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a b s t r a c t

Majority of studies on the drop evaporation phenomena have been realized in air atmosphere envi-
ronment. Through the present experimental study, we attempt to underline the influence of the gas
surrounding the drop during its evaporation in order to give some new physical elements for the
modelling of drops or meniscus evaporation. This study has been motivated by the application of two-
phase closed systems (heat pipes, loop heat pipes, pulsating heat pipes .), into which liquid and vapour
phases are close to the saturation equilibrium state. A silicon wafer substrate, whose roughness does not
exceed 3 nm, was selected for the water drop base in order to focus on the gas environment effect on the
drop evaporation while reducing the roughness effect. The evaporation of a water drop put on a plane
and horizontal silicon surface has been experimentally studied under atmospheric moist air and under
saturated vapour conditions at 23 �C. The results show two different behaviours according to
surrounding conditions, as well for the contact angle at the equilibrium state, than for the dynamic
contact angle during the drop evaporation.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

The capillarity or wettability phenomena play a fundamental
role in numerous scientific areas (climate, biological, surface or
material sciences, chemistry, etc.), or industrial areas as chemistry
(pharmacology, glass industry, automotive, textile, etc.). In general
cases, the wettability phenomenon is a consequence of the ability
of a liquid to wet a solid structure. The wettability may be char-
acterized by the connecting angle formed between the liquid and
the solid wall. Such angle is usually named “wetting contact angle”
[1]. In the area of two-phase heat transfers, such as evaporation,
boiling or condensation phenomena, the distribution of the liquid
and vapour phases may form vapour bubbles, liquid droplets or
meniscus on the walls with specific wetting contact angles.
According to many authors working on the topics of heat transfer,
the region near the interface of the three phases (liquid, vapour and
solid wall), also named “triple line”, plays a significant role on the
physic of phase change phenomenon [2e4]. As examples, the
wettability phenomenon may interact on the wall superheat for
bubble nucleation, on the kinetics of the bubble growth or the drop
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evaporation. The wettability plays also a major role on the ther-
malehydraulic operation and the heat transfer performance of
two-phase closed systems, such as heat pipes, loop heat pipes, or
pulsating heat pipes [5e7]. Thus, in order to predict the heat
transfer performance of two-phase closed systems, the contact
angle has to be known in either static or dynamic conditions.

Due to the difficulty to determine the liquid/solid surface energy,
which would allow calculating the contact angle using Young's
equation, the experimental study is the most efficient way to esti-
mate the contact angle in any boundary conditions. Variousmethods
are developed tomeasure the contact angle. Before introducing these
methods, it should be noted that the measurements of the contact
angle on real surfaces are always dispersed. Two specific contact
angles are then defined: the advancing contact angle qa, observed for
a liquid/vapour interface passing over a dry surface, and a receding
contact angle qr, observed for an interface passing over a previously
wetted surface. The advancing contact angle is always greater than
the receding contact angle. The difference (qa � qr) is called the
contact angle hysteresis. In the literature, contact angle hysteresis
equal or greater than 10� are mentioned [8e11]. At steady state, the
contact angles measured for drops, deposited on a real surface,
always range between the two limiting angles qa and qr. The main
causes of the hysteresis and the dispersion of the contact angles are
the surface roughness [12], thephysical [8,13e15] or chemical surface
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heterogeneities [16], the physical or chemical anisotropies, and the
surface deformation. The contact angle and the hysteresis may vary
significantly with the drop volume [8,17,18], and/or the fluid
adsorption on microporous surfaces [19].

The first method to measure the contact angle is called the
sessile drop method. This method, which consists in depositing
a liquid drop on a plane and horizontal surface, is the most often
used [20,21]. The advancing or receding contact angles are
measured by increasing or decreasing the volume of the drop,
usually by using a micro-syringe [8]. In the technique suggested by
Duncan et al. [22], the tested solid substrate is drilled with a small
hole, over which the drop is placed. A micro-syringe, laid under the
plate, allows to supply or to evacuate liquid through the hole in
order to obtain advancing or receding contact angles, respectively.

