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The heterogeneous nucleation and condensation of water vapor onto three different surfaces (newsprint paper,
Teflon, cellulose film) was studied theoretically and experimentally. The theoretical framework included the use of
the classical theory of heterogeneous nucleation, diffusion theory corrected with transition regime correction factors,
and the theory of heat transfer. Experiments were carried out using an environmental scanning electron microscope
(ESEM). The experimental results for newsprint paper were investigated more closely. Our results show that the
measured onset supersaturations were smaller than the modeled ones when the experimentally determined contact
angle was used. Furthermore, the measured condensational growth rates were smaller than the modeled ones, presumably
resulting from the approximations that had to be made in the calculations.

1. Introduction

The formation of liquid embryos on insoluble surfaces from
supersaturated vapors and the subsequent growth of these embryos
to observable droplets represents an everyday phenomenon. An
important industrial application of condensation is in paper-
making, where a smoother and glossier paper surface is achieved
by moistening the surface before the so-called calendering
operation.1 This technique is applied at almost any paper mill.
Still, the water-transfer mechanisms are poorly understood.

The processes present in the phenomenon are illustrated in
Figure 1. In the initial situation, there is supersaturated vapor
and a surface. Vapor molecules form small embryos on the surface
(Figure 1a). Some of the embryos grow to a thermodynamically
stable size, causing the formation of a new liquid phase via
heterogeneous nucleation (Figure 1b). Formed embryos start to
grow when vapor condenses into them (Figure 1c). Droplets
near each other may coalesce, forming larger droplets (Figure
1d). If the underlying surface is porous, then both vapor and
liquid molecules will be absorbed into the surface. In this study,
we approach the problem using theories of nucleation and
condensation for one component vapor. Absorption and coal-
escence are not considered.

Lately, nucleation phenomena have been studied using different
approaches (e.g. density functional theory2-4 based on capillarity
theory,5Monte Carlo simulations,6-8and molecular dynamics9,10).
However, classical nucleation theory,11-14 first presented for

heterogeneous nucleation on flat surfaces first by Volmer,15 is
still the only one applicable for more complex situations.

Condensational growth follows right after nucleation because
the vapor will prevail over supersaturation. The basic principles
of the condensational growth of spherical droplets are theoretically
rather well understood, and accurate expressions for the
condensational mass and heat fluxes for both kinetic (Kn . 1)
and continuum (Kn, 1) regimes are available.16-19In this work,
however, we study sessile droplets with the shape of a spherical
cap on different surfaces. Picknett and Bexon20derived a solution
for the condensation/evaporation flux for such a droplet, using
the analogy between diffusive concentration fields and the
electrostatic potential field. The evaporation of sessile droplets
on insoluble surfaces has also been studied by Deegan et al.,21
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Figure 1. Processes involved in vapor condensing onto an insoluble
surface. See the text for details.
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Cachile et al.,22 and Hu and Larson.23-25 Particularly for
nonabsorbing surfaces and isothermal conditions, rather good
agreement between theory and observations has been reported.
In this study, we use the approach presented by Picknett and
Bexon20corrected with transitional correction factors in an attempt
to model the condensational growth of sessile water droplets on
a newsprint paper surface.

2. Theory

Theoretical calculations consisted of two parts. The formation
of liquid embryos was modeled using the classical theory of
heterogeneous nucleation. Further condensational growth of the
droplets was estimated using diffusion theory in the transition
regime18,19,26and taking into account the concentration profile
resulting from the lens-type shape of the droplets.20 Heat fluxes
were studied using formulations reported by Wagner16and Vesala
et al.27

2.1. Heterogeneous Nucleation.We have followed the ideas
of theclassical theoryofheterogeneousnucleation, first introduced
for flat surfaces by Volmer.15 In this formulation, the critical
embryos forming on the surface are considered to be segments
of a sphere, each having the same radius and contact angle (Figure
2). The classical theory relies on the use of macroscopically
determined bulk properties for the critical cluster. The capillarity
approximation is used for the surface tension: the surface tension
of a flat surface is used for the embryo. The liquid density is
taken to be that of the incompressible liquid. Other physico-
chemical properties needed for the calculations include the contact
angle and the saturated vapor pressure.

