detailed description of the recently
built LFDC is given below.

A schematic picture of the LFDC is presented in Fig. 2.
The tubes connecting the carrier gas cylinder to the saturator
are made of stainless steel designed for chromatography in
order to avoid any contamination. The carrier gas flow was
controlled by a mass flow controllersTESLA 306 KA/RA,
Czech Republicd and checked with a soap bubble flow cali-
brator sGilibrator 2, Sensidyne Inc., USAd. After being fil-
tered with a high efficiency particle absorbersHEPAd, it is
first introduced into the saturator. Inside the saturator, the
carrier gas is brought into close contact and is fully saturated
with the vapor of studied liquid.

The saturator is a 1-m-long tube with an inner diameter
of 1.7 cm. The diameter of the saturator is smaller than in the
design by Lihavainen and Viisanen.21 This decreases the resi-
dence time of the carrier gas in the saturator but, on the other
hand, the vapor diffusion distance from the liquid pool is
shorter. The material of the saturator is stainless steel. The
saturator is thermally insulated from the environment and its
temperature is controlled with a thermostated circulating liq-
uid bathsTB 150, VEB MLW, GDRd. The end plugs of the
saturator are made of Teflon. The tubing inlets for the carrier
gas and the tubing inlets for the filling of studied liquid enter
through a Teflon plug. The temperature of the saturator is
measured with a chromel-alumel thermocouplesVEB
Walzwerk Hettstedtd, which is immersed in the liquid pool
and situated near the inlet of the vapor-gas mixture into the
preheater. The preheater inlet is situated above the liquid
level inside the saturator.

The preheater is a 0.3-m and the condenser a 0.5-m-long
tube, both with a 4.0 mm inner diameter. The inner tubes are
made of stainless steel and the heating and cooling jackets
are made of brass. The temperatures of the tubes are con-
trolled by circulating liquid baths with thermostatsTB 150,
VEB MLW, GDRd in the case of the preheater and with
cryostatsMK70, VEB MLW, GDRd in the case of the con-
denser. The circulating liquid used for the parts of the LFDC
was either water or ethanol depending on the required tem-
perature. The temperatures of the preheater and the con-
denser are measured with chromel-alumel thermocouples
sVEB Walzwerk Hettstedt, GDRd placed inside the circula-
tion inlet of the preheater and outlet of the condenser, respec-
tively, both situated about 4 cm from the Teflon spacer. Both
the preheater and the condenser are thermally insulated from
the environment. The preheater and the condenser are posi-
tioned vertically, therefore there are no settling losses of par-
ticles in the chamber. The vapor-gas mixture flows down-
ward so that the liquid condensing on the wall of the
condenser does not go back into the preheater and disturb the
boundary conditions.

The temperature drop in the connecting piece between
the preheater and the condenser has to be as steep as pos-
sible. This is reached by separating the preheater and con-
denser tubes with Teflon spacer. Because the heat conductiv-
ity of stainless steel is about 100 times higher than that of
Teflon, it is assumed that the temperatures of the preheater

FIG. 3. The number of counted particlesNexp as a function of the flow rate
Q in the LFDC sthe flow rate testd.
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and the condenser are independent. Holes for measuring the
temperature gradient are drilled in the brass jacket and in
both sides of the Teflon spacerssee Fig. 2d.

The Teflon spacer is 1.2 mm thick at the shoulders and
4.6 mm elsewhere. The inner surface of the tubes at the
connection between the preheater and the condenser is
smooth in order not to affect the flow profile inside.

The liquid condensed on the walls of the condenser is
subsequently separated from the gas flow with a specially
designed collector made of brass and attached to the end of
the condenser. Unlike the design by Lihavainen, where the
aerosol had to take a 90° turn, here the aerosol flow contin-
ues straight on. There is a slight widening at the upper part of
the collector which allows the condensate to flow to a closed
reservoir. The reservoir has a small drilled outlet which fa-
cilitates its emptying. The collector is thermally insulated
from the environment. To avoid evaporation of droplets, the
collector is cooled with ice if low-temperature isotherms are
measured.

The gas-vapor mixture including the formed particles
then continues to the optical cell where the particles are
counted. The optical cell is a 9-cm-long glass ring with a
5.4-cm inner diameter. The counting system consists of a
small diode laser including a beam shaping lens, a photomul-
tiplier tube, and electronics for discrimination and counting
scourtesy of the Department of Physical Chemistry, Philipps-
Universität Marburg, Germanyd. The counting system is dif-
ferent from that of Lihavainen, who used an optical head of
a CPC 3010 for counting of particles.

All measurements were made at atmospheric pressure. It
is expected that this is also the pressure inside the LFDC.

The temperature-measuring systems used both in the re-
cently built LFDC and in the TDCC were calibrated against
a Hewlett–Packard quartz digital thermometerswhose accu-
racy is kept within 0.01 K of the temperatures on the ITS-90
by regularly calibrated against a platinum resistance ther-
mometer Leeds&Northrup provided with National Bureau of
Standard certificated. The resulting uncertainty in determina-
tion of temperature in the recently built LFDC does not ex-
ceed 0.1 K. The uncertainty for TDCC is constant over a
long period of timesseveral yearsd and it does not exceed
0.05 K even at the boundaries of the temperature range used.
The precision of temperature measurement in experiments of
Lihavainen22 was 0.05 K.