The second method, named tilted plate method, consists in
laying a drop on a plate, initially horizontal, and then gradually
inclined [9,23]. When the plate inclination reaches a critical value,
the drop begins to slip (the gravity forces overcome the surface
tension forces). Just before the drop slip, the advancing and
receding contact angles are located at the front side and at the
backside of the drop, respectively. For the small volume drops, the
drop slip does not happen systematically, even for inclination close
to 90� [24]. For the larger diameter drops, the advancing and
receding contact angles strongly depend on the dimensions of the
drop, which spreads while sliding on the surface [25].

The third method, the Wilhelmy's method [10,26], consists in
moving vertically a thin plate, partially plunged in a liquid bath. The
advancing or receding contact angles of themeniscus are obtained by
lowering or lifting the plate in the liquid, respectively. This method
allows eliminating the drop volume effect on the contact angle value.

Another method to determine the receding contact angle is
based on the drop evaporation with or without heating the contact
surface (solid wall) [9,27,28]. In the experimental tests of Erbil et al.
[9], a water drop is placed on a polymer substrate (PMMA and PET).
For a relative humidity of 40% surrounding the drop, Erbil et al. have
observed several steps during the drop evaporation. During the first
evaporation step, the drop contact angle q decreases as its base
radius Rb remains constant. Then, for a specific value of q, the drop
diameter begins to decrease. Erbil et al. assigned this specific angle
to the receding contact angle. Thereafter, the decrease of the drop
base radius is going with a succession of regular drop contractions,
which induce temporary increases of the contact angle (between 2
and 4�) until the drop disappears. Bourgès-Monnier and Shanahan
[29] studied the evaporation effect on the contact angle of a sessile
drop of water or n-decane put on insulating material surfaces. The
drop and the sample are placed in a closed enclosure initially filled
with air saturated with vapour. In the case of a water drop, the use
of silica gel into the enclosure tends to reduce the relative humidity,
and consequently, induces water evaporation by mass diffusion. In
the presence of silica gel and for a water drop on a polished epoxy
resin surface, the water evaporation could be decomposed into
three steps, for which the contact angle, the height and the base
radius of the drop vary distinctly. For the drop evaporation in non-
saturated gas and without any wall superheating, the vapour mass
diffusion in the gas surrounding the droplet may become the
limiting phenomenon on the evaporation kinetic. According to
Shahidzadeh-Boun et al. [30], such phenomenon is even more
pronounced for the inorganic fluids than for water, caused by the
difference of densities between the vapour and the air.

For a drop posed on a heated wall, the interactions between the
liquid and the wall play a fundamental role in the evaporation
kinetic and in the drop shape evolution. The global evolution of the
drop shape (drop base radius, height and contact angle) is usually
deduced from the drop visualization with a CCD camera. Thus, the
drop behaviours for various couples of liquid/substrate have been
analyzed [27,28,31]. During the drop evaporation, two main drop
shape evolutions have been observed: 1/constant drop base
diameter and 2/constant drop contact angle. As an example, Crafton
and Black [32] observed that, for a water drop, the drop base radius
remains constant during the evaporation, while, for the heptane
drop, the contact angle remains constant. Other global observations
on the drop evaporation rate (based on drop volume, weight, or
heat flux measurements) indicate a linear increase of the evapo-
ration rate versus the drop base diameter. Analysis of such results
lets assume that the evaporation mostly occurs at the triple line.

Through the present experimental study, we attempt to
underline the influence of the gas surrounding the drop during its
evaporation in order to give some new physical elements for the
drop evaporation modelling. This original study has been moti-
vated by the application of two-phase closed systems, into which
liquid and vapour phases are closed to the saturation equilibrium
state. At the exception of very few studies [33], majority of drop
contact angle measurements during evaporation have been real-
ized in atmospheric air environment. The objective of Ponter et al.
[33] was to demonstrate that the dependence of contact angle with
the drop diameter increases while reducing the fluid saturated
pressure in the vessel. As the surface tension is very sensitive to the
liquid temperature [34], this study does not allow giving some
information on the effect of the gas surrounding on the contact
angle and on the drop evaporation.

