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This project is a study of how a sessile drop evaporates on a hot surface. Some
existing models of droplet evaporation are explained, understood, simulated and com-
pared. This project also provides an expression of drop interface velocity according to
contact angle evolution. Considering pinned contact line, the droplet as a spherical
cap, constant mass transfer rate and neglecting gravity; the models are computed
using COMSOL Multiphysics and Matlab. A part from smooth surfaces, the droplet
evaporation models are used also in rough surfaces. There is good agreement with
experimental data on smooth and rough surfaces. The best studied model gives a
relative error of 9% in relation to experimental data.
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Introduction

The physics of droplet evaporation is analyzed using previous studies and some
existent models are implemented and compared using the data of the research
about dropwise cooling on surfaces with different shape and wettability done
at the Department of Energy at Politecnico di Milano. The study is focused
on finding the best model in estimating evaporation time.

The evaporation of droplets is used in so many industrial processes, spe-
cially in cooling and drying. But also appears in everyday life like the spots
that the dishwasher lefts due the dry process. The cooling of hot surfaces
has been studied for years [4] with multi-droplet systems and are used in fire-
fighting or spray cooling of electronic devices [21]. The projection is beyond
the capabilities of tradition air cooling systems. Another cooling application
of water drops is the production of ice [27], for example, in ski slopes where
water drops are used in the production of artificial snow. The water due to
the difference of water concentration with the surrounding air starts to evap-
orate lowering his temperature till becoming ice [23]. Another application of
droplets are drying processes as ink or paint [26]. Drying droplets are used
also in medical care and biology, for example in DNA mapping [11] where the
droplets are used to prepare DNA to be analyzed. The DNA’s stretching is
strongly affected by the evaporation rate of the droplet. For these reasons is
useful to know how works the evaporation process.

Generally the studied droplets are as little that gravity is neglected com-
pared to surface tension effects, fact that lets assume the droplets shape as
a spherical cap, reducing the complexity of the geometry and converting the
problem in a 2D axisymmetric study. From experimental studies have been
observed two phases during the evaporation: the first one where the wetted
area remains constant while the drop height reduces, and a second one where
the contact angle between the surface and the tangent of the surface droplet is
pinned. But this second process begins when the majority of the volume have
evaporated and the total evaporation time is almost reached so it is usually
assumed that the line where coexist the solid surface, the surrounding air and
the liquid droplet does not move during the evaporation. This line is named
triple line. Birdi [1], who obtained the evaporation rate by measuring the
change of droplet’s weight, observed that the evaporation rate depends on the
contact radius of the liquid-solid interface then, as triple line remains pinned,
the evaporation rate is constant. This lets study only early times of the evap-
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oration process and extrapolate the results. Usually the fluid used is water
and surfaces with high conductivity are used making the surface temperature
constant during the whole process.

Essentially, the droplet evaporation consists on heat conduction from the
hot surface through the droplet to be convected into the surrounding air trans-
forming the liquid into vapour while cooling the surface due to latent heat
absorption. The main problem of this topic is how the evaporation rate is
calculated because it drives the whole process. There are many phenomena
that can be taken into account to explain the evaporation dynamics but the
crucial concept in this studies is the amount of fluid that evaporates. There
are two explanations of mass evaporation that classify all the models: diffu-
sion of vapour and heat transfer. Then, once a evaporation rate is chosen, the
difference between models is how they find the distribution of temperature to
know the mass transfer.



Nomenclature

A free surface area (m2)

Aw wetted area (m2)

c concentration (kg m−3)

cp specific heat (J m−1 K−1)

D diffusivity (m2 s−1)

g gravity vector (m s−2)

H mean curvature of the surface (m−1)

h drop height (m)

hconv convective heat transfer coefficient
(W m−2 K−1)

hc+r overall heat transfer coefficient
(W m−2 K−1)

J local mass flux (kg m−2 s−1)

J = ṁ′′ local mass transfer (kg m−2 s−1)

k thermal conductivity (W m−1 K−1)

Le Lewis number

ṁ mass transfer

M molarity (kg mol−1)

n normal vector

p pressure (Pa)

rw wetted radius (m)

R constant of gases (J mol−1 K−1)

R drop radius (m)

r̂ r unit vector

r r-coordinate (m)

t tangent vector

t time (s)