III. DATA EVALUATION

A. The TDCC

The new data evaluation method of TDCC has not been
described yet, so it will be given in more detail here, includ-
ing the description of the photographic method, subsequent
image analysis, and determination of the experimental nucle-
ation rate.

1. Photographic method

The photographic method itself was already described in
detail by Smolík and Ždímal.25 The optical system at present
consists of a He–Ne laser, beam shaping optics, and a
charge-coupled devicesCCDd camera. The flattened laser

beam illuminates the whole height of the chamber from a
side, passing through its axis. Trajectories of droplets,
formed inside this beam, can be recorded by a CCD camera
positioned exactly perpendicularly to the beamsFig. 4d.

The CCD camera used in this work is a 16-bit camera
ST-7 XME sSBIG Instrument Group, USAd widely used in
astronomy for imaging of faint objects. It was chosen for its
sensitivity and acceptable resolutions7563512 pixelsd. A
standard objective Micro-Nikkor of a 55-mm focal length
was connected to the camera via adapter. The camera is con-
trolled by a software, which enables taking series of pictures
with predetermined parameters. The noise caused by camera
electronics sthe CCD microchip working temperature is
−5 °Cd is usually negligible in comparison with optical noise
and reflections from the experiment. This results in quality of
the pictures comparable with that of photographs made by
classical analog camera used in previous experiments, e.g.,
Ždímal and Smolík.23 The typical picture taken by a CCD
camera can be seen in Fig. 5.

2. Image analysis

The obtained digital images are evaluated automatically
using image analysissŽdímal et al.d26

Each droplet photographed can be characterized by its
starting pointspoint of its origind and its trajectory ending in
the liquid pool at the bottom plate. The starting points of
droplet trajectories are detected as local maxima of normal-

FIG. 4. Scheme of the photographic method.

FIG. 5. The typical image downloaded from CCD camera, the white hori-
zontal lines at the bottom and at the top represent liquid films on the bottom
and on the top plates of the chamber; the white vertical lines denote drop-
lets’ trajectories.
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ized correlation with a user-defined template. High values of
normalized correlation are obtained also in the close neigh-
borhood of the found droplet, therefore the algorithm of sup-
pression of nonmaximum response signal is implemented.
The width of the surroundings, in which only the pixel with
maximal intensity is accepted as a droplet starting point, is
an optional parameter of the program. The suppression of
nonmaximal values has several consequences, e.g., it defines
minimal distance between two detected droplets. This can
strongly affect the distribution histogram of the found drop-
lets, because only one of two droplets can be detected in the
surroundings for suppression. This behavior is more probable
at high densities of droplets, e.g., at higher nucleation rates
or long exposure times. The suppression of response signal
in the same column was also implemented; hence it is im-
possible to find another droplet at a lower position than the
already found droplet. The aim of the latter algorithm is to
remove false signals that can appear on the trajectories of
formed droplets, since the trajectories are interrupted several
times by a shadow of heating wires.

The position of liquid films defines the coordinate sys-
tem and is found by a randomized optimization approach.
The criterion function, the sum of intensities along the line,
is evaluated from a set of samples; typically it is 10% of
pixels along a line. An exhaustive search is performed in the
space of nearly horizontal line at the bottom liquid film and
a pair of lines is searched in the case of conical ceiling. The
overall processing is completed within few seconds on a
standard Pentium personal computersPCd.

A typical CCD image after processing can be seen in
Fig. 6. The black horizontal lines at the bottom and the top
express the found positions of liquid films. The white vertical
lines denote trajectories of droplets and the black crosses
mean assigned positions of starting points. The estimated
error in determining vertical position is less than 1 pixel. The
capability of processing series of pictures automatically
makes this method very effective.

After evaluating sufficient number of dropletssstarting
pointsd in one experiment, one gets the number distribution
of droplets as function of the chamber height. Subsequent

division of the number distribution by a photographed vol-
ume and exposure time gives the homogeneous nucleation
ratesdrops per cm3/sd as a function of height in the chamber.
The homogenous nucleation rate distribution is subsequently
fitted by Gaussian distribution. This method givesJexpszddz,
the experimentally determined homogeneous nucleation rate,
as a function of vertical position inside the chamber,z. The
local values of the nucleation rate are related to the corre-
sponding values of temperature and supersaturation calcu-
lated using a one-dimensionals1Ddmodel of mass and heat
transport in the TDCC10,27 ssee Fig. 7d, and the resulting
dependenceJexpsT,Sd can be directly compared with theoret-
ical predictions of any nucleation theory.

B. The LFDC

The data evaluation method has been reported elsewhere
in detail,21 and only a short overview is given here.

The profiles of the temperature, partial vapor pressure,
and equilibrium vapor pressure in the condenser have to be
known before the nucleation rates can be calculated from the
measured particle concentrations. The profiles cannot be
measured without disturbing the flow, but they can be calcu-
lated by solving the equations for heat and mass transfer,
equations of motion, and the equation of continuity for the
laminar flow. These differential equations are solved numeri-
cally under certain assumptions22 with the following bound-
ary conditions:

Tsr,z= z0d = Tpr, s2ad

TsR0,z0 , zø 0d = Tpr, s2bd

TsR0,z. 0d = Tcond, s2cd

vsr,z= z0d = veqsTsd, s3ad

vsR0,z0 , zø 0d = veqsTsd, s3bd

vsR0,z. 0d = veqsTcondd. s3cd

In Eqs.s2d ands3d, Tpr, Tcond, andTs are the temperatures of
the preheater, condenser, and saturator, respectively,veqsTid
is the mass fraction of the nucleating vapor defined by equi-
librium vapor pressure at the temperatureTi, z=0 is the

FIG. 6. The CCD image after processing by image analysis, the black hori-
zontal lines at the bottom and the top represent found positions of liquid
films. The white vertical lines denote droplets’ trajectories and the black
crosses mean assigned positions of starting points.