The question that we attempt to answer in this study is does the
gas (atmospheric moist air, or saturated vapour) surrounding the
drop plays a significant role on the drop initial contact angle and on
the drop shape evolution during evaporation, while keeping
constant the vessel temperature? In order to avoid the substrate
roughness effect, which may obscure the gas surrounding one,
a silicon wafer substrate, whose roughness does not exceed 3 nm,
has been selected for the drop base. Another reason to choose such
materials is that a silicon substrate may become a material struc-
ture of two-phase heat transfer microsystems for electronic cool-
ing, as embedded micro heat pipes [35]. The newmeasured contact
angle could then be useful in the predictive modelling of the
thermo-hydraulic behaviours of silicon heat transfer microsystems.
It should be noted that, in such gas environment saturated in water
vapour, the thermodynamic unbalance for the drop evaporation is
induced by a superheating of the wall compared to the fluid satu-
rated state. The effect of the wall superheated on the water drop
evaporation has been also investigated.

2. Experimental method

The contact angle of a liquid drop on a heated horizontal plane
wall is measured under saturated humid air or pure water-vapour
conditions using the experimental set-up shown in Fig. 1a. The
cubic enclosure of 60 mm side consists of a double wall into which
the water flow is supplied by a thermostated bath to impose
a constant and homogenous temperature inside the enclosure.
Sight-glass windows close the four lateral faces of the enclosure.
The upper face of the enclosure is closed with a silicone disc, into
which amicro-syringe goes across in order to put the liquid drop on
the sample. The sample support, whose cross-section is shown in
Fig. 1b, consists of a brass cylinder of 1.6 mm diameter at its top,
laterally isolated with polyvinyl chloride. The thermal contact
between the support and the silicon wafer is insured by a thermal
bond, whose conductivity is 10 Wm�1 K�1. A thermocouple, which
is inserted inside the brass cylinder, 1 mm under the brass cylinder
top surface, allows measuring the wall superheat during the drop
evaporation. Immersing the base of the brass cylinder in a heated
water tank, whose temperature is controlled, controls the wall
superheat.
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The Silicon sample corresponds to a smooth square plate of
6 mm side and 350 mm thick, and has a thermal conductivity of
150 W m�1 K�1. According to the high value of the sample thermal
conductivity, coupled to the relatively small sample size (the same
magnitude order than the drop size) and the low drop evaporation
process, a constant and uniform wall temperature may be consid-
ered during the drop evaporation time. The silicon wafer surface
profile, shown in Fig. 2, has been obtained with an interferometer
microscope. The asperity height characterizing the roughness is of
the order of few nanometers (Ra ¼ 0.9 nm), i.e. of the order of
atomic dimensions. The silicon surface can thus be regarded as
completely smooth.

A schematic of the experimental test bench is shown in Fig. 3.
A water tank, containing distilled, deionised and degassed water, is
connected to the test cell. After being placed under vacuum, the test
cell is filled with water until the liquid level is approximately at
3 mm under the sample. A small quantity of this water is pumped
with the syringe, initially emptied, before being formed as a droplet
on the sample. For each test and before placing the sample into the
enclosure, the silicon sample is cleaned of any impurity, by rinsing
it with pure acetone, with distilled water and by drying it.

Two series of tests were carried out to study the effect of the gas
surroundings on the contact angle of a water drop on silicon wafer
at equilibrium state and during evaporation. In both series of tests,
the enclosure temperature is maintained at 23 �C, controlled by
a water circulation into the double wall of the enclosure. The first
series of tests were carried out under saturated moist air atmo-
sphere with a total pressure of 1024�10 mbar (this case is denoted
“air” in the figures). The enclosure is closed just after placing the
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Fig. 2. Roughness profile of a silicon wafer.
water drop on the Si sample to avoid any convective effect on the
contact angle due to external phenomena. The second series of
tests were carried out in saturated vapour conditions, at a pressure
of 28 � 0.5 mbar (this case is denoted “vapour” in the figures).
Before filling the enclosurewith the degassedwater fluid, a primary
vacuum until 10�3 mbar is achieved. The liquid and vapour
temperatures and the pressure inside the enclosure are measured
in order to check the saturated equilibrium state.

