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Sessile liquid drops have a higher vapor pressure than planar liquid surfaces, as quantified by Kelvin’s equation.
In classical derivations of Young’s equation, this fact is often not taken into account. For an open system, a
sessile liquid drop is never in thermodynamic equilibrium and will eventually evaporate. Practically, for
macroscopic drops the time of evaporation is so long that nonequilibrium effects are negligible. For microscopic
drops evaporation cannot be neglected. When a liquid is confined to a closed system, real equilibrium can be
established. Experiments on the evaporation of water drops confirm the calculations.

1. Introduction

Consider a drop of liquid on a horizontal solid substrate.
Viewed in profile the drop appears to meet the substrate at the
line of three-phase contact under a certain angle, the contact
angleΘ. In one of the most widely used equations of surface
science the contact angle is related to the surface tensions of
the liquid-vaporγL, solid-vaporγS, and solid-liquid interfaces
γSL by

This equation is attributed to Young.1 Young’s equation is the
basis to quantify wetting phenomena. It can be derived by
considering the surface tensions to be forces acting on the line
of contact.1-4 In equilibrium their horizontal components must
cancel each other out. In a sounder derivation the Helmholtz
energy or the grand thermodynamic potential of the system is
minimized,5,6 taking gravitation7-10 and a possible adsorption
of dissolved substances7,11 into account.

Although Young’s equation is one of the oldest and most
used equations of physics and chemistry, it is in a rather delicate
position scientifically, in that it is virtually impossible to prove
experimentally12-14 and its theoretical derivation has generated
significant and partially controversial discussion. It has been
noted that Young’s equation is a macroscopic equation, which
does not concern itself with the liquid surface in close vicinity
of the contact line.6,13,15,16Surface forces between the solid and
the liquid surfaces modify the shape of the liquid surface on
the nanoscopic scale.15,17-22 As a result, the nanoscopic contact
angle might be different from the optically observable macro-
scopic contact angle. This effect is restricted to typically 1-20
nm thick regions of the drop. It was further noted that for small
drops a line tension, which is the free energy required to create
three-phase contact line as an additional energy component,
has to be added.13,15,21,23-25 It has been pointed out that
mechanical deformation of the solid surface caused by the
vertical component of the liquid surface tension and the
Laplace pressure within the drop can modify the energy balance
and change the contact angle for soft solid surfaces.3,26-30 A

severe limit of Young’s equation is the fact that solid surfaces
are usually not in thermodynamic equilibrium but that their
structure and thus their surface tensions depend on the history
of that particular solid surface. This and an often missing clear
definition of which surface energy term enters in Young’s
equation has caused some confusion.7,31-34

All the issues mentioned above limit the validity of Young’s
equation severely. This paper, however, deals with a different,
fundamental aspect of Young’s equation. Even ignoring all the
issues mentioned above it is shown that Young’s equation can
only be derived in a strict thermodynamic way under conditions,
which are experimentally almost never met. The reason is that
a sessile drop is usually not in thermodynamic equilibrium
because it will evaporate. Even in saturated vapor atmosphere
it tends to evaporate because due to the curved liquid surface
its vapor pressure is slightly higher than that of the vapor. In
earlier derivations of Young’s equation the exchange of material
between the system and the outside world was neglected6,9,10,35

or the drop volume was assumed to be constant (as in refs 8, 9,
21, 29, and 36-39). For macroscopic drops this is a good
assumption because evaporation only occurs on a time scale
much longer than the observation time. For microscopic drops,
however, evaporation effects are significant and the volume of
the drop changes during a typical observation period. With the
growing relevance of microfluidics and lab-on-chip technology
these effects become more and more important.

In this paper we first clarify the boundary conditions under
which Young’s equation can be derived in a strict sense. Then
we estimate the time constant for evaporation. Finally, we verify
this estimation by experiments on drop evaporation. The aim
of the experiments was to demonstrate that microdrops evaporate
on a time scale of a typical contact angle experiment, even in
saturated (or close to) atmosphere.