FIG. 7. The method of TDCC data evaluation that relates experimental
values of homogeneous nucleation rate to corresponding previously calcu-
lated values of temperature and supersaturation.
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boundary between the preheater and the condenser, andz0 is
the starting position of the calculations in the preheater.

The new construction of the LFDC enabled measuring
the temperature near and around thez=0 position, i.e., in the
neighborhood of the Teflon spacer. In a typical measurement,
the temperature difference between the preheater and the
condenser,T1 andT2 in Fig. 2 is about 30 K. The tempera-
ture difference betweenT1 andT5 in Fig. 2 was about 0.15
K, and betweenT2 andT6 in Fig. 2 about 2.5 K. The bound-
ary conditions in the model were changed accordingly to see
the effect on the nucleation rates. The difference of the re-
sults was less than 0.1% in the saturation ratio and less than
0.6% in the experimental nucleation rate. Thus, it was con-
cluded that Eqs.s2d ands3d express boundary conditions, and
it is adequate to measure the temperatures of the preheater
and the condenser from the circulation liquid.

An example of the calculated profiles of temperature,
vapor pressure, equilibrium vapor pressure, saturation ratio,
and theoretical nucleation rate are presented in Fig. 8. Nucle-
ation occurs in a narrow region at the axis of the tube. Both
the saturation ratio and the temperature are well defined in
this region where the theoretical nucleation rate reachesits
maximum value. The corresponding experimental maximum
nucleation rateJexp

max can be obtained using the relationship
proposed by Wagner and Anisimov.28

Jexp
max

E JexpdV

=
Jthe

max

E JthedV

. s4d

In Eq. s4d, Jthe
max is the theoretical nucleation rate maximum,

eJthedV is the theoretical nucleation rate integrated over the
volume of the condenser, andeJexpdV is the measured par-
ticle flow multiplied by the flow rate. The choice of nucle-
ation theory does not affect the value ofJexp

max

considerably.17,29 The classical nucleation theorysCNTd30

was used to predict nucleation rates. The nucleation rateJ in
the CNT is expressed as

JCNT = yN2Î 2s

pm
expF−

16ps3y2

3skTd3sln Sd2G , s5d

whereN is the number concentration of molecules,y is the
molecular volume,s is the surface tension,m is the mass of

a molecule,T is the temperature,S is the saturation ratio, and
k is the Boltzmann constant.

The thermodynamic parameters of 1-butanol and helium
which are needed to solve the transport equations are the
same for both the TDCC and the LFDC and are presented in
Table I. The parameters are the same as used by
Lihavainen.22 The temperature ranges used in both devices
for each isotherm are very similar. Moreover, the tempera-
ture range in which the transport parameters vary in the
LFDC is only slightly narrower than the corresponding tem-
perature range in the TDCC. Therefore, it is expected that
even if the relationships used for calculation of individual
transport parameters were not the optimal ones, this would
not change the relative position of the resulting isotherms.

IV. RESULTS AND DISCUSSION

Homogeneous nucleation rates ranging from about 10−1

to 102 cm−3 s−1 using the TDCC and from about 102 to
105 cm−3 s−1 using the LFDC were measured for 1-butanol.
Helium sLinde, purity 99.996%d was used as a carrier gas.
The lower limit for the TDCC is due to difficulties in running
very long experimentssmany hoursd and the higher limit to
vapor depletion and a latent heat release effect. The lower
limit of the rates measured with the LFDC is mostly due to
the ion-induced nucleation, the higher limit is due to the
efficiency of the counting system. The nucleation tempera-
tures used in TDCC were from 265 to 290 K and for LFDC
from 265 to 280 K. The isotherms were chosen with a step of
5 K s265, 270, 275, 280, and 290 K for TDCC onlyd, in the
range that could be easily managed by experimental setup
used in this work. The low-temperature limit for the LFDC
in this work was defined by evaporation of droplets before
counting. The high temperature is limited by depletion of
vapor and heat released by condensation. All the LFDC mea-
surements were made at atmospheric pressure. To avoid any
convection inside the TDCC, the total pressure must remain
below a limiting value that depends on the temperature, con-
densable vapor, and background gas.31,32The pressure in the
TDCC was varied from 11 kPa atTn=265 K to 120 kPa at
Tn=290 K. To test whether the carrier gas pressure has an
influence on the results, the isothermTn=290 K was also
measured at 50 kPa.

