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Abstract

New mathematical model of laminar flow diffusion chamber (LFDC) performance is proposed, which includes mutial influence of
homogeneous (heterogeneous) nucleation and droplets growth on heat and mass transfer processes. Qualitative investigation of heat
and mass transfer processes and their influence on droplets growth is made. The limits of applicability of earlier mathematical model
of LFDC are established. The numerical simulation of new mathematical model of the performance LFDC is presented. It is discovered
that the nature of carrier gas substantially affects on the volume of nucleation zone in LFDC. In particular, for argon as the carrier gas
the volume of nucleation zone is on the order above then for helium as the carrier gas. Effects of local structure of supersaturation field
near growing droplets are discussed. Their application for interpretation of experimental data is proposed.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Heat and mass transfer and vapor condensation inter-
ference is very pronounced for flows with nucleation. In
this paper we will pay special attention only to flows in a
laminar flow diffusion chamber, where hydrodynamic pro-
cesses are well known and there are reliable measurements
of all inlet parameters.

It must be remembered that for experimental studies of
homogeneous nucleation in flows of vapor–gas mixtures,
there are several types of devices. But until recently exper-
imentalists used only the Wilson chamber, including its
modifications, and diffusion cloud chambers. It is worth
to note that the range of nucleation rate, studied with each
of these devices do not overlap. The diffusion cloud cham-
ber is used for measurements of relatively small nucleation
rates (about 106 droplets/(m3s)) in steady-state regime.
Usually the Wilson chamber, which uses adiabatic expan-
sion of vapor–gas mixture in low-pressure volume, is aimed
for measurements of much higher nucleation rates. It is
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important that the Wilson chamber and its modifications
work at an impulse regime and usually at lower tempera-
ture in comparision with diffusion cloud chamber.

For the steady-state regime a range of nucleation rates,
which can be obtained in a laminar flow diffusion chamber
(LFDC), usually is between these ones [1–7]. The sketch of
LFDC is shown in Fig. 1. The idea of LFDC performance
is that hot vapor–gas mixture (after saturator) enters into
vertical cylindrical chamber (condenser) with a cold wall.
There is a preliminary formed thin film of the condensate
on the wall. Vapor diffusion and heat conductivity start
to change the temperature, composition and averaged
velocity of a mixture. As a rule, the composition of the mix-
ture is selected in such manner that the Lewis number Le is
greater than 1. The density of the saturated vapor exponen-
tially depends on its temperature, therefore even little
cooling of the mixture leads to the appearance of supersat-
urated medium in the central part of the channel. If super-
saturation is relatively high, a homogeneous nucleation
takes place and there is a subsequent growth of new phase
droplets. For high nucleation rates, release of the latent
heat of phase transition changes the temperature profiles
and, correspondingly, heat and mass transfer in the system.
Optical count of the number of droplets permits to
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Nomenclature

An amplitude of numerical density (m�3)
At amplitude of temperature (K)
b1 minimal positive root of the equation
c specific heat (J kg�1 K�1)
cd specific heat of the droplet (J kg�1 K�1)
cm specific heat of mixture (J kg�1 K�1)
D diffusion coefficient of the vapor (m2/s)
d width of the nucleation zone (m)
In diffusion sink (s�1)
It heat source (K m3 s�1)
J nucleation rate (m�3 s�1)
Jc isothermal nucleation rate (m�3 s�1)
J0 Bessel�s function of the zeroth order
J1 Bessel�s function of the first order
k1 coefficient (m2)
kr coefficient (s�1 m2)
ktr coefficient (s�1 m2)
L fitting parameter (m)
lt characteristic length of the decay of the temper-

ature field (m)
lv characteristic length of the decay of the density

field (m)
m mass of vapor molecule (kg)
Nd the number of droplets (m�3)
Neff maximum number of surviving droplets (m�3)
n numerical density of vapor (m�3)
ns numerical density of saturated vapor (m�3)
R radius of the condenser (m)
Rd droplet radius (m)
Reff distance from droplets exceeds ten droplet radii

(m)
Rm highest possible droplet radius (m)
r radial coordinate (m)
T temperature of the vapor–gas mixture (K)
Tc temperature of the condenser (K)
Ts temperature of the saturator (K)
Tw temperature of the wall (K)

U latent heat of the phase transition per molecule
(kg m2 s�2)

u velocity of gaseous mixture (m/s)
uf final velocity of the mixture (m/s)
u0 averaged over cross-section velocity (m/s)
va volume per molecule in liquid phase (m3)
vf averaged velocity of flow after its cooling (m/s)
z axial coordinate (m)
z0 axial coordinate (m)
Kn Knudsen number
Le Lewis number
Re Reynolds number

Greek symbols

DU* global minimum of the free energy of critical
cluster formation, dimensionless

k thermal conductivity of mixture (W/m K)
kd mean free path of vapor molecule (m)
q density (kg/m3)
ql density of liquid (kg/m3)
qm density of mixture (kg/m3)
r surface tension of propanol (J m�2)
s characteristic nucleation time (s)

Subscripts

0 initial
d droplet
f final
c condenser
s saturator
w wall
eff effective
m maximal
l liquid
v vapor
t temperature
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determine the dependence of the nucleation rate on many
parameters of LFDC. For Le < 1, supersaturation will
appear only near the surface of the cold film. For mixture
of air–water vapor in LFDC, when Le < 1, detailed
calculations of fields temperature and supersaturation are
presented in [8].