2. Theory

2.1. Boundary Conditions to Derive Young’s Equation.
We consider the simple system of a pure liquid drop on a planar,
homogeneous, inert, and undeformable solid surface (Figure 1).
We neglect gravitation, which practically implies that the drop
should be much smaller than the capillary constant (2γL/Fg)1/2;
hereF is the density of the liquid andg ) 9.81 m/s2 is the
standard acceleration of free fall. On the other hand we neglect
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γL cosΘ ) γS - γSL (1)
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line tension effects, and we do not take surface forces in the
vicinity of the contact line into account. Practically, this implies
that the drop should be much larger than 1µm. It is explicitly
considered that molecules are exchanged between the liquid and
the vapor phase. In equilibrium this is quantified by Kelvin’s
equation. To take equilibrium between the vapor and liquid
phase into account, the thermodynamic boundary conditions
have to be specified.

For an open system (temperatureT, volume of the system
V0, and chemical potential of the vaporµV are constant)
equilibrium is established when the grand thermodynamic
potentialΩ is minimal. Toshev and Avramov25 demonstrated
that a sessile drop in an open system is not stable and will
eventually evaporate. The physical mechanism leading to the
instability is the exchange of molecules between the vapor and
liquid phase, as expressed by the Kelvin equation

Here,P0 is the vapor pressure of the liquid with a planar surface,
R is the radius of curvature of the drop,Vm is the molecular
volume in the liquid phase,kB andT are Boltzmann’s constant
and temperature. The characteristic length scale in Kelvin’s

equationλ for many liquids is 1-3 nm (Table 1). It is important
to note that the vapor pressure of the drop due to its curved
surface is higher thanP0. It has been pointed out that Young’s
equation is only valid in saturated vapor at pressureP0.14,31,32

Having a saturated vapor is, however, not sufficient. Oversatu-
ration is required. An oversaturated vapor is thermodynamically
not stable but will eventually condense to bulk liquid. As noted
by Toshev and Avramov (and in contrast to the derivation in
ref 40, p 380), in the presence of a drop as a nucleation center
the vapor would immediately condense and be unstable.25 Any
small fluctuation of the radiusR leads to an unstable situation.
If R is coincidently slightly larger than that given by Kelvin’s
equation, its vapor pressure would be lower than the actual
external vapor pressure and the size of the drop will further
increase. IfR is coincidently smaller than the equilibrium radius
given by Kelvin’s equation, it will completely evaporate.

This leads to two questions: First, can we derive Young’s
equation in a strict way by using different boundary conditions?
Second, at which time scale can nonequilibrium effects be
neglected?

Let us consider a closed system with constantV0, T, and a
constant number of moleculesN0. For a small number of
molecules (N0 e P0V0/kBT) all molecules are in the vapor phase.
A necessary requirement for drop formation isN0 > P0V0/kBT.
Equilibrium is established when the Helmholtz energy change
of the system

for any small change in the drop shape is zero.ASL is the solid-
liquid contact area andAL is the area of the liquid-vapor
interface. To derive eq 3 we used the fact that an increase in
solid-liquid interfacial area is equal to the decrease in solid-
vapor interfacial area.PL, VL, µL, andNL are pressure, volume,
chemical potential, and number of molecules of the liquid phase.
The respective values for the vapor phase arePV, VV, µV, and
NV. For constant volumeV0 and constant number of molecules
we have dVL ) -dVV and dNL ) -dNV. Inserting

with ∆P ) PL - PV. In equilibrium, the chemical potentials of
liquid and vapor are equal and the last term is zero. Choosing
the drop heighth and the contact radiusa as independent
variables describing the drop shape, we can write

In eq 5c we made use of the geometric relationR ) (a2 + h2)/
(2h), whereR is the radius of the hemispherical drop. Inserting
this into eq 4 leads to

Figure 1. Schematic of a liquid drop on a solid surface in its vapor.

Figure 2. Vapor pressure calculated with Kelvin’s equation (2)
(dashed line) and with eq 8 (continuous) for water at 25°C (P0 )
3169 Pa,γL ) 0.072 N/m) and volumes ofV0 ) 5 µm3 and
20 µm3. The number of molecules was set toN0 ) 1.1, 1.3, 2.0, and
10 times P0V0/(kBT). This leads toN0 ) 1.06, 1.25, 1.92, and
9.6 × 108 molecules, respectively, forV0 ) 5 µm)3 and 64 times as
many molecules forV0 ) 20 µm3. The arrows indicate an unstable
radius.