In the case of heterogeneous nucleation, geometry plays a
major role. The embryo is represented by a segment of a sphere,
contacting the flat surface by angleθ, which is called the contact
angle (Figure 2). In the Figure, the vapor phase is denoted by
1, the liquid embryo, by 2, and the insoluble flat surface, by 3.
The system has to pass the energy barrier described by the Gibbs
free energy for the phase transition to occur. The Gibbs free
energy for embryo formation on an insoluble surface in the general
case is given by

where ∆Gv is the free energy difference per unit volume of
embryo between matter in the parent phase and matter in the
embryo phase,V is the volume of the embryo,Aij is the surface
area separating phasesi andj, andσij is the interfacial free energy
between phasesi andj as denoted in Figure 2. To apply equilibrium

thermodynamics, we have to identify the equilibrium embryo
size by locating the maximum point of the energy barrier:

Choosing the dividing surface between the liquid and vapor phases
so that it coincides with the surface of tension,28 we can find the
radius of the embryo using the Kelvin equation

where∆µ ) µl(T, Pv) - µv(T, Pv) with µl andµv denoting the
liquid- and vapor-phase chemical potentials, respectively, and
Vl(T) is the molecular volume of the liquid. The liquid is assumed
to be incompressible. From eq 3, we are able to determine the
critical radius of the forming embryos, knowing that for a one-
component ideal gas

whereS is the saturation ratio of the nucleating vapor. Because
we are applying equilibrium thermodynamics, we assume that
all of the forming embryos are of the same size. Now the critical
free energy for the embryo formation is given by

wheref(m) is a geometrical term depending on the contact angle
throughm ) cosθ

The nucleation rate can be expressed as29,30

whereRav is the average condensation rate,Z is the Zeldovich
nonequilibrium factor, andF is the total number of nucleating
molecules, clusters, particles, and so forth depending on the system
under consideration. In homogeneous nucleation,F would be
the total number of molecules in the vapor. For heterogeneous
nucleation, several different expressions forF can be found in
the literature.

In the formulation that we have used, nucleation is thought
to proceed via direct vapor deposition. The approach takes into
account only the monomer collisions hitting and adhering to the
surface of the embryo. The other widely used approach to
heterogeneous nucleation is the surface diffusion. In this approach,
the collisions and adhering monomers on the substrate surface
are also taken into account. Thus, the nucleation rate includes
both the direct collisions of monomers on the embryo and the
diffusion of the monomers on the substrate surface into the
embryo. For the nucleation rate, we use

The adsorption mechanism is included in the nucleation rate
calculation by the number of molecules adsorbed on the surface
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Figure 2. Contact angle of a liquid droplet on a flat insoluble surface.
Phases are indicated by numbers: (1) surrounding vapor, (2) liquid
droplet, and (3) underlying insoluble surface. The droplet is thought
to be part of a sphere.
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of an embryo

whereâ is the impinging rate of vapor molecules on the embryo
surface, interpreted as the condensation rate, andτ is the time
the molecule spends on the surface (residence time), given by

whereτ0 is a characteristic time andE is the heat of adsorption.
Lazaridis et al.31 used the latent heat of condensation given by
Adamson32 for the heat of adsorption. The characteristic time
can be determined by knowing the characteristic frequency of
vibration ν0

32

The vibrational frequency is usually calculated using the nearest-
neighbor harmonic oscillator approximation. For the water-
water interaction,τ0 ) 2.55× 10-13 s.

2.2. Condensation and Heat Fluxes.First, we assumed the
gas phase to consist only of water vapor (i.e., no carrier gas was
present). In this case, the mass fluxes of water vapor to/from the
spherical cap-shaped droplets can be calculated using the
expression18,20,26

wherer is the radius of the growing droplet (the droplet base has
the radiusr sinθ), âm is the transitional-regime correction factor,
M is the molecular mass, anddmol is the molecular diameter of
the condensing vapor.Ta andT∞ and similarlypva andpa∞ refer
to vapor temperatures and pressures at the droplet surface and
far away from droplet, respectively. The droplet is assumed to
be in the steady state; therefore,pvaequals the equilibrium vapor
pressure of water on a liquid surface with curvaturer. g(θ) is
a geometrical factor taking into account the concentration profile
in the vicinity of the sessile droplet and has the contact-angle-
dependent form20

for contact angles larger than 0.175 rad (10°). Equation 12 is
simply an integrated form of Fick’s first law in a one-vapor
system, taking into account the temperature and pressure
dependencies of the self-diffusion coefficientDww, expressed
as26

To take into account the experimental uncertainties, we also
studied the water vapor condensation in a gas-vapor mixture
at a maximum 5 Torr of air. In this case, the mass flux to the
droplet was calculated with18,27

wherep refers to the total pressure in the experimental chamber,
g(θ) is the geometrical factor described above, andDw,air refers
now to the diffusion coefficient of water vapor in air, expressed
as

where the subsriptN points to a reference state (here 273 K and
1 atm). For water vapor,Dw,air,N ) 22.07487× 10-6 m2/s and
µ ) 1.6658.33 The factor C results from the temperature
dependency of the diffusion coefficients and is of the form18

The presence of the carrier gas gives rise to the so-called Stefan
flux, which, in the case of condensation, is directed toward the
droplet.