It was established by experimentalists, the nature of car-
rier gas affects the LFDC performance; in particular, the
number of carrier-gases was investigated at [2]. Among
them were hydrogen, helium, argon and nitrogen, as a
vapor 1-propanol (C3H8O) was used. For the same super-
saturation, authors of [3] discovered a interesting fact that
in LFDC, the nucleation rate of propanol with argon as the
carrier gas is higher than the one with carrier-gas helium.
In other words, it was experimentally discovered that a car-
rier gas affects the kinetics nucleation. This conclusion seri-
ously contradicts the classical theory of the nucleation
kinetics. One of the basic aims of this paper is to find a
solution for this contradiction. We consider not only heat
and mass transfer processes in gas phase but also processes
related with droplets growth and motion in the nucleation
zone, and their interference. These processes really depend
on the nature of a carrier gas and the total pressure in
LFDC [7].

For mixtures of higher alcohol with helium, the mea-
surements of homogeneous nucleation rate in LFDC have



Fig. 1. Scheme of a laminar flow diffusion chamber.
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been made in [4]. Discrepancy between theoretical results
and the best experimental data is about three orders of
magnitude of nucleation rate. Interesting fact was noted
that at the measurement zone almost for 90% droplets radii
were in the range 1–5 lm [5].

It is worth to emphasize that for interpretation of the
results of nucleation studies, calculated fields of tempera-
ture and supersaturations play very substantial role. Below
for calculations of LFDC performance we use the new
mathematical model, initially presented in [9].

The applications of LFDC at different nanotechnologies
will be expanded. In particular we mention covering of sur-
face nanoparticles by different substances [8,10].

2. Mathematical model of LFDC performance

For correct performance of LFDC, the flow of the mix-
ture vapor and carrier-gas is organized in such a manner
that it is a laminar one. The Reynolds number is usually
smaller than one hundred. Inlet profile of the velocity
u(r) of gaseous mixture is

uðrÞ ¼ 2u0 � 1� r
R

� �2� �
;

where u0 is the averaged over cross-section velocity, R is the
radius of the condenser.

Convective heat diffusivity equation with heat source
describes the field of temperature T(r, z) of the vapor–gas
mixture in the condenser

uðr; zÞ oT ðr; zÞ
oz

¼ 1

qmcm
� 1

r
o

or
kðr; zÞr oT

or

� �� �
þ I t½nðr; zÞ � nsðT ðr; zÞÞ�; ð1Þ

where k(r, z), qm and cm are, correspondingly, coefficient of
the heat conductivity, the density and the heat capacity of
gaseous mixture, r and z are, correspondingly, radial and
axial coordinates. It[n(r, z) � ns(T(r, z))] is the expression
for the heat source, related with the release of the latent
heat of phase transition during droplets growth, ns(T) is
the numerical density of saturated vapor at temperature T.

Convective diffusion equation with source describes the
field of the numerical vapor density n(r, z) in the condenser

uðrÞ onðr; zÞ
oz

¼ 1

r
o

or
DðT ðr; zÞÞr on

or

� �
þ Inðr; zÞ½nðr; zÞ � nsðT ðr; zÞÞ�; ð2Þ

where D(T(r, z)) is the binary diffusion coefficient of the
vapor, depending on the temperature, In(r, z)[n(r, z) �
ns(T(r, z))] is the sink, describing the condensation of the
supersaturated vapor on newly formed droplets. For mod-
ern LFDC, our estimations show that contribution of a
thermodiffusion is a very small one. Therefore we neglect
contributions of the conjugate processes in Eqs. (1) and (2).

There is the permanent condensation of a vapor on the
cold wall of the condenser; therefore there is a thin film
flow of condensed vapor. Respectively, the boundary con-
ditions for vapor are

T ðR; zÞ ¼ T w and nðR; zÞ ¼ nsðT wÞ; ð3Þ

where Tw is the cold wall temperature. We have two stan-
dard conditions in the center of flow

oT ð0; zÞ
or

¼ onð0; zÞ
or

¼ 0. ð4Þ

Integral term In at Eq. (2) is

Inðr; zÞ ¼
4pql

m

Z z

0

Nðz0; rÞR2
dðz; z0; rÞLðRdðz; z0; rÞÞdz0; ð5Þ

where m is the mass of vapor molecule, ql is the density of
liquid propanol, Rd(z, z0) and Nd(z0, r) are, correspond-
ingly, radius and number of droplets, formed near the
point with coordinates (z0, r).