PV ) P0e
λ/R with λ )

2γLVm

kBT
(2)

dF ) (γSL - γS) dASL + γL dAL - PL dVL - PV dVV +
µL dNL + µV dNV (3)

dF ) (γSL - γS) dASL + γL dAL - ∆P dVL +
(µL - µV) dNL (4)

ASL ) πa2 w dASL ) 2πa da (5a)

AL ) π(a2 + h2) w dAL ) 2πa da + 2πh dh (5b)

VL ) π
6

(3a2h + h3) w dVL ) πahda + πhRdh (5c)

dF ) πa[2(γSL - γS) + 2γL - h∆P] da +
πh[2γL - R∆P] dh (6)
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Necessary conditions for a minimum inF are∂F/∂h ) 0 and
∂F/∂a ) 0. The first condition leads to the Laplace equation

The second condition together with∆P ) 2γL/R and the
geometric relation cosΘ ) 1 - h/R leads to Young’s eq 1.

∂F/∂a ) ∂F/∂h ) 0 are necessary but not sufficient conditions
for stability. They only prove thatF has anextremum, not
necessarily a minimum. To argue that indeed in a closed system
we have a stable situation, we consider thermal fluctuations of
the drop size. IfR is coincidently larger than that given by
Kelvin’s equation, more molecules tend to condense. Then the
vapor pressure decreases becauseNV decreases andN0 ) NL +
NV is constant. Assuming the vapor to be an ideal gas we can
express the vapor pressure by

To demonstrate real equilibrium, two conditions have to be
fulfilled. First, the vapor pressures given by eqs 2 and 8 must
be equal

Note thatV0 > N0Vm > VL. We can express the liquid volume
by the radius and contact angleVL ) πR3â/3 with â ) (2 +
cosΘ)(1 - cosΘ)2. This determinesR for a given volume of
the systemV0, amountN0, and contact angle (and thusâ)

Unfortunately this is not an explicit expression. Graphically eq
10 can be illustrated by plotting the left- and right-hand sides
in one graph (Figure 2). The left-hand side represents eq 8 while
the right-hand side represents Kelvin’s equation (2). In Figure

2 the vapor pressure of water is plotted versus the drop radius
at 25°C, a contact angle ofΘ ) 60° (â ) 0.625), two volumes
of V0 ) 5 µm3 and 20 µm3, and for different numbers of
moleculesN0. The equilibrium radius of a sessile drop can only
be where the respective graphs cross each other.

The second condition for equilibrium is: At the radiusR
calculated with eq 10 the slope of the curvePV(R) given by eq
8 has to be steeper than the slope ofPV(R) given by the Kelvin
equation (2). Figure 2 demonstrates that this is indeed the case.
This is essential because otherwise the drop would be unstable.
An unstable situation arises, for example, for very small drops
and low number of moleculesN0. In Figure 2 this is indicated
by an arrow atR ) 10 nm andN0 ) 1.1V0P0/(kBT). Then, eq
10 has two solutions but only the one at higher radius leads to
a stable drop. That confinement can lead to a stabilization of
droplets in an oversaturated vapor has already been realized for
homogeneous nucleation.41-44 To our knowledge it was not
extended to sessile drops and thus has not been related to
Young’s equation.

2.2. Time Scale of Quasi-Equilibrium: Evaporation.For
an open system a sessile drop is never stable. It evaporates (for
PV e P0) or we get complete condensation (PV > P0). This
does, however, not completely spoil all experiments because
the time scale of drop evaporation in most applications is longer
than the typical observation time. Evaporation for macroscopic
drops in still air is limited by the diffusion of molecules through
a saturated vapor region around the drop.45,46 For constant
contact angle evaporation and assuming constant temperature
the change in liquid volume is described by47

with

TABLE 1: Vapor Pressure P0, Surface TensionγL (in 10-3 N/m), Diffusion Coefficients of the Vapor Molecules in Air (mostly
taken from ref 50), Length Scale in Kelvin Equation (2)λ, Evaporation Times τ for Drops of 10 µm3 Initial Volume for 100%
Vapor Pressure (eq 19) and 99% Vapor Pressure (eq 21), Critical VolumeVcr of Drops Assuming 100% Vapor Pressure (eq 19)
and 99% Vapor Pressure (eq 21)a