The droplet surface was assumed to exchange heat with the
surrounding gas as well as the droplet base, which was assumed
to have the temperature of the substrate (newsprint paper). The
radiative heat transport was also taken into account for
completeness. The total heat flux from the droplet surface can
thus expressed as

where the subscripts v, a, b, and rad refer to vapor, droplet surface,
droplet base, and radiation, respectively. The heat flux between
the droplet surface and the gas phase was calculated with16

wherekgaandkg∞ are the thermal conductivities of the gas phase
at the droplet surface and far away from the droplet, respectively.
Hv is the specific enthalpy on the condensing vapor,J is the mass
flux to the droplet (calculated with eq 12 or 15), andâT is the
transitional correction factor for heat flux. The heat transfer
between the droplet surface and its base was estimated with

wherekl is the thermal conductivity of the liquid water (r2 sin2

θ refers now to the droplet base area) andTb refers to the
temperature of the substrate. The radiative flux from the droplet
was calculated according to the Ste´fan-Boltzmann law

whereσb is the Ste´fan-Boltzmann coefficient. For the thermal
conductivities of vapor and liquid water in units of W/m/K, we
used the temperature-dependent expressions33,34
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In the case of the air-vapor mixture, we calculate the thermal
conductivity of the mixture as described by Lindsay and
Bromley.35

The transitional correction factors for mass and heat fluxes
were expressed according to Fuchs and Sutugin36

whereKn is the Knudsen number of the droplet defined as the
ratio between the mean free path of the vapor/gas and the droplet
radius.Rm and RT are the mass and thermal accommodation
coefficients. Both accommodation coefficients for water vapor
as well as the thermal accommodation coefficient for air were
assumed to be unity.

The temporal evolution of the condensation process was
calculated by numerically solving coupled differential equations
for the droplet mass and temperature as well as the ambient
temperature and vapor concentration (e.g., Vesala et al.27).

3. Experiments

The aim of the experiments was to systematically determine the
onset of heterogeneous nucleation as well as the contact angle and
condensation rate of supersaturated vapor on different surfaces under
controlled conditions. An environmental scanning electron micro-
scope (ESEM) was used to study the phenomena. The ESEM chamber
contained practically no air (at maximum 5 Torr), and the vapor was
at room temperature (20°C).

Three different samples including newsprint paper, Teflon, and
cellulose film were used in the experiments. Newsprint was chosen
because of its practical relevance in calendering operations. The
samples were first cooled to 2-8 °C using an underlying Peltier
device. Because of the high thermal conductivity of the samples,37

we could expect the surface temperatures to stay close to their targets
throughout the experiments. In the case of newsprint paper, the
relative humidity was first increased to 100% for 90 s and was kept
at the saturated vapor pressure for at least 10 min, allowing the
fibers to absorb as much moisture as possible. After this prewetting
period, the relative humidity was increased slowly (0.5-1%/min)
until droplet formation was observed. This threshold pressure value,
corresponding to the onset of heterogeneous nucleation, was recorded,
and the amount of vapor was increased no further during the rest
of the experiment. Condensational growth rates for the droplets
were obtained from the ESEM pictures taken at 30 s intervals.

The microscopic contact angle for newsprint was measured by
repeating the experiment with a tilted viewing angle and measuring
the angle with visual inspection from the ESEM figures. We followed
a few droplets and noticed that despite fluctuations, the average
contact angle remained practically constant over extended time
periods (e.g., 200 s). Moreover, the contact angle appeared to be
quite independent of the chosen droplet.

The largest uncertainty in the experiments was related to the
amount of air in the chamber. The secondary pumping action reduced
the amount of air during the experiments.38 At the threshold vapor

pressure for nucleation, the amount of air was probably small but
not necessarily insignificant. This means that the measured thresholds
give essentially the upper boundary of critical water vapor pressure
levels.

Other possible sources of experimental uncertainty are the heating
effect as well as the effect of the electric field. The electron beam
of ESEM heats the sample locally, but there are unfortunately no
quantitative reports on the possible magnitude of this effect. Bateni
et al. (2005)39 have reported on an approximately 0.5° variation of
the contact angle of macroscopical droplets consisting of polar
molecules (alcohols) on Teflon in an electric field on the order of
magnitude of 106 V/m. We assume that the electric effects in ESEM
may have a minor effect (of a magnitude of 1°) on the contact angles
in our system.