At expression (5) the function L(Rd) depends on the
Knudsen number (Kn = kd/Rd, where kd is the mean free
path of vapor molecule). This function, useful for descrip-
tion of the isothermal mass transfer of droplet and vapor
for different regimes of droplet growth, was obtained in [11]

LðRdÞ ¼
Dm
qlRd

1

1þ ðD=RdÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pm=kT

p
 !

;

where k is the Boltzmann�s constant. We take into account
the temperature dependence of the diffusion coefficient D.

For the number density of droplets per unit of vol-
ume Nd(z, r), we have steady-state form of the continuity
equation with the source, which describes nucleation
contribution

oNdðz; rÞ
oz

¼ Jðz; rÞ
uðz; rÞ ; ð6Þ

where J(z, r) is the local nucleation rate.
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For description of droplets growth in a supersaturated
vapor we use the equation, obtained in [11]:

oRdðz; z0Þ
oz

¼ LðRdðz; z0ÞÞ
nðr; zÞ � nsðT ðr; zÞÞ

uðr; zÞ . ð7Þ

In Eq. (1) the integral term It is

I t ¼ U � In= qmcm þ N4pR3
dqcd=3

� 	
; ð8Þ

where U is the latent heat of the phase transition per one
vapor molecule, cd is the specific heat capacity of the
droplet.

We assume that the inlet flow has uniform distribution
of the vapor density and temperature

T ð0; rÞ ¼ T c and nð0; rÞ ¼ nsðT sÞ; ð9Þ

where Ts is the temperature of ‘‘saturator’’ LFDC and Tc is
the inlet temperature of vapor–gas mixture before the
LFDC condenser [2].

Before the discussion obtained numerical results, we
present qualitative estimations in the next chapter [12].

3. Qualitative estimations

For obtaining of qualitative estimations of fields of the
temperature and density vapor in the condenser, we
approximately integrate Eqs. (1) and (2) using the Galerkin
method [13]. For cylindrical condenser as the trial function,
we choose the Bessel function of the zeroth order. Below
we use only two first terms of the expansion of expressions
for fields of temperature and of vapor density at the series
of Bessel functions. Approximately the temperature field in
the condenser is

T ðr; zÞ ¼ AtðzÞJ 0ðb1r=RÞ þ T w; ð10Þ
where At(z) is the unknown function, which will be deter-
mined later. Correspondingly, the expression for the field
of the vapor density is described by similar expression with
unknown function An(z)

nðr; zÞ ¼ AnðzÞJ 0ðb1r=RÞ þ nsðT wÞ; ð11Þ
where b1 is the least positive root of the equation

J 0ðb1Þ ¼ 0.

Expressions (10) and (11) satisfy the boundary condi-
tions (3) and (4) exactly. Substituting expressions (10)
and (11) into Eqs. (2) and (3), and after simple transforma-
tions we have two ordinary differential equations for func-
tions An(z) and At(z)

2u0k1ozAnðzÞ ¼ �krAnðzÞ;
2u0k1ozAtðzÞ ¼ �ktrAtðzÞ.

The solution of the first differential equation is

AnðzÞ ¼ An0 exp � z
2u0

kr
k1

� �
;

where An0 = ns(Ts) � ns(Tw) and the following notations
are used:
k1 ¼
Z R

0

r½1� ðr=RÞ2�J 2
0ðb1r=RÞdr ¼ 0:107R2;

kr ¼
b21
R2

Z R

0

rDðT ðrÞÞJ 2
1ðb1r=RÞdr.

Correspondingly, the expression for At(z) is

AtðzÞ ¼ At0 exp � z
u0

ktr
2kl

� �
;

where At0 = Tc � Tw and the following notation is used:

ktr ¼
b21
R2

Z R

0

r
kðT ðrÞÞJ 2

1ðb1r=RÞ
qmðT ðrÞÞcmðT ðrÞÞ

dr.

It is helpful here to introduce the characteristic length of
the decay of the temperature field lt, which is directly pro-
portional to the square of the chamber radius and the aver-
aged velocity of flow and inversely proportional to the heat
conductivity of the mixture

lt ¼
2u0k1
ktr

¼ 2u0R2qmcm
kðT wÞb21

0:8;

and the characteristic length of the decay of the field of
numerical vapor density lv:

lv ¼
2u0k1
kr

¼ 2u0R2

DðT wÞb21
0:8.