FIG. 8. An example of calculated pro-
files, at the axis of LFDC tube, of tem-
peraturesRef. 22d T, equilibrium va-
por pressurepeq and vapor pressure
pvap, saturation ratioS, and nucleation
rateJ, as a function of axial position in
the condenser.
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A. Experimental nucleation rates

The experimental and calculated data for the nucleation
rates obtained using the TDCC are presented in Table II, and
data from new LFDC in Table III. The nucleation rates as a
function of the saturation ratio are presented in Fig. 9. Also
the measurements by Lihavainen are shown. The same iso-
therms measured with the TDCC occur at the highest satura-
tion ratios of the three devices. Isotherms measured with the
two LFDCs are reasonably close together, the measurements
by Lihavainen occur at lowest saturation ratios. It is interest-
ing to note that the isotherms measured using the TDCC fall
almost on the same line, but 10 K lower, than the isotherms
measured by Lihavainen throughout the temperature range.
This raises the question whether the temperature measure-
ments can explain the differences in the results. To make the
Lihavainen 265-K isotherm correspond with the TDCC data,
the temperature measurement of the saturator would have to
fail about 3.0 K. This is highly unlikely. Likewise, the tem-
peratures in the TDCC would have to fail about 0.7 K con-

cerning both plates, lowering temperature of the lower plate
and increasing temperature of the upper plate.

The slopes of the isotherms are different depending on
the measuring device. The isotherms measured by using the
new LFDC have the steepest slopes, while the ones mea-
sured by using the TDCC are the flattest.

Due to the stability issues mentioned above the iso-
therms in the TDCC had to be studied at different total pres-
sures. Knowing that pressure of the carrier gas may have a
slight effect on the observed nucleation rate in the TDCC, the
290-K isotherm has been studied at 50 and 120 kPa. The
obtained isotherms do not seem to be separated from each
other. This indicates that the influence of helium pressure in
a given pressure range on the observed nucleation rate can be
probably neglected.

The dotted error lines in Fig. 10 are estimated from the
inaccuracies of temperature measurements in the TDCC and
the LFDC. The temperature error estimation concerning
TDCC is calculated by assuming that the most significant

TABLE I. Thermodynamic properties. Subscriptv=vapor, subscriptg=gas, subscriptvg=vapor-gas mixture,M =molar mass,Tb=boiling temperature,Tc

=critical temperature, Pc=critical pressure, Vc=critical volume, V=Pitzer acentric factor, m=dipole moment, DH=enthalpy of vaporization, peq

=equilibrium vapor pressure, g=surface tension, cp=heat capacity, l=thermal conductivity, D=diffusion coefficient, h=viscosity, a
=thermal diffusion factor, andr=density.

Property n-butanol Unit Ref.

M 74.123 kg kmol−1

Tb 390.88 K
Tc 563.05 K PolingsRef. 36d
Pc 4.4233106 Pa PolingsRef. 36d
Vc 2.75310−1 m3 kmol−1

V 0.590 l PolingsRef. 36d
M 1.8 Debye PolingsRef. 36d
sv 5.645310−10 m

«v /k 593.06 K
cp,v 3266+4.183102T−2.242310−1T2+4.685310−5T3 J kmol−1 K−1 Reid sRef. 37d
lv −7.772310−3+3.5643105T+1.206310−7T2−4.992310−11T3 W m−1 K−1 Yaws sRef. 38d
ll 2.288310−1−2.697310−4T−1.323310−8T2 W m−1 K−1 Reid sRef. 37d
hv 10−7s−18.43+0.28673T−10.48−63T2d Pa s YawssRef. 38d
rl 824.6−0.75sT−273.15d kg m−3 Strey and SchmelingsRef. 39d
g1 103f25.98−0.08181sT−273.15dg N m−1 Strey and SchmelingsRef. 39d

Pv
eq exps98.494−9412.6064/T−10.543 log Td Pa Schmeling and StreysRef. 40d

DHv 43.0953106fsTc−Td / sTc−Tbdg0.38 J kmol−1 Yaws sRef. 38d

Property helium Unit Ref.

M 4.0026 kg kmol−1

sg 2.551310−10 m
«g/k 10.22 K
cp 5200 J kg−1 K−1 Reid sRef. 37d
lg s−5.8543310−5+2.68606310−63T−7.00113310−93T2

+1.07396310−113T3−6.01768310−153T4d4.18683100
W m−1 K−1 Hung et al. sRef. 41d

hg 1.4083.10−6T1.5/ sT+70.22d Pa s Hunget al. sRef. 41d

Property n-butanol in helium Unit Ref.

Dvg 10−4s0.001433T1.75/ fsP/100000d7.59510.5s92.811/3+2.671/3d2g m2 s−1 Fullera

1/a f−0.62264+T/ s−23.4305+0.305373Tdgsy+0.1548d+0.0964 Vašáková and SmolíksRef. 42d
lvg xvlv / sxv+Avgxgd+xglg/ sxg+Agvxvd W m−1 K−1 Reid sRef. 37d
svg 4.098310−10 m

«vg/k 77.85 K

aMethod described in Reidet al.
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TABLE II. The nucleation rate of 1-butanol in helium, measured with the TDDC.