T temperature (K)

T stress tensor (N m−2)

u velocity vector (m s−1)

V drop volume (m3)

w z-component of velocity (m s−1)

z z-coordinate (m)

ẑ z unit vector

Greek Symbols

α thermal diffusivity (m2 s−1)

ε emissivity

κ surface curvature (m−1)

µ dynamic stress (Pa s

Λ latent heat (J kg−1)

φ relative humidity

ρ density (kg m−3)

σ surface tension (N m−1)

θ contact angle (rad)

Subscripts

0 initial condition

a surrounding air

i interfacial

∞ infinity

l liquid

s solid

sat saturated

v vapour

w water



Chapter 1

Summary of the main
assumptions in the literature
models

Early nineties the models considered the heat conduction as the main phe-
nomenon of the droplet evaporation [4, 24]. These studies supposed that the
heat is conducted through the droplet from the solid surface to the vapour-
liquid interface where is convected into the ambient [24]. Then the thermal
behaviour of the droplet is described by the Fourier equation of heat conduc-
tion:

∂T

∂t
= α∆T (1.1)

Although the water evaporation has been always related to heat, boiling
it is not necessary to have state change. Liquid evaporation is inevitable if
the surrounding fluid is not saturated [6]. At ambient temperature, water
evaporates due to the difference of vapour concentration between the droplet,
where the concentration c is assumed to be the saturation one csat, and the
surrounding air, where the vapour concentration approaches an ambient value
[11]. For this reason in the late nineties the next models used the Fick’s first
law of diffusion to know the local mass flux:

∂c

∂t
= Dv∆c (1.2)

At the beginning of 21st century the studies made a step further and con-
sidered the droplet as a fluid instead of a solid, so there are convective flows.
The motion of water in the droplet is led by the continuity and Navier-Stokes
equations (considering an incompressible of Newtonian fluids with gravity as
body force):

∇ · u = 0 (1.3)

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p + µ∆u + ρg (1.4)
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Despite gravity is neglected for defining the shape of the droplet, the buoyant
flow is considered as seen in the volume force of the expression of Navier-Stokes.
If the temperature of the droplet is taken into account, then (1.1) cannot be
used to know the temperature distribution because the heat instead of being
conducted, is convected:

∂T

∂t
+ u · ∇T = α∆T (1.5)

For example, Grandas [14] uses the temperature distribution to know the
concentration values at the interface to obtain the local mass flux using the
diffusion form. Recent analytical studies are focused on suspended drops and
moving contact lines. The first ones explain the evaporation of the droplet
with diffusion on the surrounding air where the solution is immediate because
they work with spherical drops. In this case, the volume is linear, known as
the ”radius-square law”, because the evaporation rate is constant. The second
ones study the dynamics of the contact lines because in their cases the receding
angle is bigger so in this study will not take into account these models.

Summarizing, is observed that the droplet can be considered as a solid or a
fluid, the droplet evaporates due to convection or diffusion on the surrounding
air, the material of the surface could have high heat conductivity or the surface
distribution of temperature is not constant... Depending on which phenomena
are taken into account there is one model or another and their differences are
which of the previous choices are done. But all have in common the assumption
of droplet geometry, for this reason it will be studied apart.
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Boundary conditions

The main boundary condition is the phase change at the vapour-liquid inter-
face. There are two expressions that explains how the drop evaporates into
the surrounding air. Di Marzo and Evans [5], for example, consider that the
evaporation is due to the diffusion of vapour water in the ambient and also,
due to heat convective fluxes. Then, using the Chilton-Colburn analogy [5]
that relates the mass transfer coefficient with the heat transfer, they obtain
the following expression:

J = −Mw

Ma

hconv

cp,aLe2/3
psat(Ti)− φ psat(T∞)

p∞ − psat(Ti)
(2.1)

Ruiz [20] simplifies this expression neglecting the interface saturated
pressure in the denominator. Then the mass flux is:

J = − hconv

ρacp,aLe2/3
(ci − c∞) = −hm(ci − c∞) (2.2)

Where hm is a mass transfer coefficient that depends on diffusion and convec-
tion into the surrounding air.