It is easy to show that for mixtures with helium, lv � lt, due
to high heat conductivity of helium. Calculation gives us
that for mixture argon–propanol, lv > lt also. To note that
due to the continuity equation of the gas phase the product
u0R

2qc = constant along the condenser. This circumstance
significantly improves the efficiency of the application of
the Galerkin method. In particular, for conditions of
the run 1 from [2] (mixture helium–propanol) we have
lv/R = 4 and lt/R = 0.13. For the same conditions for mix-
ture argon–propanol we have lv/R = 14.8 and lt/R = 10.9.

Using the obtained above formulas, we have the approx-
imate expression for the supersaturation field S(r, z) =
n(r, z)/ns(r, z)

Sðr; zÞ ¼
ðnsðT sÞ � nsðT wÞÞ exp � z

lv

h i
J 0ðb1r=RÞ þ nsðT wÞ

ns At0 exp � z
lt

h i
J 0ðb1r=RÞ þ T w

h i .

ð12Þ
If lv > lt and far from inlet of the condenser, where the tem-
perature field already equalized, we have a more simple
expression

Sðr; zÞ ¼ nsðT sÞ
nsðT wÞ

� 1

� �
exp � z

lv

� �
J 0ðb1r=RÞ þ 1

� �
. ð120Þ

Expression (12) gives qualitatively good description of the
behavior of the field of supersaturation in LFDC. Similar
behavior of the supersaturation field in LFDC was numer-
ically obtained in [2–7]. The supersaturation field in LFDC,
calculated by means of expression (12), is displayed in
Fig. 2.
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Fig. 2. Contour plot of supersaturation field.
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To calculate the dimensionless free energy of critical
cluster formation we use the well-known formula [2]

DUðr; zÞ ¼ 16pr3v2a
3ðkT ðr; zÞÞ2ðln Sðr; zÞÞ2

;

where r is the surface tension of propanol, va is the volume
per molecule in liquid phase.

Two-dimensional field of the dimensionless free energy
for propanol critical clusters is demonstrated in Fig. 3.
We used the same conditions as for Fig. 2 and for Fig. 3.
As seen in Fig. 3 the dimensionless global minimum of
the free energy, DU*, is on the axes of symmetry of the con-
denser; it is equal to DU* � 23. The axial width of nucle-
ation zone, determined by the condition that free energy
at the border is equal to DU* + 2, is about 0.6R, and at
radial direction, the width is smaller than 0.2R. Thus we
determine the actual volume of nucleation zone, in which
vast majority of new droplets is formed. As we shall see
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Fig. 3. Contour plot of the free energy formation of the critical clusters.
later, two terms of expansion (10) and (11) determined
the value of global minimum not accurately enough. Nev-
ertheless Fig. 3 gives qualitatively correct view about the
sizes of the nucleation zone.

Following the estimation, obtained at [9], we can neglect
the depletion of vapor due to condensation on clusters and
droplets in LFCD only if for the number of droplets per
volume Nd, the following inequality is valid:

Nd � R�2R�1
d : ð13Þ

In other words, we can use mathematical models of the
performance of LDFC, described in [2–5]. For LDFC, de-
scribed in [2], the inequality (13) means that Nd has to be
much smaller than 109 droplets/m3. Otherwise droplets
with a radius about 1 lm substantially change the state
of vapor–gas mixture (temperature and vapor density).
Using Eq. (1), we can make additional estimation. In order
to neglect the release of the latent heat of phase transition
in LDFC, the number droplets per unit of volume has to
satisfy the following inequality:

Nd � LeðU=kT wÞ�1R�2R�1
d ; ð130Þ

where the Lewis number Le is defined as

Le ¼ k
qcD

.

Gaseous mixtures, used at LFCD, have the Lewis number
greater than one, and U/kTw � 10. For mixture of helium–
propanol the Lewis number Le � 31, lkz mixture argon–
propanol Le � 1.3. To note important results of the paper
[14], where analytical calculations have been made of some
parameters LFDC versus variations of inlet profile of
velocity.

There is the connection between Nd and nucleation rate
J. After approximate integration of Eq. (6) we have the
following expression:

J � vfN d=d; ð14Þ
where d is the width of the nucleation zone in LFDC, vf is
the averaged velocity of flow after its cooling.

Let us estimate the way of growth of newly formed
droplets, using Eq. (7) and the expression (12). The droplet
growth stops in LFDC if supersaturation dropped to the
value one. It follow from (12) that supersaturation practi-
cally dropped to one if z/lv = 3. Therefore the way of drop-
lets growth is equal to three characteristic lengths of the
decay of vapor density lv.