τ (s) Vcr (mL)

P0 (Pa) γL (mN/m) D (m2/s) λ (nm) 100%P/P0 99%P/P0 100%P/P0 99%P/P0

water 3169 72.0 24× 10-6 1.04 741 10 0.0012 0.84
benzene 12700 28.2 9.3× 10-6 2.02 50 1.3 0.018 18
toluene 3790 27.9 8.5× 10-6 2.40 129 4.0 0.0070 3.3
acetone 30800 23.5 10.5× 10-6 1.40 32 0.58 0.028 61
diiodomethane 172 49.9 6.0× 10-6 3.26 3900 165 2.3× 10-4 0.013
trichloromethane 26200 26.7 8.9× 10-6 1.75 32 0.73 0.028 43
pentane 68300 15.6 8.4× 10-6 1.44 11 0.21 0.081 284
hexane 20200 17.9 7.3× 10-6 1.90 29 0.71 0.031 45
octane 1860 21.1 6.2× 10-6 2.79 203 7.4 0.0044 1.3
methanol 16900 22.1 15.2× 10-6 0.72 140 1.3 0.0064 18
ethanol 7870 22.0 11.8× 10-6 1.03 189 2.5 0.0048 6.6
1-propanol 2760 23.3 9.9× 10-6 1.41 366 6.3 0.0024 1.5
1-butanol 860 24.9 8.6× 10-6 1.84 851 20 0.0011 0.29
1-pentanol 259 25.4 7.2× 10-6 2.22 237 69 3.8× 10-4 0.048
1-hexanol 110 25.8 6.2× 10-6 2.61 4740 161 1.9× 10-4 0.013
1-octanol 10 27.1 5.1× 10-6 3.49 37800 1710 2.4× 10-5 3.8× 10-4

1,2-propanediol 20 40.1 8.8× 10-6 2.38 34600 1070 2.6× 10-5 7.7× 10-4

mercury 1.6× 10-4 486 14.2× 10-6 5.81 5.4× 109 4.1× 108 1.7× 10-10 3.3× 10-12

a The critical volume is the volume of a drop evaporating in 15 min. Only for drops much larger thanVcr can evaporation be neglected for a
typical observation time of 15 min. In all cases air at normal pressure and 25°C and a contact angle of 60° was assumed.

∆P )
2γL

R
(7)

PV )
NVkBT

VV
)

(N0 - NL)kBT

(V0 - VL)
)

N0Vm - VL

V0 - VL

kBT

Vm
(8)

N0Vm - VL

V0 - VL
‚

kBT

Vm
) P0e

λ/R (9)

N0 - πR3â/(3Vm)

V0 - πR3â/3
kBT ) P0e

λ/R (10)

dVL

dt
) -2πD

c0 - c∞

F
f (3VL

πâ )1/3

(11)

f ) 1
2

(0.00008957+ 0.6333Θ + 0.116Θ2 -

0.08878Θ3 + 0.01033Θ4) (12)
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for 10° e Θ < 180° andΘ (in radians). Here,D is the diffusion
constant of vapor molecules in the gas phase,F is the density
of the liquid,c0 is the concentration of vapor molecules in direct
vicinity to the liquid surface, andc∞ is the concentration at
infinite distance, both given in kg/m3. The concentrationc∞ is
determined by the external vapor pressure and the molecular
massM by c∞ ) MPV/kBT. The concentrationc0 is determined
by the vapor pressure as given by Kelvin’s equation

Assuming that the external vapor pressure is equal or close to
the saturation vapor pressure,PV ) (1 - x)P0, wherex , 1,
we get

SinceR . λ we can write

Inserting into eq 11 leads to

Perfectly Saturated Vapor.Let us now consider the special
case of perfectly saturated vapor (x ) 0). Using R ) (3VL/
πâ)1/3 we have

This can be integrated

Here,VL0 is the initial drop volume. The evaporation timeτ of
the drop is given by

The last factor depends on material properties of the system,
namely, the saturation vapor pressure, the molecular volume,
the contact angle (inf), and on the surface tension of the liquid
(in λ). The time constant increases linearly with the initial
volume of the drop. For this reason the relative sizeVL/VL0 of
large drops decreases slower than the relative size of small drops.
Since the external vapor pressure cannot exceedP0, at least not
in real thermodynamic equilibrium,τ given by eq 19 is the
longest possible lifetime of a drop assuming constant contact
angle evaporation. Equation 19 can also be rearranged. Assum-
ing that a typical observation time is given, the size of a drop
which will evaporate in that time can be calculated. Practically
drops should than be much larger than this size. Forτ ) 15
min, values for the size of drops are given in the last two rows
of Table 1.

