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On the Dynamic Capillary Effects in the Wetting and evaporation process of
Binary Droplets

K. Sefiane !

Abstract: In this paper recent experimental results on
the wetting behaviour of volatile binary sessile drops are
reported. The evaporation rate is varied through the con-
trol of the ambient total pressure. The dynamic wetting
contact angle of an evaporating Water-Ethanol drop is
investigated at various sub-atmospheric pressures. The
wetting properties (contact angle, shape and volume) are
monitored in time using a drop shape analysis instru-
ment. The results show that the evaporation of the bi-
nary droplet takes place in two stages: a first stage where
the wetting behaviour is very similar to the pure ethanol
case and a second stage where it is very close to the pure
water case. The effect of varying the evaporation rate is
found to shift the observed transitional stages. The anal-
ysis of these results shows that in the first stage mostly
the more volatile component evaporates and in the sec-
ond one mostly the less volatile component evaporates. It
appears however that during these processes there can be
an evaporation of both components in different propor-
tions. This is clearly influenced by the total evaporation
rate and the diffusion from the bulk to the interface.

keyword:  Wetting; Evaporation, Diffusion, Concen-
tration gradients, Capillary effects

1 Introduction

Wetting phenomena play a crucial role in a wide range
of technological applications (see, e.g., Lappa (2005a,
2005b). Spreading of liquids on solids involving phase
change is encountered in many areas ranging from bio-
logical systems to industrial applications. Ring forma-
tion from evaporating drops and its use for thin films
coating, Deegan (1998), and DNA chains elongation us-
ing a drying sessile droplet are examples of new devel-
opments and identify a need for the understanding of
the process of evaporating droplets, Hu (2002). Exten-

I'School of Engineering and Electronics, University of Edinburgh,
Kings Buildings, Mayfield road, Edinburgh EH9 3JL, UK. Email:
ksefiane @ed.ac.uk

sive work can be found in the literature dedicated to
understanding the fundamentals of this process, Pick-
enet (1977), De Gennes (1985), Blake (1969), Shanahan
(1995).

Although wetting and evaporation of binary mixtures is
an important case to many applications, little work has
been done to investigate the fundamentals of the prob-
lem. There are many possible applications to which un-
derstanding of evaporation and wetting behaviour of bi-
nary mixtures can be applied.

In wastewater treatment plants, knowledge of surface
tension behaviour is used to monitor concentrations of
volatile organic compounds such as benzene, toluene and
trichloroethylene (TCE) to ensure that levels do not ex-
ceed safety limits. In the microelectronics field, recent
trends towards technologies with high power dissipation
and density have resulted in the need for the design of
more effective thermal management systems. The tradi-
tional methods of air cooling and direct immersion cool-
ing may no longer provide a sufficient level of heat re-
moval from the circuitry. A promising solution to the
cooling of high density microelectronic applications is
the process of spray evaporative cooling. This involves
the spraying of a dielectric liquid directly onto the cir-
cuitry. The liquid will absorb the heat from the circuitry,
and then evaporate, thereby cooling the electronic com-
ponents. The evaporative process and therefore the ef-
fectiveness of cooling will be governed by the wetting
behaviour of the sprayed liquid. In a study by Rowan
et al. (2000) the wetting behaviour of a 1-propanol and
water mixture were observed. Contact angle and base
width measurements of the droplet were made for a va-
riety of compositions at 21C and ambient pressure. The
results of this paper show two distinct trends of wetting
behaviour: one for mixtures with mole fractions of less
than 0.39 propanol and one for mixtures with mole frac-
tions more than 0.39 propanol. For mixtures containing
more than 0.39 mole fraction propanol, it was found that
the contact angle decreased at a steady rate for the period
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Figure 1 : Evaporation of water droplet on aluminium and PTFE substrates
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Figure 2 : Evaporation of water droplet on aluminium and PTFE substrates

required for total evaporation (90 s), whereas the base
width measurement was steady for about 60 s before de-
creasing at a fast rate. Additionally, the droplet main-
tained a rough spherical cap-type shape throughout the
evaporation process. For mixtures containing less than a
0.39 mole fraction of propanol, the behaviour observed
was markedly different. Initially, for a short period of
time, the contact angle decreased. After this however,

contact angle measurements were found to be unobtain-
able due to instabilities around the droplet periphery. The
droplet was then observed to spread and break into sev-
eral smaller droplets, eventually leading to the formation
a single new droplet.