Approximately integrating Eq. (7), we have dependence
of droplet radius versus way z on the axes of the chamber

RdðzÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nsðT sÞ
nsðT wÞ

� 1

� �
ðDðT wÞmlvð1� expð�z=lvÞ

2u0q

s
; ð15Þ

or substituting expression for lv into (14), we have

RdðzÞ �
R
b1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nsðT sÞ
nsðT wÞ

� 1

� �
mð1� expð�z=lvÞ

q

s
.
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Thus the highest possible droplet radius Rm in LFDC is
proportional to

RmðzÞ �
R
b1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nsðT sÞ
nsðT wÞ

� 1

� �
m
q

s
.

We see that the saturator temperature Ts substantially af-
fect the maximum radius of droplets, formed in the LFDC.
Interestingly, Rm is proportional to the radius of
condenser.
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Fig. 4. Profiles of dimensionless density. Curve 1 is for chamber axis;
curve 2 is for r/R = 0.286; curve 3 is for r/R = 0.714.
4. Methods of numerical investigation

For approximate calculation of the profile of velocity
mixture, which change ronop]i�b during cooling process,
we use the following equations: Continuity equation for
vapor–gas mixture

qðT cÞ � u0 ¼ qðT wÞ � uf ; ð16Þ

where Tw is the temperature of the cold wall of LFDC,
q(Tw) and q(Tc) are densities of mixture, correspondingly,
at temperatures Tw and Tc and atmospheric pressure, uf
is the final velocity of the mixture; also we use the equation
of the state of the ideal gas. The expression for the final
velocity uf is

uf ¼ u0 �
T w

T c

. ð17Þ

For transient part of the flow in condenser, where cooling
takes place, we use the simplest linear approximation for
averaged velocity

uðzÞ ¼ u0 þ
ðuf � u0Þ � z

L
; z < L;

uf ; z P L;

8<
: ð18Þ

where z is the current position, L is a fitting parameter. The
value of L is determined by iterative procedure. The criteria
for the convergence of iteration is that way of dropping
temperature of the mixture on the chamber axes is equal
to L. We keep assumption about the parabolic velocity of
the flow [15].

For solving the system of partial differential equations
and ordinary differential equations (ODE) we use semi-dis-
crete lines method [16,17]. At the frame of this method we
use the expansion into finite differences of radial deriva-
tives. We use special methods [17], which permit correctly
to take into account dependencies of transfer coefficients
on temperature and vapor density [18]. Axial variable z is
treated as the continuous variable. As a result of this
expansion the system of partial differential equations is
converted into the system of ODE. The number of new
ODE is equal to the double number of knots along radial
direction. Finally, we have the nonlinear system of ODE,
which was solved numerically by the adaptive Runge–
Kutta method of the fourth order by means of MathCAD
2000 Professional.
5. Simulation results

Some numerical results for gas phase parameters,
obtained by the solution of 14 ODE are demonstrated in
Figs. 4–8. Thermophysical properties of the propanol, car-
rier gases, values of heat conductivity coefficient and the
diffusion coefficient propanol in helium and other gases
are taken from [2,19]. For reckoning of the heat conductiv-
ity of binary mixture well-known method have been used
[19].

For comparison, the results of application of the stan-
dard mathematical model of LFDC performance are pre-
sented in Figs. 4–9. For different radial positions,
propanol vapor density profiles are displayed in Fig. 4
(helium is the carrier gas). For receiving dimensionless val-
ues the density saturated propanol vapor was used at the
temperature of cold wall; the radius of the condenser of
LFDC was chosen as the scale of spatial sizes. Interest-
ingly, there is initial part of flow on the chamber axes where
the vapor density does not change. Fig. 4 shows exponen-
tial dropping of the vapor density versus distance agrees
well with qualitative estimations made above.

Profiles of the dimensionless temperature of propanol–
helium mixture are presented in Fig. 5. The value Tw was
used as the scale. We see that exponential dropping of tem-
perature on the axes is over already for z � 0.75R. The
results shown in Figs. 4 and 5, give clear understanding
of the LDFC performance for the case when Le = lv/lt is
much greater than one.

Note that it follows from curves 3 in Figs. 4 and 5, that
local zones of relatively supersaturation arise near the inlet
of the condenser. The reason for this is the fast dropping of
mixture temperature far from the center of the flow, there-
fore due to the exponential dependence of the saturated
vapor density on temperature, we see local maximum of
supersaturation. For the first time this fact was established
in [2].

For conditions of two experiments from [2] the cluster
growth in the condenser is shown in Fig. 6. For the mixture
with helium cluster (droplet) it reaches the radius of 6 lm
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is for helium; curve 2 is for argon.
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Fig. 5. Profiles of dimensionless temperature. Curve 1 is for chamber axis;
curve 2 is for r/R = 0.286; curve 3 is for r/R = 0.714.
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on the way 5R from the condenser inlet. For the mixture
with argon droplet reaches size 3 lm on the way 6R. To
note that the droplet growth at the free molecular regime
(Kn � 1) is so fast that droplet practically does not change
its position at the condenser. Growth of relatively large
droplets runs at the diffusion regime along all chambers
and it is much slower. The result of simulation agrees well
with our analytic estimations.