As an example, Figure 3A showsτ versus the initial volume
for the evaporation of sessile water drops with different contact
angles. It relates the time and length scale where nonequilibrium

effects become significant. The top three curves were calculated
for the typical situation of a water drop evaporating in air at
normal pressure. For example a 10µm3 sized water drop takes
741 s to evaporate. If we take 15 min as a typical observation
time, we find that forVL > 0.0012 mL) 10.6µm3 evaporation
can be neglected. Water drops smaller than this critical volume
Vcr evaporate during the experiment. Only for drops much larger
than this critical volume, we can neglect evaporation.

In the absence of a background gas, the diffusion coefficient
is higher and evaporation is faster. From the viscosity of water
vapor and assuming an ideal gas, the diffusion coefficient of
water molecules in pure saturated vapor atPV ) P0 ) 3169 Pa
can be calculated to beD ) 5.3 × 10-4 m2/s. In this case
evaporation can only be neglected for drop volumes exceeding
50 µm3.

Not Perfect Saturation. Practically it is difficult to reach
perfect saturation when measuring drop evaporation. To create
a small drop, the system needs to have a small opening. In
addition, temperature changes or differences somewhere in the
system can create gradients in vapor pressure. In this case the
parameterx in eq 15 can easily exceedλ/R. For example, even
for 99% saturated vapor (x ) 0.01) evaporation due to the
unsaturated vapor will dominate for drops with typicalRg 0.1-
0.2 µm. Therefore we also calculated the time of evaporation
for x . λ/R. Integrating eq 16 for negligibleλ/R leads to

c0 )
MP0

kBT
eλ/R (13)

c0 - c∞ )
MP0

kBT
(eλ/R - 1 + x) (14)

c0 - c∞

F
)

MP0

kBTF (λR + x) )
P0Vm

kBT (λR + x) (15)

dVL

dt
) -2πD

P0Vm

kBT (λ
R

+ x) f (3VL

πâ )1/3

(16)

dVL

dt
) -2πD

P0Vmλ
kBT

f (17)

VL ) VL0 - 2πD
P0Vmλ

kBT
f t (18)

τ ) 1
2π

VL0

D
‚

kBT

P0Vmλf
(19)

Figure 3. Time of evaporation of a sessile water drop at 25°C versus
the initial volume as calculated for 100% humidity with eq 19 (A) and
for 99% humidity with eq 21 (B). Time constants were calculated for
evaporation in the presence of air at normal pressure (D ) 2.4× 10-5

m2/s) plus saturated water vapor and without background gas, only in
a saturated vapor atmosphere (D ) 5.3× 10-4 m2/s). The contact angles
were assumed to beΘ ) 30° (continuous line), 60° (dashed), and 90°
(dotted). The initial volume of the drop was varied from 100 nm3 to 1
mm3. The times scale ranges from 0.1 ms to 116 days. The horizontal
line indicates a typical observation time for a contact angle measurement
of 15 min. For comparison, experimental results obtained for water
drops evaporating from hydrophobized silicon cantilevers (Θ ) 90°)
are shown (b). These values were derived by extrapolating from the
first 60 s of the evaporation process.
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The evaporation time is

At 99% humidity (Figure 3B) we see three significant differ-
ences as compared to evaporation at perfect saturation:

Evaporation times are much faster. For example, a water drop
of 100µm3 volume is expected to evaporate in 140-400 h. At
99% humidity the evaporation time is only 800-1050 s.

The evaporation time increases proportional toτ ∝ VL0
2/3

rather thanτ ∝ VL0. Thus, in the double-logarithmic plot the
inclination of the graph is different.