Once the water drop is placed on the Si wafer, the drop profile
shape is thrown on the sensitive cell of a digital camera by lighting
the drop using a diffuse white electroluminescent diode. The digital
camera with 740 � 940 pixels resolution (Sony DFW700) is con-
nected to a computer and allows the drop image acquisition at
different times. The contact angle is directly measured on the
photography obtained using a visualization and image processing
software. Adjusting the lens position to the camera controls the
drop profile magnification. All the components are mounted on an
optical bench to allow a precise alignment between the lighting
system, the drop, the lens and the camera (Fig. 3). An iris diaphragm
has been placed between the lens and the camera in order to check
the component alignment, and then, to reduce the geometric
aberrations and to optimise the quality of the projected images.

Before each test, the Si wafer is slightly superheated (superheat
of about 0.5 K) in order to eliminate eventual micro-drops, which
could be formed by condensation on the Si sample surface. It has
been observed that such low superheats have no effect on the
contact angle of the drop before evaporation. The gas environment
in the enclosure is saturated in vapour before and after the drop
deposition in order to reduce the drop evaporation during the
initial stage, and then, to avoid any surface tension variation due to
the drop temperature decreasing. The contact angle is measured
approximately 10 s after the syringe is removed, which corresponds
to a maximum variation of the drop mass of about 0.2%.

3. Experimental results

3.1. Result analysis

A picture of a water drop placed on a silicon wafer is shown in
Fig. 4 for a wall superheat equal to 20 K. Fig. 4a and b represents the
drop at the initial state and after a partial evaporation (t ¼ 240 s),
respectively. The whole vaporisation duration is equal to 360 s. This
drop is axisymmetric and its initial base radius is equal to 1 mm. It
has an almost spherical cap form, highlighting the prevalence of
capillarity forces on the gravity ones. The gravity effects are negli-
gible for length scale lower than the capillary length Lc, which is
equal to 2.7 mm at 23 �C. From the measurements, it can be noted
that the water drop keeps a spherical cap form during the major



Fig. 4. Photographs of a water drop on a silicon wafer; (a) initial water drop
(Rb ¼ 1 mm); (b) drop (Rb ¼ 0.95 mm) after partial evaporation (t ¼ 240 s).
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part of the evaporation, whatever the surroundings. A slight flat-
tening of the water drop is observed for drop a base radius higher
than 2 mm.

For drops with a spherical cap form, the contact angle q is
deduced from the following equation:

h ¼ Rbtanðq=2Þ (1)

The drop volume V and the spherical cap surface area Sc are
deduced of the measurements of h and Rb by the following
equations:

V ¼ ph
6

�
h2 þ 3R2b

�
(2)

Sc ¼ p
�
h2 þ R2b

�
(3)

The relative error on h and Rb is about 2%. Using the image
processing software, the uncertainty on the q value does not exceed
�3� and the uncertainties on Sc and V are ranged from 4% to 6%.
These uncertainties increase as the drop volume decreases because
the relative errors on the measurement of h and Rb become larger.
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Fig. 6. Dependence of the initial contact angle qi on the initial drop volume Vi.
3.2. Influence of the drop surrounding conditions on the initial
contact angle qi

For the two series of tests, the initial contact angles are
compared according to the drop base radius (Fig. 5). The large
dispersion of the contact angle measurements may be attributed to
the difficulty to repeat identical drop depositions using a syringe.
Consequently, the initial contact angle is in between the advancing
and receding contact angles. As the test procedure for the drop
making at the initial state is similar for the two series of tests (moist
air or saturated vapour), the numerous measurement tests allow to
preserve a representative value of the initial contact angle in both
types of environment. For the tests carried out under atmospheric
pressure, the mean value of the contact angle is equal to 78 � 3�.
The mean value is equal to 64 � 3� for tests carried out under
saturated vapour conditions. The difference between the mean
contact angles, which is around 14�, is higher than the measure-
ment uncertainties. Such a difference can be explained neither by
the surface roughness, nor by its chemical state. Indeed, similar
cleaning processes of the silicon samples have been realized before
each series of tests; the silicon wafers are all covered with a nano-
metric layer of natural oxide. Fig. 6 shows that the difference
between the initial contact angles versus the drop volume is the
same. For an equivalent drop volume under moist air, the drops
have a lower base radius and a higher height, which lead to a larger
contact angle, as compared to the drop measured under saturated
vapour conditions. As a test, some air was introduced into the
enclosure containing the drop under saturated vapour conditions
until reaching the atmospheric pressure. Under the effect of the
variations of the surroundings conditions, the drop contracted,
inducing a decrease of its base diameter and an increase of its
height. The increase of the drop contact angle during this test is
equal to 6�.