T=265 K, p=12 kPa
Tb,K Tt ,K Tn,K ptot,kPa Sn Jexp,cm−3 s−1

300.85 252.84 265 11.4 5.90 4.11E1
300.67 252.85 265 11.4 5.84 2.61E1
302.16 254.08 265 11.5 5.95 1.00E2
301.88 254.18 265 11.5 5.82 4.08E1
301.60 254.22 265 11.5 5.72 1.18E1
301.28 254.20 265 11.5 5.63 4.88E0
300.99 254.24 265 11.5 5.52 4.40E-1
301.39 254.14 265 11.6 5.67 9.18E0
301.29 254.15 265 11.6 5.63 4.20E0
301.14 254.20 265 11.6 5.57 1.30E0
300.94 254.22 265 11.6 5.50 1.18E0
301.21 254.16 265 11.6 5.61 5.81E0

T=270 K, p=15 kPa
Tb,K Tt ,K Tn,K ptot,kPa Sn Jexp,cm−3 s−1

307.14 258.47 270 14.9 5.48 1.31E2
306.87 258.52 270 14.9 5.39 7.27E1
306.61 258.59 270 14.9 5.30 2.81E1
306.32 258.6 270 14.9 5.21 1.37E1
306.05 258.70 270 14.9 5.11 5.05E0
305.75 258.72 270 15.8 4.99 8.63E-1
305.03 258.72 270 15.8 4.80 2.03E-1

T=275 K, p=30 kPa
Tb,K Tt ,K Tn,K ptot,kPa Sn Jexp,cm−3 s−1

313.97 264.78 275 29.1 4.77 7.60E1
313.56 264.8 275 29.1 4.67 2.86E1
313.45 264.93 275 29.1 4.61 1.01E1
313.27 264.98 275 29.0 4.56 5.69E0
313.17 264.91 275 29.4 4.55 9.64E0
313.15 264.99 275 29.4 4.52 3.71E0
312.93 265.01 275 29.4 4.47 3.30E0
313.06 265.08 275 29.3 4.48 2.77E0
313.05 265.24 275 29.3 4.43 1.74E0
312.91 265.34 275 29.3 4.37 1.16E0
313.08 263.76 275 30.3 4.82 7.22E1
312.82 263.83 275 30.4 4.74 4.88E1
312.54 263.90 275 30.3 4.66 1.53E1
312.25 263.96 275 30.3 4.58 6.10E0
311.98 264.03 275 30.3 4.50 8.89E-1

T=280 K, p=30 kPa
Tb,K Tt ,K Tn,K ptot,kPa Sn Jexp,cm−3 s−1

315.80 267.82 280 30.0 4.21 4.31E0
315.78 268.07 280 30.0 4.16 2.74E0
315.57 268.32 280 29.3 4.08 6.29E-1
317.20 268.32 280 30.2 4.39 4.01E1
317.15 268.44 280 30.2 4.35 2.54E1
316.93 268.48 280 30.2 4.30 1.38E1
316.72 268.51 280 30.2 4.25 8.73E0
316.37 268.16 280 30.4 4.25 7.39E0
316.26 268.24 280 30.4 4.21 4.93E0
315.74 268.21 280 30.3 4.12 3.08E0
317.62 268.41 280 31.0 4.44 7.98E1
317.36 268.47 280 31.0 4.38 2.99E1
317.07 268.53 280 31.0 4.30 9.38E0
316.80 268.60 280 31.0 4.23 8.94E0
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error can be made in determining the position of liquid films
on the lower and upper plates. This can be done by changing
the saturation ratio of the lower-most and the upper-most
experimental nucleation rate points on one isotherm by in-
creasing or decreasing the distance between liquid filmss1
pixel in both directions for both filmsd. Only the lower-most
and the upper-most experimental nucleation rate points
which lie on or very close to the linear fit for all experimen-
tal points of each isotherm were taken into consideration;
hence several points can be found outside the region deter-
mined by the dotted error lines. In this way, it is possible to
obtain the space in which both the position and the slope of
the isotherm can alternate.

In the LFDC this is done by changing the temperatures
of the saturator, preheater and condenser by the estimated
error of the thermocoupless0.1 Kd at the maximum or mini-
mum saturation ratio. The experimental nucleation rates are
calculated with the new boundary conditions. The dotted er-
ror lines edges in Fig. 10 represent the results calculated in
this way. It should be noted that changing the temperatures in
the LFDC calculations changes also the nucleation tempera-
ture.

B. Critical cluster sizes

The critical cluster sizes can be calculated from the
slopes of the nucleation rate isotherms according to the
nucleation theorem:1,2

S ] ln J

] ln S
D

T

< n* . s6d

In Eq. s6d n* is the number of molecules in the critical clus-
ter. The theoretical radius of the critical clusterr* can be
obtained from the Kelvin equation,

r* =
2syliq

kT ln S
, s7d

whereyliq is the volume of a liquid molecule andS is the
experimental critical saturation ratio. Looking at the Kelvin
equation, one sees that the critical cluster size depends both
on the temperature and the saturation ratio. The number of
molecules in the critical clusters is presented as a function of
critical saturation ratio in Fig. 11. The critical saturation ratio
is taken in the middle of each isotherm.