The evaporation time depends less on the contact angle. At
exactly 100% humidity, where evaporation is driven by the
curvature of the liquid surface, the contact angle has a strong
influence because it changesR.

The evaporation time and the critical volume for different
liquids can be very different (Table 1). The main factor
influencing the evaporation time is the vapor pressureP0 of
the molecules. Molecules which are large and interact strongly
and thus have a low vapor pressure do not evaporate signifi-
cantly on typical observation time scales. For example, in air
and perfectly saturated vapor, a drop of 10µm3 octanol or
propanediol take≈10 h to evaporate (in air at 100% saturated
vapor). On the other hand, microdrops of acetone, trichlo-
romethane, pentane, or hexane evaporate in less than 32 s, even
in saturated vapor. If the relative vapor pressure is only 99%
the evaporation times decrease by a factor 13-74. Thus, in any
experiment, which takes longer than 1 min, the volume of the
microdrop is likely to change significantly. The critical
volume for evaporation in 99% relative vapor pressure increases
by a factor of 50-700, and for many common liquids it exceeds
1 mL.

3. Experiment

3.1. Materials and Methods.To measure the time constant
of evaporation, a water drop was placed in an atmosphere of
saturated water vaporP0. To create a saturated water vapor the
system contained a reservoir of water with a planar surface
(Figure 4). Small drops were deposited onto hydrophobized
microfabricated silicon cantilevers (rectangular cantilevers from
Micromotive GmbH, Mainz, Germany) as described in ref 30.
Drop evaporation was followed by imaging the shape of the
liquid cap by an optical microscope. Cantilevers were only 90
µm wide so that the optical axis could be aligned with the plane
of the cantilever. The drop shape was analyzed automatically
with homemade software. Perfluoro-1,3-dimethylcyclohexane
(Aldrich, 80% technical quality isomeric mixture) was deposited
by plasma polymerization to form a hydrophobic film on the
surface.48 The thickness of the perfluorocarbon film was
measured by ellipsometry and found to be 50( 3 nm. To create
a saturated water vapor atmosphere in a closed system, we used
a glass container (5× 5 cm2 base area, 1 cm high) covered at
the top by Parafilm (Alcan Inc., Neehan, WI). The substrate
was lifted≈1 mm above a thin layer of water (deposited before
the glass chamber is closed) at the bottom of the container. A
large drop of≈2 mm radius of curvature was placed directly
underneath the cantilever.

Water (milliQ, Millipore Corp., USA) drops were generated
by a computer-controlled piezoelectric drop generator49 (Piezo-

dropper, Universita¨t Bremen, Germany). The nozzle of the drop
generator was pushed through the Parafilm to a distance of≈0.2
mm above the cantilever. By variation of the impulse duration
and voltage applied to the piezoelectric drop generator, drops
of different radii (15-36µm) and thus volume (14000-195000
µm3) could be produced. A three-axes, electromotor controlled
micromanipulator (Luigs & Neumann GmbH, Ratingen, Ger-
many) was used for controlling the nozzle-to-cantilever position.
To visualize the process, the position and the contours of the
drops on the cantilever were monitored with a camera system
consisting of an objective 5× (Mitutoyo Corp., Kawasaki,
Japan), a 6.5× Ultra zoom tube (Navitar Inc., Rochester, NY),
and a uEye UI-2210-C, CCD camera (IDS GmbH, Obersulm,
Germany), together with a white light source (Schott KL
1500, Mainz, Germany). The resolution of a single frame was
640 × 480 pixels, the frame rate was 1.5 frames/s. The light
intensity was kept low to avoid heating of the sample, which
would cause a local increase of the vapor pressure. From
each frame of the video sequence, we calculated the contact
radiusa and the heighth of the drop cap. To know theµm/
pixel ratio, the system was previously calibrated using a
cantilever with a known length. Froma andh, the drop volume
was calculated by eq 5c. The drop deposition took place at a
temperature of 21( 1 °C. Before the experiments were
performed in a closed system in the presence of water, the level
of relative humidity (RH) was measured with a humidity
sensor (SHT15, Sensirion, www.sensirion.ch) with an accuracy
of 2% specified in the range 10-90% RH. The RH was found
to be 99%.