A likely explanation for this behaviour has to do with
the azeotropic nature of the propanol/water mixture. The
azeotropic composition at the conditions of the experi-
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mental studies was externally verified to be 0.41 which
is so close to the margin at which the trend of wetting
behaviour changes. Therefore, when the mixture con-
tains a water in excess of the azeotropic composition
(xpropanol< 0.41), evaporation will result in a residual
liquid that tends to pure water as the propanol is pref-
erentially absorbed at the interface. The combined ef-
fects of the preferential absorption of propanol and also
the cooling caused by evaporation induce local surface
tension minima and maxima, leading to the instabilities
observed. When most of the propanol has evaporated,
the dynamic surface tension observed will tend to that of
pure water, which is verified by the higher contact angles
detected in the latter stages of the experiment.

Again, although a quantitative reasoning is given to
explain the dynamic surface tension behaviour of the
propanol/water droplet, it is essential to produce a more
rigorous physical approach which will include mathe-
matical modelling of the absorption and evaporation dy-
namics to verify the experimental findings. The aim of
this paper is to present the findings of an experimental
investigation of the evaporation and wetting behaviour of
ethanol/water droplets. The effect of concentration and
evaporation rate has been investigated and the role of dif-
fusion in the liquid and gas phases is discussed.

2 Experimental Setup and Procedure

The experimental equipment used to carry out the evap-
oration of sessile droplets under various pressures con-
sists of:- a computer with FTA200 package (contact an-
gle analysis software), a CCD camera, a cell of dimen-
sion 4x4x3 cm, an injection pump, an aluminium/PTFE
substrate of dimension 2.5x6cm. The FTA200 package
evaluates the contact angle, volume, height, diameter and
surface tension of the sessile drops. The sessile drop and
its contact angle is highly influenced by the surface finish
and the presence of impurities on the substrate. For that
reason, surface preparation techniques such as polishing,
and cleaning in ultrasound bath were used, prior to the
experiments, in an attempt to obtain a clean and homoge-
nous surface. Substrates were pictured by the Atomic
Force Microscope, (AFM). The analysis performed by
the AFM was completed by the use of a Zygo profilome-
ter to evaluate the roughness of the substrate. The re-
sulting profile indicated that the PTFE substrate can be
considered as relatively rough.

Some preliminary exploratory tests have been performed
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in order to select the binary system as well as the sub-
strate. In order to select a binary mixture to demon-
strate the coupling between volatility and surface tension,
water, ethanol and methanol were investigated indepen-
dently.

The evaporation of the three liquids under reduced pres-
sure has been investigated (Fig. 1). For these pure sub-
stances, evaporation rate increased linearly with decreas-
ing pressure, with water having a much lower rate and
pressure dependence than ethanol or methanol, which is
consistent with its lower vapour pressures. Water and
ethanol were chosen for the experiments with mixtures
because pure water and pure ethanol have similar contact
angle trends with time during evaporation. The liquids
used are pure liquids purchased from Aldrich Chemicals,
ethanol and methanol are used as received, 99.9% purity.
Water is pure distilled deionised water.

Fig. 2 shows evaporation of a water droplet on both the
PTFE substrate and Aluminium substrates. The evapora-
tion rate is higher for the Aluminium substrate because
the droplet spreads more on this surface, giving rise to a
larger surface area. The PTFE substrate has lower ther-
mal conductivity which could have reduced heat transfer
for the energy required for evaporation in addition to the
spreading effect.