The difference of initial drop contact angles between moist air
and vapour environments may be attributed, for one part, to the
pressure effect (Pair/Pvap ¼ 35). According to Adamson and Gast
[36], an increase of the pressure, while keeping the temperature
constant, may tend to increase the surface tension due to the molar
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volume change. However, as mentioned by [36], such effect cannot
be observed individually as an increase of the pressure at constant
temperature is only possible by introducing a second component as
an inert gas. Thus, the effect of adsorbed gas at the liquid surface
may be associated to the pressure effect on the surface tension
variation. The gas or vapour physical adsorption on the substrate
wall may also have an effect the wall surface free energy, and
consequently, on the drop shape according to the force balance.

3.3. Influence of the gas surrounding conditions
on the drop evaporation

According to the present experimental measurements, it has
been observed a fundamental role of the gas surrounding condi-
tions during the drop evaporation, and two major effects have been
noticed: 1/effect of gas surrounding on the drop shape evolution;
2/effect of gas surrounding on the evaporation rate.

Figs. 7e11 allow comparing the drop shape evolution during
evaporation for the two series of tests, for a wall superheat of 20 K.
In this study, measurements can be realized until the drop height is
equal to 0.1 mm. Beyond this value, the measurement uncertainty
becomes too high. Moreover, the drop splits into several small
drops before the wall dry-out. The curves of Figs. 7e11 are plotted
as function of a normalized time in order to highlight the influence
of the gas surrounding on the drop evolution during evaporation.
The initial time, when the drop is put on thewall, is noted ti, and the
final time, when the drop has completely disappeared, is noted tf.
The total duration of the drop evaporation is tf � ti. Then, the
normalized time is defined by the ratio:

t* ¼ t � ti
tf � ti

(4)

The variations of Rb, h and q under the air surroundings and
saturated conditions are presented in Figs. 7 and 8, respectively. For
the drop evaporation under moist air (Fig. 7), the drop base radius
first remains constant until t* < 0.4, then it decreases progressively
until the drop disappears. During the decrease of Rb for t* ranging
from 0.4 to 0.8, q remains nearly constant at 60�, then it decreases
until the end of the evaporation. The drop keeps a spherical cap
form during the total drop evaporation time. For the drop evapo-
ration under saturated vapour conditions (Fig. 8), the drop base
radius remains constant during the major part of the drop evapo-
ration (t* < 0.9). Consequently, the height and the contact angle of
the drop decrease progressively. Near the end of the drop
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evaporation, for t* > 0.9, a contraction of the drop is observed,
which induces a fast decrease of the drop base radius and an
increase of the height and the contact angle of the drop.

A normalized contact angle q* has been used to make easier the
comparison between each test. The normalized contact angle is
defined as the ratio between the contact angle at time t and the
contact angle at the initial time. The profiles of q* during the drop
evaporation show clearly the specific evolution depending on the
gas surrounding conditions, as moist air or saturated vapour
(Fig. 9).