3.2. Results.A reproducible contact angle of 90( 5° was
obtained for all the drops after deposition and in the beginning
of evaporation. It was constant within at least half the evapora-
tion time of the drop. The first part of the evaporation process
followed the predicted evaporation law (eq 20) andVL

2/3

decreased linearly with time. This demonstrates that the tem-
perature changes caused by evaporating liquid are negligible.
When this linear part is extrapolated to full evaporation, typical
evaporation times ranged from 70 to 350 s. To a large part this
variation is caused by the different initial volumes. The result
obtained with 3 drops are plotted in Figure 5. For example drop
1 in Figure 5 evaporated within 5 min starting with an initial
volume of 107.000µm3. During the first 100 s it followed the
evaporation law, i.e.,VL

2/3 decreases linearly with time. If we
assume a diffusion coefficient ofD ) 2.4× 10-5 m2/s for water
in air at room temperature, take a contact angle of 90° (f )
0.53,â ) 2), and use the experimental inclination of the graph
VL

2/3 versus time, we find from eq 20 a value for the humidity
of 99.1% (x ) 0.009). This agrees with the measured value of
99%. The same result is obtained if we use the evaporation of
drop 3 for the first 60 s. The fact that the atmosphere seems to
be not perfectly saturated is probably caused by tiny holes of
the sealing of the Parafilm or in small temperature differences

V2/3 ) VL0
2/3 - 4

3
πD

P0Vm

kBT
xf( 3

πâ)1/3
t (20)

τ ) 1
4 (3π)2/3 VL0

2/3

D

kBTâ1/3

P0Vmxf
(21)

Figure 4. Experimental setup used to study evaporation of water
drops in saturated water vapor atmosphere.
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across the vessel. For drop 2 a slightly lower humidity of 98.7%
is calculated. In this case the nozzle of the dropper was shifted
during the experiment and we believe that this caused a leak in
the seal of the Parafilm around the nozzle.

In some cases, for example for drop 3, after an initial fast
phase the evaporation process slowed down significantly and a
slower phase of evaporation was observed (inset Figure 5). This
led to long evaporation times of over 350 s, which cannot be
explained by the fact that the contact angle changed during
evaporation.

4. Conclusions

In an open system or for constant chemical potential of the
vapor phase, a drop of a volatile liquid sitting on a hard, flat
surface is never in thermodynamic equilibrium. Eventually it
will evaporate. This is due to the fact that curved liquid surfaces
possess an increased vapor pressure as compared to flat surfaces,
as quantified by Kelvin’s equation. Therefore it is not possible
to derive Young’s equation on thermodynamic grounds for open
systems. This does not mean that Young’s equation is invalid;
it can just not be derived thermodynamically and the contact
angle is not a thermodynamic quantity for a sessile drop. Only
in a small, closed system a drop can be in thermodynamic
equilibrium with its surrounding, and thus only for such a system
it is possible to derive Young’s equation.

For practical applications it is relevant to compare the time
of evaporation with the duration of the experiment. The
experiment is, for example, the measurement of a contact angle.
If the time of the experiments is much shorter than the
evaporation time, evaporation can be neglected and Young’s
equation can be used safely, even in an open system. Evapora-
tion times for different liquids have been calculated assuming
perfectly saturated vapor pressure and assuming 99% saturation.
For water as an example, the evaporation time of a drop of 10
µm3 from a surface with which it forms a contact angle of 60°
initial volume cannot exceed 740 s, even at 100% RH. If the
environment contains only 99% saturated vapor, the evaporation
time is reduced by a factor of 13-74. Thus for microdrops
Young’s equation is of reduced significance.

For a given observation time we can define a critical drop
volume. Only drops with a volume much larger than this critical
volume show negligible evaporation. For drops smaller than
this critical volume, evaporation effects are significant. We have
shown that the critical volume of a drop depends on the
properties of the liquid (saturation vapor pressure, molecular
volume, and surface tension) and on the diffusion coefficient
of its vapor in the background medium. We have discussed the
case of a water droplet placed in saturated vapor with and
without air as background medium. Evaporation is slowed down
by air since its diffusion coefficient is reduced by a factor around
20. The fact that practically all contact angle experiments are
carried out in the presence of air at normal pressure as a
background gas established the significance of Young’s equa-
tion.
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