However, the slopes of both lines are similar, indicating
that heat transfer limitation is unlikely. The PTFE sub-
strate was chosen because its high surface energy gave
rise to larger and hence more readily measurable contact
angles for ethanol.

3 Results

Evaporation rates for pure water and pure ethanol and a
range of mixtures of these are given in fig 3. at various
concentrations of ethanol in water in volume fractions.
various (sub)atmospheric pressures. The evaporation rate
is observed to increase linearly with decreasing pressure
for each substance. Increasing the ethanol concentration
increases the overall evaporation rate consistently. In or-
der to facilitate analysis of our results, some further data
are presented in dimensionless form. The contact angle,
base width and drop volume are normalized to the ini-
tial values, while time is normalized to the lifetime of the
drop.

The normalised curves show two types of behaviour de-
pending on the drop concentration regardless the pa-
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Figure 3 : Overall evaporation rates of pure and mixtures at various sub-atmospheric pressures.
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Figure 4 : Identification of the two stages in the evaporation of water-ethanol mixtures at two pressures.
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Figure 5 : Evolution of the contact angle versus the drop volume for various initial concentrations at P=1 atm.
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Figure 6 : Evolution of the contact angle versus the drop volume for various initial concentrations at P= 0.7 atm.
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Figure 7 : Evolution of the contact angle versus the drop volume for various initial concentrations at P= 0.5 atm.
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Figure 8 : Depinning of the contact line during contact angle jump.
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Figure 9 : Evolution of the drop base versus time for various initial concentrations at P=1 atm.
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rameter studied (drop volume, contact angle, drop base
width). For pure substances, the normalised curves show
almost a similar trend. The drop volume and the base
width decrease monotonically for all the evaporation du-
ration. For mixtures, the normalised curves reveal dif-
ferent behaviours from the pure substances. For small
concentration (25%) of the volatile liquid, the droplet
characteristics evaporation is globally close to pure sub-
stances. As the volatile liquid concentration increases in
the drop, the drop volume variation deviates significantly
from the pure substances. This leads to the observation
that the evaporation mechanisms for the mixtures differ
from the pure ones. The present results show that for bi-
nary mixtures the wetting behaviour of evaporating drops
deviates from the known pure component trends. In all
performed experiments we found that on the rough sur-
face we used, the contact angle decreases which suggests
that pinning of the contact line may occur; however, base
width measurements (Fig. 9) show a slow decrease for all
tests except that of pure water. The evaporation sequence
of an ethanol-water droplet did not display similar char-
acteristics to either of the two pure components. There
was a well defined two-phase evaporation sequence iden-
tified, which became more defined as the ethanol concen-
tration increased (see Fig. 4). If pinning occurs an initial
extra phase is observed — see Sefiane (2003).

The duration of phase 1, compared to the entire evap-
oration time, increases with increasing ethanol concen-
tration. The volume evaporated during phase 1 appears
to be very close to the volume of ethanol in the droplet
mixture. This indicates that it is likely that the ethanol,
with its higher vapour pressure evaporates preferentially,
though some small amount of water will evaporate too.
Similarly the duration of phase 2 corresponds to the vol-
ume of water in the droplet and evaporates at a much
lower rate than phase 1. This corresponds roughly to the
evaporation of almost pure water.

The evaporation rates of phase one and phase two identi-
fied previously are compared to the evaporation rates of
pure components. This comparison shows that on one
hand, for the mixtures, the magnitude of the evaporation
rate of phase one is very close to the one of pure ethanol.
On the other hand the magnitude of the evaporation rate
of phase two is close to the one of pure water. This cor-
roborates the idea that the more volatile component evap-
orates mainly during the first phase while the less volatile
one evaporates in the last phase.