The measurements made in the new LFDC give the
highest number of molecules in critical clusters. The mea-

TABLE II. sContinued.d

T=265 K, p=12 kPa
Tb,K Tt ,K Tn,K ptot,kPa Sn Jexp,cm−3 s−1

316.55 268.48 280 31.0 4.21 3.03E0

T=290 K, p=50 kPa
Tb,K Tt ,K Tn,K ptot,kPa Sn Jexp,cm−3 s−1

323.66 275.27 290 46.9 3.56 1.49E0
323.51 275.32 290 46.9 3.53 1.00E0
323.18 275.37 290 46.8 3.48 2.76E−1
327.82 278.22 290 48.4 3.76 4.30E1
327.54 278.29 290 48.4 3.70 1.15E1
327.27 278.37 290 48.3 3.65 4.97E0
327.02 278.44 290 48.2 3.60 3.69E0
328.08 278.21 290 48.5 3.80 6.87E1
328.12 278.17 290 48.4 3.82 6.40E1

T=290 K, p=120 kPa
Tb,K Tt ,K Tn,K ptot,kPa Sn Jexp,cm−3 s−1

326.30 274.25 290 120.1 3.82 6.43E1
326.19 274.39 290 119.9 3.79 4.33E1
325.80 274.42 290 119.8 3.73 1.78E1
325.71 274.46 290 119.7 3.71 8.57E0
325.39 274.55 290 119.7 3.65 4.05E0
325.35 274.65 290 119.6 3.63 3.16E0
325.46 274.63 290 118.7 3.65 3.39E0
325.33 274.67 290 118.6 3.63 3.24E0
325.11 274.71 290 118.5 3.59 2.17E0
325.02 274.75 290 117.8 3.57 1.37E0
327.52 275.33 290 119.6 3.86 8.33E1
328.50 276.39 290 120.1 3.85 4.17E1
329.24 277.60 290 120.5 3.76 2.02E1
328.97 277.65 290 120.4 3.71 8.69E0
328.67 277.73 290 120.2 3.65 2.56E0
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TABLE III. The nucleation rate of 1-butanol in helium, measured with the LFDC.p is the total pressure,Q is the volumetric flow rate,Tpr is the temperature
of the preheater,Tcond is the temperature of the condenser,Tlab is the temperature of the lab,Ts is the temperature of the saturator,Tn is the nucleation
temperature,Tb is temperature of the bottom plate,Tt is temperature of the top plate,ptot is total pressure,N is the particle concentration,Sn is the saturation
ratio at the nucleation rate maximum, andJexp is the experimental nucleation rate maximum.

ptot,kPa Q,cm3 s−1 Tpr,K Tcond,K Tlab,K
101.3 16.81 296.85 263.06 298.15
Ts,K Tn,K N,cm−3 Sn Jexp,cm−3 s−1

288.29 264.99 0.345 5.73 3.47E3
288.54 265.00 2.768 5.83 2.68E4
288.79 265.01 7.234 5.94 6.75E4
288.92 265.01 10.727 5.99 9.83E4
288.54 265.00 3.475 5.84 3.36E4
288.45 265.00 1.506 5.80 1.48E4
288.32 264.99 0.343 5.74 3.44E3
287.97 264.94 0.054 5.61 5.68E2
287.75 264.92 0.011 5.53 1.23E2

ptot,kPa Q,cm3 s−1 Tpr,K Tcond,K Tlab,K
101.3 16.75 296.85 263.07 298.15
Ts,K Tn,K N,cm−3 Sn Jexp,cm−3 s−1

287.78 264.96 0.038 5.53 4.14E2
287.98 264.97 0.076 5.61 8.07E2
288.23 264.98 0.402 5.70 4.09E3
288.50 264.99 1.617 5.81 1.58E4
288.84 265.00 7.768 5.96 7.21E4

ptot,kPa Q,cm3 s−1 Tpr,K Tcond,K Tlab,K
101.3 16.72 301.41 268.01 298.15
Ts,K Tn,K N,cm−3 Sn Jexp,cm−3 s−1

293.64 270.03 6.791 5.32 7.13E4
293.82 270.04 11.545 5.39 1.18E5
293.30 270.04 5.042 5.20 5.58E4
293.05 270.03 0.993 5.12 1.14E4
292.83 270.01 0.098 5.04 1.16E3
292.81 270.01 0.305 5.04 3.63E3
292.60 269.99 0.070 4.97 8.59E2
292.41 269.98 0.018 4.91 2.29E2
292.26 269.97 0.005 4.86 6.70E1
292.04 269.96 0.004 4.79 5.08E1

ptot,kPa Q,cm3 s−1 Tpr,K Tcond,K Tlab,K
101.3 16.75 305.79 272.92 298.15
Ts,K Tn,K N,cm−3 Sn Jexp,cm−3 s−1

297.58 275.09 0.286 4.52 3.90E3
297.37 275.07 0.097 4.46 1.35E3
297.19 275.06 0.050 4.41 7.14E2
297.06 275.06 0.009 4.37 1.29E2
296.91 275.05 0.010 4.33 1.56E2
297.55 275.08 0.141 4.51 1.93E3
297.97 275.11 3.078 4.62 3.96E4
298.16 275.12 4.117 4.68 5.14E4
298.33 275.13 10.805 4.73 1.32E5
297.76 275.10 1.104 4.57 1.46E4
297.60 275.09 0.396 4.52 5.37E3
297.44 275.08 0.235 4.48 3.26E3

ptot,kPa Q,cm3 s−1 Tpr,K Tcond,K Tlab,K
101.3 16.67 310.64 277.65 298.15
Ts,K Tn,K N,cm−3 Sn Jexp,cm−3 s−1

301.78 279.92 0.009 3.96 1.44E2
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surements made in the TDCC give the lowest number of
molecules in critical clusters. All the measurements give a
similar trend for the critical cluster sizes, the critical cluster
becomes smaller as the saturation ratio increasessor the tem-
perature decreasesd. The exceptions to this trend are the 270-
and 265-K isotherms measured in the TDCC and 265 K in
the new LFDC. For the new LFDC this difference can be
explained by evaporation of nucleated droplets before detec-
tion. The 270- and 265-K isotherms are close to the lower-
temperature limit of the TDCC. For these isotherms the up-
per plate working temperature is 258 and 254 K,
respectively. The humidity in the room air condenses on the
upper plate heat exchangerseven when using blowing dry
nitrogen to suppress condensationd causing a slight instabil-
ity in the temperature measurement and subsequent error in
experimental nucleation rate determination.