4. Results and Discussion

An optical inspection of the pictures obtained by the ESEM
device shows that in most cases our theoretical approach stating
that a liquid droplet is part of a sphere on a flat surface is correct
(Figure 3a and b). In Figure 3a, droplets have formed on cellulose
film, and the surface in Figure 3b represents newsprint paper.
Even though the paper has a very complex structure, on the scale
of a maximum of a few micrometers the surface can be considered
to be rather flat. On the nanometer scale, which is relevant for
the nucleation phenomenon, this approach can be considered to
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Figure 3. (a) ESEM image of droplets formed on a cellulose film.
(b) ESEM image of droplets formed on newsprint paper.
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be rather approximative. However, the limitations of the ESEM
accuracy in this study leaves the considerations of the newsprint
paper nanostructure for future inspection, and the flat surface
approximation has also been made in the heterogeneous nucleation
calculations.

Supersaturations leading to the onset of heterogeneous
nucleation of water vapor were determined experimentally for
newsprint paper, Teflon, and cellulose film. The contact angle
and growth rate were measured for droplets on newsprint paper.

The experimental results for onset saturation ratios are shown
in Table 1. For the model runs, the onset of nucleation was
defined as the nucleation rate corresponding to the number
concentration of observed droplets on the surface (106 cm-2)
divided by the time interval of the ESEM pictures (30 s). Table
1 also shows the contact angles obtained by matching the
parameters in the nucleation rate calculations using eq 8 with the
experiments to get the onset nucleation rate ofJonset) 3.33×
105 cm-2 s-1. A similar angle-fitting procedure has been
performed by Wagner40for the heterogeneous nucleation of water
andn-propanol on the surface of Ag particles. Inclusion of the
surface diffusion in the nucleation rate calculation is expected
to increase the theoretical nucleation rates by approximately 3
orders of magnitude in our temperature range.41We have included
this effect in the error estimate of the contact angle.

The experimental results for the contact angle and droplet
growth rate were (69( 2)° and (0.07( 0.02)µm/s, respectively.
It should be pointed out that sizes around the critical cluster were
below the resolution of the ESEM device used in the experiments.

Droplet growth was modeled using eqs 12-25. In the model
calculations, the droplet density on the paper surface was assumed
to be approximately 106 cm-2 on the basis of the experimental
observations. The results of the model calculations and the
experimentally observed droplet growth are presented in Figure
4. The black lines represent the modeled curves (solid line, no
air is present; dashed line, 5 Torr of air is present), and the gray
dashed-dotted lines refer to droplet growth observed with ESEM.
The results indicate that the used condensation theory predicts
considerably faster droplet growth than that observed experi-
mentally. The predicted equilibrium sizes, however, are in rather

good agreement with the experiments. A possible reason for the
wrong time scale predicted by the model might be the fact that
the water absorption of the paper fibers was not taken into account
in the calculations. It is probable that the fibers absorb water first
from the base of the droplets and second directly from the vapor
phase, thereby slowing down the observed growth of the droplets.

5. Conclusions

The measured onset supersaturations were smaller than the
modeled ones when the experimentally determined contact angle
was used in the classical theory of heterogeneous nucleation. A
better model result was gained using a smaller contact angle.
The resolution of the ESEM device does not extend down to the
diameter of critical size embryos, which is about 4 nm, so the
experimentally determined contact angle possibly applies only
for larger droplets.

The measured condensational growth rates were significantly
slower than the modeled ones. This may be due to several
approximations considering the topology and other attributes of
the surface. One of the most important uncertainties relates to
the probable mass transfer between the droplet base and the
paper surface, namely, the water absorption by the paper fibers.
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Table 1. Experimental Onset Saturation Ratios and Contact
Angles Corresponding to the Classical Theory of Heterogeneous

Nucleation for Different Materials at Different Temperatures

material

onset
saturation

ratio
temperature

(°C)

corresponding
contact angle

(deg)

newsprint paper 1.09 2.7 20.2( 0.5
1.11 7.1 22.7( 0.5

Teflon 1.04 3.7 13.5( 0.3
1.03 6.7 11.8( 0.3

cellophane 1.07 2.1 17.7( 0.4

Figure 4. Time evolution of the size of a water droplet on a newprint
paper surface. The gray dashed-dotted lines correspond to
experimental results obtained during a single ESEM measurement.
The solid line shows the result modeled using diffusion theory in
the transition regime and assuming no carrier gas (calculated with
eq 12), whereas the dashed line corresponds to model calculations
assuming 5 Torr of air to be present in the gas phase (eq 15). The
droplet temperature is considered to be the same as the underlying
surface temperature in the beginning of the experiment, 275.85 K.
The vapor temperature is 293.15 K.
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