The drop volume V, the solid/liquid interfacial area Als, and
liquid/vapour interfacial area Alv, which are deduced from the
measurement of Rb and h, may be interesting to follow as their
evolution may help the understandings of the drop evaporation
rate. The evolutions of V, Als and Alv during the drop evaporation are
shown in Figs. 10 and 11 for the moist air and saturated vapour
conditions, respectively. Under moist air, the contact area Als is
constant at the beginning of the evaporation (t* < 0.45), and then it
decreases progressively until the drop disappears. The spherical
cap area Alv decreases and tends to Als at the end of evaporation.
Concerning the drop volume, it slowly decreases at the beginning of
the evaporation (t* < 0.2) because the drop temperature is initially
at the saturation temperature. The drop volume decreases more
quickly when the evaporation kinetic increases as the drop
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Fig. 9. Variation of q* versus t* (DT ¼ 20 K).
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temperature, heated by the wall, increases. Fig. 11 shows the
evolution of the drop geometry during the evaporation under
saturated vapour conditions. It differs from those observed during
the first series of tests. The drop contact area Als remains constant
until the spherical cap area tends to Alv. At this point, the drop
height is very small, and Als and Alv decrease quickly.

The plots, which are shown in Figs. 7e11, represent the typical
trends of the geometrical characteristic evolution of the drop
during its evaporation under the two specific gas surroundings
(moist air atmosphere and saturated vapour). According to the
experimental results, these typical trends are specifics to each gas
surroundings, but they seem not depending on the initial drop
volume (for drop radius ranged between 0.5 and 2.1 mm).

Following the drop volume parameter for both gas environ-
ments, it may be distinguished two specific evolutions, which
correspond to two preponderant heat transfer modes.

The first step, for which the drop volume variation is negligible,
is defined for t* ranged in between 0 and 0.2. This step corresponds
to the diffusion time of the heat by conduction from the bottom of
the brass cylinder, to which a hot temperature is imposed at time 0,
to the drop liquid/vapour interface.
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The second step, for which t* is ranged in between 0.2 and 1, is
noticed by an almost linear decrease of the drop volume, whatever
the initial drop volume and the drop shape evolution occurring
during the evaporation process. At this step, the heat, which is
transferred through the drop by conduction and convection [37],
reaches the liquid/vapour interface. The liquid temperature eleva-
tion near the interface induces evaporative cooling heat transfer at
the interface. Then, the heat flux transferred from the wall to the
vapour may depend on the thermal resistance in the liquid drop
and on the vapour diffusion phenomenon from the liquid/vapour
interface to the vapour around the drop. As the observations on the
drop evaporation indicate a constant evaporation ratewhatever the
drop shape evolution, the analysis of the present results lets
assume that the evaporation rate does not only depend on the
geometric factors, as the drop triple line, the liquid/solid or liquid/
vapour surface area. In consequence, for the drop evaporation at
imposed wall temperature in saturated vapour media, the vapour
mass diffusion resistance should be the limited heat transfer.

Fig. 12 allows comparing the typical drop evaporation rate for
the two series of tests for a wall superheat of 20 K. It can be noted
that the evaporation rate deduced from the measurement is very
sensitive to the gas surrounding conditions. Based on numerous
tests at DT ¼ 20 K, the evaporation rates are equal to
0.007 ml s�1 � 0.002 ml s�1 and 0.025 ml s�1 � 0.006 ml s�1 for the
moist air and saturated vapour surrounding conditions, respec-
tively. The evaporation rate is then 3e4 times faster under satu-
rated vapour pressure than under moist air atmosphere.

The difference of the evaporation rate for drop in moist air
atmosphere or in saturated vapourmay be attributed to two physical
mechanisms. Although the vapour partial pressure should be iden-
tical for both gas surrounding conditions, as the enclosure temper-
ature is controlled, the pressure in the liquid phase (drop) is however
significantly different. The liquid pressure ratio between the two
series of tests, done in air atmosphere or in the saturated vapour
conditions, is in the order of magnitude of 35. For the case in air
atmosphere, an additional force caused by the air molecules on the
liquid/vapour interface conducts the liquid in a subcooled state. Thus,
more energy is needed to extract molecules from the liquid drop.
Another mechanism, which may explain the reduced evaporation
rate in air atmosphere,maybe related to thepresence of dissolvedgas
at the liquid/vapour interface. According to Marek and Straub [38],
even small contaminations of the surface can significantly reduce the
interfacial mass transfer. They concluded that real gas effects should
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Fig. 12. Variation of q* versus t for moist air and vapour conditions (DT ¼ 20 K).
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be included in the equations of kinetic evaporation to provide better
theoretical models for phase change processes.