Global minimum of the free energy of critical clusters
versus temperature difference of the saturator and cold wall
is shown in Fig. 7. The saturator temperature is kept con-
stant during this simulation, and only temperature of cold
wall is changed; other temperatures are constant
(Tc = 330 K, Ts = 322.5 K). As it is seen from Fig. 7, if
the temperature difference is smaller by 25�, the nucleation
rate is very low. If we increase this temperature difference
the free energy decreases. For the range temperatures
shown in Fig. 7, nucleation rate has to increase on about
20 orders of magnitude. Other parameters are taken from
experiment 1 from [2].

For conditions of the same experiments, dimensionless
profiles of the free energy of critical cluster formation are
demonstrated in Fig. 8. It is worth to pay attention to sizes
of nucleation zone, where the dimensionless free energy



Table 1
Mixture of helium–propanol for Vohra and Heist [2]

N DFmin Z D S Tmin

1(1) 21.8 0.9 1 4.4 295.4
2(5) 23.6 0.8 1 4.3 292.9
3(17) 21.2 1.1 1 4.1 301.7
4(22) 16.4 1.3 1.1 5.0 302.4
5(27) 15.0 2.1 1.5 4.9 307.4

Table 2
Mixture of argon–propanol for Vohra and Heist [2]

N DFmin Z D S Tmin

1(28) 48.4 7.4 2.5 2.4 309.5
2(32) 43.8 8.0 2.7 2.5 311.8
3(37) 49.6 8.3 2.7 2.4 308.9
4(40) 55.2 7.6 2.4 2.3 306.9
5(44) 48.3 8.0 2.7 2.4 308.7

0.25 0.30 0.35 0.40 0.45 0.50
0.0

0.2

0.4

0.6

0.8

1.0

1.2

4

3

2

R
d

, 1
0

M
-6

Z/R

1

Fig. 10. Growth of two subsequent groups of clusters. First group: curve 1
is for r/R = 0.143; curve 2 is for r/R = 0.286. Second group: curve 3 is for
r/R = 0.143; curve 4 is for r/R = 0.286.
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differs smaller than two units from the DU* in LDFC.
Numerical results, shown in Figs. 4–9 and Tables 1 and
2, are obtained without effects of depletion, condensation
on droplets and mixture heating. Obviously, if we have rel-
atively large concentration of droplets, which occur under
large supersaturation, these effects have substantial impact
on the fields of vapor density and temperature.

For simulation of heat and mass transfer in LFDC with
homogeneous nucleation, we insert at fixed position (z, r)
some number of droplets with the same (for convenience)
very small radius (Rd � 2 · 10�9 m). Thus, the number of
these droplets is a free parameter at our approach. We
can calculate this number, in principle, using any nucle-
ation kinetics theory. For the first iteration we insert only
one group of droplets and calculate fields of vapor density
and the mixture temperature. Then, as the second iteration,
we insert the next group of droplets with the same initial
radius at another position before the global minimum of
the free energy, calculated at previous iteration. The larger
the number of iterations the more precise calculations we
can do. Obviously, we simulate by such method the influ-
ence of the integral source at our mathematical model.

For the first iteration the dependence of the DU* in
LDFC versus the total number of droplets is shown in
Fig. 9. The free energy was calculated by means of capillary
approximation [20]. For the first iteration at the position of
inserting droplets dimensionless free energy differs from the
dimensionless global minimum of the free energy, calcu-
lated by standard method, on two units. From this figure
we notice that previously formed droplets changes the state
of vapor–carrier gas mixture near the global minimum of
the free energy. As a result the global minimum increases,
and nucleation rate has to drop. As our numerical experi-
ments show the standard mathematical model works well
until the number of droplets per unit of volume is low. In
particular, for conditions the run1 from [2], as it seen in
Fig. 9, the number of droplets per unit of volume Nd has
to be smaller than 108 droplets/m3. This conclusion from
simulation agrees well with the estimation (13). In order
to create such number of droplets the nucleation rate has
to be only about 109 cluster/s m3.

For illustration of the proposed method for calculation
of integral terms in our mathematical model, the growth of
droplets from two different groups is shown in Fig. 10. The
effect of release of latent heat of phase transition, and sub-
sequent decreasing of supersaturation is an obvious one.
The convergence of curves 2 and 4 is the manifestation of
one of the effects of growth droplets at diffusion regime,
discovered [21].