FDMP, vol.1, no.3, pp.267-276, 2005

When the evaporation occurs, the dynamic contact angle
is correlated to the drop volume. The wetting angle varies
continuously with the drop volume for pure substances.
For mixtures this behaviour is different. For high ethanol
concentration (75%), the initial contact angle is close to
that of pure ethanol for a wide range of drop volumes.
The contact angle at some point increases rapidly to the
contact angle of pure water and subsequently follows the
behaviour of pure water for the rest of the drop lifetime.
This ‘jump’ in contact angle is a key feature of evapora-
tion of rich mixtures of ethanol. There is a corresponding
reduction in base width of the droplets (see fig 8) and the
drop height also increases.

The location of the jump in contact angle varies with re-
ducing pressure, occurring at progressively lower nor-
malised volumes, as shown in figures 5, 6, 7 and 10.
From the results presented it is clear that the wetting be-
haviour strongly depends on the initial concentration of
ethanol.

4 Discussion of Mechanism

For mixture droplets, the overall rate of the evaporative
process can be thought of as consisting of the following
stages in series:

1. Diffusion (or more generally mass transfer) of the
more volatile component to the surface of the drop;

2. Evaporation of both species from the surface ac-
cording to their vapour pressures and droplet surface
phenomena;

3. Diffusion of both species through quiescent air
above the droplet in the cell.

The energy loss brought about by evaporation must be
accounted for in stage (2) and, if not provided for entirely
by heat transfer through the substrate, this heat transfer
limitation must be modelled too.

Diffusivities of ethanol in water are significantly lower
than those of either ethanol or water vapour in air. An
estimate of the diffusive flux of ethanol from the base of
the drop to the surface is much lower than the observed
evaporation rate. This indicates that there are other mass
transfer processes occurring in the drop. Circulation
within evaporating drops has been observed, Hegseth
(1996) and it appears that this, which would replenish
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lost surface ethanol, is sufficient to keep the surface layer
as ethanol rich as possible during preferential evapora-
tion. Over time the ethanol concentration will decline.
The contact angle is fairly insensitive to changes in con-
centration until the ethanol concentration has reduced to
about 20% (see Fig. 11), see Vasques (1995), where af-
ter a rapid change in contact angle with further evapo-
ration of ethanol would be expected; this appears to be
the cause of the jump in contact angle seen. This in-
sensitivity to ethanol concentration for rich mixtures also
explains why the initial contact angle for these mixtures
is close to that of ethanol.

The variation of location of the contact angle jump with
pressure may be explained when considering the effect of
pressure on evaporation of the mixture. The vapour pres-
sure data (see Fig. 11 and O’ Hare (1992)) suggest that
the effect of reduced pressure is proportionately greater
on ethanol evaporation than on that of water, leading to a
transition to phase 2 earlier in normalised time the lower
the system pressure.

The effects of dynamic surface phenomena on the evap-
oration rate have not yet been considered nor any
surfactant-type behaviour. Incorporation of an energy
balance into a model of the mass transfer phenomena ex-
plained above would be needed to accurately represent
the system as would the dynamics of depinning of the
droplet. Evaporation is not expected to be uniform along
the surface.

Many investigators see e.g. Deegan (1998), have demon-
strated that evaporation is larger near the contact points.
This is a complicated system to represent accurately
though the preliminary explanation provided here is in
agreement with major observations.

5 Conclusions

An experimental investigation of the wetting and evapo-
ration of sessile drops under sub-atmospheric pressures
is presented. The role of surface tension of the a binary
(water-ethanol) mixture in the wetting process is investi-
gated. It appears that the mechanisms which govern the
evaporation of a binary sessile droplet are coupled mass
transfer and evaporation together with surface-tension-
determined contact angle and depinning. Ethanol evapo-
rates preferentially during the first phase whereas second
phase evaporation is similar to that of water. For initially
ethanol-rich mixtures there is an observable jump in con-
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tact angle, which occurs earlier at lower system pressures
and can be explained by surface tension phenomena.
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