The molecular content error of the critical clusters was
estimated both as a statistical error of the isothermal plots,
the standard deviationsSDd included in Table IV, and as an
error estimated from previously mentioned possible inaccu-
racies of the temperature measurements in the TDCC and
LFDC. In order to estimate the uncertainties arising from
inaccuracies of temperature measurements, the slope was
calculated from the opposite corners of the dotted error lines

presented in Fig. 10. In this way, two extreme values of the
critical cluster size for each particular isotherm were ob-
tained. This is illustrated in Fig. 11.

The difference between the calculated molecular con-
tents of critical clusters and those predicted by the Kelvin
equation are shown in Table IV. The Kelvin equation under-
estimates the critical cluster sizes obtained from both of the
LFDCs, but overestimates the critical cluster sizes obtained
from the TDCC.

C. Comparison with theory

The measured nucleation rates were compared with the
classical nucleation theory. Figure 12 presents a comparison
of the experimentally obtained nucleation rates with the
CNT. The advantage of this kind of a plot is that the tem-
perature dependence of experimental results is easier to in-
terpret. It can be seen that the experimental results have a
very similar temperature dependence. The ratio of the experi-
mental and theoretical nucleation rates grows with increasing
temperature. This means that the CNT cannot predict the
temperature dependence of the measurements. The results of
the new LFDC show a steepest trend as the results get closer
to those measured by Lihavainen with increasing tempera-

FIG. 9. The experimental nucleation ratesJexp as a function of saturation
ratio S of 1-butanol. Filled symbols: TDCC at temperatures of 290, 280,
275, 270, and 265 K from left to right. Half-filled symbols: new LFDC at
temperatures of 280, 275, 270, and 265 K from left to right. Open symbols:
Lihavainen at temperatures of 280-255 K at 5-K intervals from left to right.
Crosses: TDCC at temperature of 290 K and 120-kPa pressure.

FIG. 10. The experimental nucleation ratesJexp as a function of saturation
ratio S of 1-butanol. Filled symbols: TDCC at temperatures of 290, 280,
275, 270, and 265 K from left to right. Half-filled symbols: new LFDC at
temperatures of 280, 275, 270, and 265 K from left to right. The dotted lines
around the measured isotherms denote the estimated uncertainty.

TABLE III. sContinued.d

ptot,kPa Q,cm3 s−1 Tpr,K Tcond,K Tlab,K
101.3 16.81 296.85 263.06 298.15
Ts,K Tn,K N,cm−3 Sn Jexp,cm−3 s−1

302.00 279.95 0.027 4.01 4.32E2
302.19 279.96 0.075 4.05 1.18E3
302.38 279.99 0.214 4.10 3.28E3
302.58 280.01 0.621 4.14 9.28E3
302.83 280.03 1.953 4.20 2.82E4
302.87 280.03 3.983 4.21 5.71E4
303.07 280.05 9.221 4.27 1.28E5
303.18 280.06 12.22 4.28 1.68E5
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ture. The CNT underestimates the nucleation rates of both
LFDCs but slightly overestimates those measured in the
TDCC.

D. Comparison with other measurements

The kinetics of homogeneous nucleation of 1-butanol
vapor has already been studied by Streyet al.33 and Viisanen
and Strey.34 Both experiments were conducted in an expan-
sion cloud chamber with argon as a carrier gas. The nucle-
ation rate range in these measurements was about

105–109 cm−3 s−1. The highest nucleation rates of the expan-
sion chamber measurements and the lowest nucleation rates
of the TDCC differ by nine orders of magnitude. Also the
saturation ratios for the same isotherms are not the same,
which complicate the qualitative comparison of results. It is
largely accepted that the classical nucleation theory gives the
correct saturation ratio dependency for isothermal measure-
ments. With this in mind, the best way to compare the dif-
ferent measurements is to present them as a ratio between the
experimental nucleation rates and those predicted by the
CNT. This is done in Fig. 12. The nucleation rates measured
by Viisanen and Strey overlap with those measured by
Lihavainen and also have a similar temperature dependency.
The measurements by Streyet al. have a different tempera-
ture dependency,Jexp/Jthe decreases strongly as a function of
increasing temperature. It should be noted that the data of
Streyet al.33 are not strictly isothermal. The results are close
to those by Lihavainen at about 250 K, close to those mea-
sured in the new LFDC at about 270 K, and close to those
measured in the TDCC at about 290 K. However, it is clear
that this is merely coincidental. It should be noted that the
validity of comparing the results from different measuring
devices in this way depends on how well the theory predicts
the saturation ratio dependency. For example, for the TDCC
the nucleation rates depend less strongly on the saturation
ratio. If a simple extrapolation was made to higher saturation
ratios matching those of the expansion chamber measure-
ments, the results would travel further away from each other.