6. Comparison with experiments

For the mixture propanol–helium, some calculated
parameters of nucleation zone are presented in Table 1.
The first column gives the corresponding experiment num-
ber at the paper [2]. The second column gives the value DU*

of propanol (as the scale we use kT(r, z)). The third column
gives the dimensionless position of global minimum, the
fourth column gives the dimensionless width of nucleation
zone, the fifth column shows the maximal value of super-
saturation, the sixth column gives the temperature of mix-
ture at the position of global minimum. As it seen that very
high supersaturation of propanol vapor has been reached.
To remind that for all conditions observable nucleation
rate was about 106 droplets/(m3 s). The presented tempera-
tures deviate from calculated results of [2] by more than 5�.

For the mixture propanol–argon, some calculated
parameters of nucleation zone are presented in Table 2.
We use the same meaning of columns in this table. We
found that the temperature field was calculated wrongly
at [2], the error could reach 5� on the axes of condenser.
The radius of nucleation zone is about 2.5R. As it is seen,
the volume of nucleation zone for carrier gas argon is sub-
stantially higher, more than 5 times. The feedback between
growing droplets, which move through the nucleation zone,
and supersaturation value leads to substantial decreasing
of the nucleation zone volume. This volume reduction is
higher for experiments with helium because propanol
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droplets grow much faster in this mixture. We see that the
dimensionless values of the free energies of critical clusters
differ significantly for experiments with argon and helium.
Physical mechanisms, which lead to such results, are dis-
cussed in the next chapter.
7. Nonuniform field of supersaturation

For studies of homogeneous nucleation by means of
laminar diffusion chamber, in addition to effects, discussed
above, there are other kinetic effects.

The first effect is related with the local structure of the
supersaturation field near to growing droplet. Significance
of this effect for interpretation of high nucleation rate
experiments was shown for the first time in [22]. The basic
idea is the following. Supersaturation is practically equal to
one on the surface of the growing droplet. It can be shown
that at diffusion regime of droplet growth the supersatura-
tion is equal to averaged one, calculated by our mathemat-
ical model, only if the distance from droplets exceeds ten
droplet radii. Let us denote this distance as Reff. Near
growing droplet for distances smaller than Reff, the super-
saturation is substantially smaller than the averaged value.
In other words, local structure of the supersaturation field
in nucleation zone arises. Unfortunately, we cannot imple-
ment this effect at our mathematical model at reasonable
manner for simulation. Therefore we limit further consider-
ation of this effect for only semi-quantitative estimation.
Formed at the beginning of nucleation zone the droplet
moves through it with the velocity vf. Then we have only
one droplet in the cylinder with volume vfpR2

eff . According
to the classical nucleation theory, in this cylinder has to be
formed J cvfpR2

eff droplets, where Jc is isothermal nucleation
rate [20]. Described above effect of local structure of super-
saturation field is small for low nucleation rates. Indeed, if

J cpR2
efvf � 1; ð19Þ

we can neglect this effect. For high nucleation rate this ef-
fect is a substantial one, probably not only for LDFC but
also for other devices. Using data, shown in Fig. 6, we can
estimate that Reff � 20 lm, and vf � 5 · 10�2 m/s. Then for
a modest LDFC nucleation rate Jc � 1012 cluster/(m3 s), in
the domain with characteristic radius Reff, instead of 60
droplets only one droplet exists. For this example we have
almost two orders of discrepancy between classical nucle-
ation rate and observations. This effect is stronger for mix-
ture propanol–helium, in comparison with the case when
carrier gas is argon.

For very high vapor supersaturation, researchers have
to take into account another effect of local field supersatu-
ration on smaller scale, which is about the mean free path
of vapor molecules. Indeed, for very high nucleation rate,
we have high number density of clusters per unit volume.
In this case we cannot consider the growth of each cluster
independently from the neighboring clusters. To denote the
mean distance between clusters as d, we have estimations
d � 1=N 1=3
d .

If d is about the mean free path of vapor molecules k,
neighboring clusters definitely affect on growth process.
We have the following expression for Nd:

ð1=NdÞ1=3 � k. ð20Þ
For the fulfillment of the condition (20), the nucleation

rate J has to be about

J � Nd=s; ð21Þ

where characteristic nucleation time s is taken about 10�6 s
[23], whereas under atmospheric pressure for propanol k is
about �10�6 m. In order to have a significant second effect
from expression (21) we have the estimation of nucleation
rate: J � 1023 clusters/(m3 s). Due to the stochastic nature
of formation of new phase clusters, these clusters have
some temporal delay and are distributed not perfectly uni-
form. Let us imagine that some cluster starts to grow faster
than the neighboring ones. This cluster suppresses growth
of the neighboring clusters for a variety of reasons. At first
it is the coalescence [22,24,25], as well as release of the la-
tent heat of phase transition. More large clusters have
smaller heating rate due to larger heat capacity. Estima-
tions, based on classical nucleation theory, show that there
was such supersaturation in experiments with helium and
hydrogen at [2]. We estimate the maximum number of sur-
viving droplets Neff in LDFC as following:

N eff � 0:04R2=R2
eff ;

where we consider the radius of nucleation zone 0.2R. As
characteristic radius of propanol droplet is about �2 lm
(helium is carrier gas), we have for experiments in [2] esti-
mation Neff � 104 clusters. Nucleation rate, calculated
according to (14) for such number of droplets, gives the
rate approximately equal to 106 droplets/(m3 s). This esti-
mation agrees well with experimental data [2].