3.4. Influence of the wall superheat on the contact angle

To highlight the influence of the wall superheat on the contact
angle during evaporation, the curves, shown in Figs. 13 and 14, are
plotted as functions of a normalized time.

The effect of thewall superheat on the drop contact angle during
evaporation under air atmosphere is presented in Fig. 13. The wall
superheat ranges from 20 to 37 K. It could be noted that the drop
evaporation rate increases with the wall superheat, but the trend of
all the curves seems to be not modified by the wall superheat.

Results are different when the tests are carried out under
a saturated vapour pressure of 28 mbar. As shown in Fig. 14, the
drop evaporation dynamic depends on the wall superheat. During
the first seconds of the evaporation (t* < 0.3), no difference on the
reduced contact angle has been observed for the different wall
superheats. Then, the contact angle varies more quickly for the high
wall superheats. When the contact angle q* reaches a certain value,
varying with the superheat, the drop base radius decreases quickly
involving an increase of its contact angle. This minimum corre-
sponding contact angle is called “sliding angle”. The contact angle
reaches a maximum value smaller than the initial one, and then it
decreases again until the drop totally disappears. The same
phenomenon is observed for the full range of the wall superheats,
but the sliding angle appears faster as the wall superheat increases.
Thus, for a wall superheat of 37 K, the sliding corresponds to
a reduced time t* ¼ 0.6 with q* ¼ 0.6 whereas, for a wall superheat
of 20 K, this phenomenon appears for a reduced time t*¼ 0.88 with
q* ¼ 0.35. For a wall superheat lower than 20 K, no sliding is
observed. Consequently, the sliding angle increases with the wall
superheat. The maximum contact angle reached by the drop after
sliding also increases with wall superheat. It reaches a value equal
to 92% of the initial value for a wall superheat equal to 37 K, but it
does not exceed 50% for a wall superheat of 20 K. According to Erbil
et al. [9], the sliding angle obtained during the drop evaporation, i.e.
the minimal value of q before its increase, corresponds to the
receding angle. These authors obtained many measurements of
receding angles, withwater drops put on PMMAor PETwalls, under
atmospheric conditions for a relative humidity equal to 42%. In their
tests, the drop water evaporates without external thermal contri-
bution and the time of evaporation is approximately of 2000 s. In
the present study, the sliding angles do not appear for tests carried
out under atmospheric pressure, but they depend on the wall
superheat for tests carried out under saturation conditions.
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Fig. 13. Variation of q* versus t* for various wall superheats (air: 1 bar).
4. Conclusions

Measurements of drop water contact angle put down on
a silicon wafer were carried out under moist air atmospheric
pressure (1 bar) and under saturated vapour (28mbar) at 23 �C. The
contact angles were measured at the equilibrium state and during
the drop evaporation. The drops of diameter ranging from 1 to
2 mm have a spherical cap form during the drop evaporation under
the two conditions. In spite of the very low roughness of the silicon
surface, a large dispersion of contact angles was observed.

At the equilibrium state, the mean contact angle is equal to 78�

for tests carried out under saturated moist air and equal to 64� for
saturated conditions. Such a difference of mean contact angles (14�)
is due to the drop surroundings.

For identical drop initial volume and a wall superheat of 20 K,
the evaporation rate is 3e4 times faster for the drop under satu-
rated vapour conditions as compared to the drop under saturated
moist air.

The drop behaviour during evaporation depends on the
surroundings. The drop base radius remains constant during the
major part of the evaporation time duration under saturated
conditions, whereas there exists several steps for which the drop
base radius and the contact angle may decrease independently
under air atmosphere.

At the difference of tests carried out under air atmosphere, the
drop evaporation behaviour under saturated conditions is depen-
dent of the wall superheat.

These results highlight the importance of the surroundings on
the dynamics of drop evaporation. In consequence, under condi-
tions of saturation, it is not convenient to use values of contact
angle obtained from tests carried out under air atmosphere
conditions.
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