V. ERROR ANALYSIS

The lowest measurable temperature in the new LFDC is
limited by the evaporation of droplets during passage of the
liquid drainage. The liquid drainage is not under temperature

TABLE IV. The difference,Dn!, between the critical cluster sizes from the nucleation theoremfEq. s6dg and the Kelvin equations7d. Scrit is critical saturation
ratio, Tn is nucleating temperature, andn* number of molecules in critical cluster. The standard deviationsSDd is the statistical error obtained from isothermal
plots.

Scrit, TDCC Tn n* SD n*sKelvind Dn*

3.68 290.0 58.3 0.1 80.8 −22.5
4.27 280.0 49.5 0.1 70.3 −20.7
4.60 275.0 47.4 0.2 66.4 −18.9
5.21 270.0 50.6 0.1 57.6 −6.9
5.70 265.0 59.8 0.2 53.9 5.9

Scrit, LFDC Tn n* SD n*sKelvind Dn*

4.12 280.0 93.8 0.1 75.7 18.1
4.53 275.0 82.3 0.2 68.4 13.9
5.07 270.0 72.7 0.3 60.5 12.2
5.75 265.0 80.0 0.2 53.1 26.9

Scrit, Lihavainen Tn n* SD n*sKelvind Dn*

4.12 280.0 79.4 0.2 75.8 3.6
4.55 274.9 77.0 0.1 67.8 9.2
5.01 270.0 69.4 0.1 61.9 7.5
5.55 264.9 62.2 0.1 56.5 5.7
6.16 260.0 62.9 0.1 51.9 11.0
6.96 254.9 53.7 0.1 47.1 6.6

FIG. 11. Molecular content of the critical clustern! of 1-butanol as a func-
tion of critical saturation ratioScrit taken from the middle of each isothermal
measurement. The filled symbols: TDCC. The half-filled symbols: new
LFDC. The open symbols: Lihavainen. The solid and the dashed error bars,
respectively, represent the estimated uncertainty stemming from the uncer-
tainties of the temperature measurements in the TDCC and the LFDC, re-
spectively. The solid line denotes the prediction ofn! by CNT.
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control and could only be cooled using ice if lower isotherms
were measured. The error due to evaporation is more pro-
nounced at low nucleation rates, making the slope of the
isotherm steeper. This can especially be observed for critical
cluster sizessFig. 11d, where then* from the 265-K isotherm
is higher than expected. To see the effect of evaporation, the
slope of the 265-K isotherm with the new LFDC was also
calculated from nucleation rates higher than 104 cm−3 s−1.
This resulted in critical cluster size around 50 molecules,
which fits well into Fig. 11.

The purity of the carrier gas in the TDCC and the new
LFDC was lower than that used by Lihavainen. This is not
expected to influence the results.

VI. CONCLUSIONS

This work has introduced a new measurement, compar-
ing devices based on the same principle, nonisothermal dif-
fusion of the studied substance in the carrier gas. The ther-
mal diffusion cloud chamber and two laminar flow diffusion
chambers have been used to measure nucleation rates in the
1-butanol-helium system from cca 10−1–102 cm−3 s−1 and
102–105 cm−3 s−1.

The same isotherms were found at low saturation ratios
with the LFDC and TDCC. The nucleation rates measured in
the LFDC and the TDCC show a similar temperature depen-
dence. Critical cluster sizes were obtained using the nucle-
ation theorem. Both LFDCs provided very similar sizes
slightly above the Kelvin equation, the TDCC suggests criti-
cal cluster sizes significantly smaller. It should be kept in
mind that the range of nucleation rates and therefore the rate,
at which the slope was determined, were different for both
types of the chamber.

It was demonstrated, to what extent it is possible to
change the slopes of measured isotherms by implementing
unlikely large temperature uncertainty into the nucleation
rate calculations. The space where the isotherms can be
found with the highest probability is narrower concerning
TDCC than LFDC. The same temperature error implemented

into critical cluster size calculations generates an even more
pronounced effect. If we take into account that the slopes
were taken from opposite corners of the areas delimited by
the dotted error lines, these deflections are again rather im-
probable extremes.

The differences in the results obtained by the two
LFDCs are expected to arise from the different counting sys-
tems used for the determination of droplet concentration,
since the errors in temperature measurements could not alone
explain the differences, and the designs of the two LFDCs
were otherwise deemed identical. Also the evaporation of
droplets prior to counting was estimated to be higher in the
recently built LFDC, because the liquid drainage in the
LFDC of Lihavainen could be cooled below the condenser
temperature.

The obtained results and overall behavior of all three
devices correspond to previous measurements where similar
substances were used. A comparison and subsequent deep
analysis of the two devicessTDCC and recently built LFDCd
were made in one laboratory by the same persons. This low-
ers the probability that the observed difference between the
results is caused by any gross error.

Even though the three-order difference between TDCC
and LFDC in the experimental nucleation rates looks large, it
is, in fact, rather hidden in the uncertainties of the determi-
nation of the nucleation temperature and nucleation satura-
tion ratio which are obtained as a solution of the model of
coupled heat, mass and momentum transport.

Concerning the TDCC itself, it has been already shown
elsewhere35 that even if we replace the traditional 1D model,
widely used in the case of TDCC, by a more rigorous two-
dimensionals2Dd model, the overall shift of the isotherm
along the experimental nucleation rate coordinate is substan-
tially less than one order of magnitude.

It is not clear, however, whether some improvement of
the model describing transport processes in the LFDC would
be able to explain the observed differences between the
chambers.
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