Extrapolation of recent experimental data about propa-
nol nucleation rates, obtained by nonsteady method [26],
confirms our point that at experiments, described in [2],
huge nucleation rates were reached. These rates were
higher than 1022 clusters/(m3 s). It also was confirmed in
[26] that the nature of carrier gas did not affect the nucle-
ation rate. It should be emphasized that diffusion interac-
tion between growing clusters [22,24], when vast majority
of small clusters disappeared, lead to the restoration of
profiles of vapor density and temperature in nucleation
zone of LDFC, thus effectively expanding limit of applica-
tion of our mathematical model. Note that the mean free
path of propanol molecules in helium is several times larger
than in argon. Therefore the second effect, related with
local structure of supersaturation field, is less probable if
we use argon as carrier gas. Thus we proposed explanation
of paradoxical experimental results, which take into
account a local structure of supersaturation field. We
explain the fact that nucleation rate of propanol is higher
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Fig. 11. Profiles of dimensionless temperature for high nucleation rates.
Curve 1 is for chamber axis; curve 2 is for r/R = 0.286; curve 3 is for
r/R = 0.714.
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Fig. 12. Droplet growth for high nucleation rates. Curve 1 is for r/R =
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in argon than in helium [2–4] by diffusion interaction
between growing clusters and the value of nucleation zone.

8. Discussion of results

The new mathematical model of a laminar flow diffusion
chamber performance (LFDC) is presented. This model
permits to take into account the change parameters of the
nucleation zone of a LDFC due to interference of heat
and mass transfer and volume condensation process.
Semi-qualitative estimations are made, based on the Galer-
kin�s method. Our mathematical model describes effects of
droplets growth at the whole range of the Knudsen num-
bers. It is worth to note that our mathematical model also
permits to calculate the paccxbnmibanm heterogeneous nucle-
ation B LFDC. An example of such calculation is presented
in [8].

We developed the iterative algorithm for obtaining the
self-consistent solution, which describes the flows with
homogeneous nucleation in LFDC. During simulation it
was discovered that near the inlet of condenser LFDC
there is a finite size zone near the global minimum of free
energy of the propanol critical cluster DU*, the so called
nucleation zone. The volume of this nucleation zone sub-
stantially depends on thermophysical properties of carrier
gas. In particular, for approximately the same conditions
the volume nucleation zone with carrier gas argon is much
larger than for carrier gas helium.

It was shown that investigation of homogeneous nucle-
ation in laminar flow diffusion chamber (LFDC) could be
applied only for relatively low nucleation rates. The limits
of applicability are established. It was shown that the num-
ber droplets per unit of volume Nd has to satisfy the
condition:

Nd � LeðU=kT wÞ�1R�2R�1
d .

If this inequality is not valid, growth droplets in the begin-
ning of the nucleation zone, with relative flow of gaseous
mixture, lead to increase of temperature and vapor deple-
tion at the central part of the flow. As a result of this
increasing temperature we have two effects: a decrease in
the volume of nucleation zone and an increase of global
minimum of free energy cluster formation in LFDC. The
last effect is displayed in Fig. 9. Even relatively little
increasing of the temperature manifests itself at the drop-
ping of the total number of droplets, which can grow to
the optically detectable size (about 1 lm).

Using standard mathematical model of LFDC leads to
the important fact that maximum of nucleation rate should
be near the axes of condenser. For relatively high supersat-
uration our calculations shown the central part of the con-
denser is the most heated part of the condenser. A shift of
maximum of nucleation rate from axes means that we, at
least, cannot apply standard mathematical model. For
regime with high nucleation, the profiles of temperature
in LFDC are shown in Fig. 11. For the number of droplets
2 · 1010 per unit of volume the droplets growth is demon-
strated in Fig. 12. The increasing of temperature in the cen-
tral part manifests itself in more slow droplets growth.

The careful comparison of experimental results and cal-
culated ones shown that there are additional mechanisms,
which affect nucleation rate. We discussed the effects of
local structure of the supersaturation field. We presented
some qualitative estimations effects of local structure,
which permit to explain a number of paradoxical experi-
mental results during nucleation research with LDFC
about the influence of the nature of carrier gas. Quantita-
tive investigation of these effects is the problem of future
researches.
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