The second expression results by applying the Fick’s law in the free surface.
For example, Hu [11] considers that the local mass flow due to evaporation is:

J = Dv∇c · n (2.3)

Once the mass transfer rate is defined there are some phenomena that are
required and others that are arbitrary. The simplest one is the diffusion of
water in air due to different concentration between the vapour-liquid interface
where concentration is saturated and the vapour concentration at infinity. It
has to been added no mass flux through the hot surface. Then the boundary
conditions are:

c = cs(Ti) at the free surface (2.4a)

c = φ cs(T∞) at r2 + z2 →∞ (2.4b)

∇c · n = 0 at z = 0 and r > rw (2.4c)
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If is taken into account the distribution of temperature in the droplet, then
there are two cases: hot surface with high or low conductivity. If hot surface
has high conductivity then the surface temperature is constant. But in the
two cases the heat flux at the free surface convects into the ambient and
changes the droplet from liquid to gas state. In the high conductivity case the
boundary conditions are:

−kl∇T = hconv (Ti − T∞) + Λ |J| at the free surface (2.5a)

T = Tsurf at z = 0 (2.5b)

But if the hot surface material has low conductivity then the temperature dis-
tribution in the hot surface has to be taken into account. Then the boundary
conditions are:

−kl∇T = hc+r (Ti − T∞) + Λ |J| at the free surface (2.6a)

ks

(
∂T

∂z

)
s

= kl

(
∂T

∂z

)
l

at z = 0 and 0 ≤ r ≤ rw (2.6b)

ks

(
∂T

∂z

)
s

= hc+r (T− T∞) at z = 0 and r > rw (2.6c)

∇T = 0 at r2 + z2 →∞ (2.6d)

Where hc+r = hconv + εσ
(
T2
i + T2

∞
)

(Ti + T∞) is the overall heat transfer
coefficient that takes into account convection and radiation. In this case, σ
is Stefan-Boltzmann constant. Consider radiation or not is arbitrary, but the
models that consider not constant surface temperature also consider radiation.
The phenomenon that remains is the assumption of the droplet as a fluid. The
first boundary condition is the no penetration of the fluid into the hot surface
because is considered as a wall. At the vapour-liquid interface, while the
drop evaporates the free surface moves inwards so is need a mass conservation
on the free surface according to the mass flux of liquid that evaporates. In
the free surface there are also stress forces that impose a second boundary
condition that depends on the temperature distribution in the droplet. If
the interface temperature is constant there is only normal stress following the
Laplace-Young equation that considers the local pressure difference due to
surface tension originated by the droplet curvature. On the other hand, if
the temperature distribution is not constant along the free surface there are
also local Marangoni stresses [21], that act tangentially, because the surface
tension of the droplet depends on temperature [13]. Then a thermocapillary
flow appears due to instability provoked by the surface tension gradients along
the interface. This behaviour drags adjacent fluid toward the cooler regions of
the droplet [20]. Then this flows coexist with buoyant ones and generally are
predominant. Due to this flows, the heat transfer cannot be explained with
conduction, convection is necessary. Finally the boundary energy balance has
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to be added.

u = 0 at z = 0 (2.7a)

ρ (u− ui) · n = |J| at the free surface (2.7b)

n ·T · n = σ∇ · n− p∞ at the free surface (2.7c)

t ·T · n = ∇sσ at the free surface (2.7d)

−kl∇T = hconv (Ti − T∞) + Λ |J| at the free surface (2.7e)

Using differential geometry the normal stress becomes n · T · n = σ∇ · n =
−σκ = −2σH. In a spherical surface the mean curvature is H = 1

R , where R is

drop radius. Also, ∇s = t∇ = ∇− n
∂

∂n
is the surface gradient operator and

using the linear dependence of surface tension on temperature, the tangential

stress becomes t ·T · n = ∇sσ = −
∣∣∣∣ ∂σ∂T

∣∣∣∣∇sT. Finally, all the models have a

boundary condition on the z-axis due to the axisymmetry of the droplet:

∂c

∂r
(r = 0) = 0

∂w

∂r
(r = 0) = 0 u(r = 0) = 0

∂T

∂r
(r = 0) = 0 (2.8)
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Drop geometry

The shape of the droplet is important to know because it is used to obtain the
stress forces and the movement of droplet. If the geometry of the droplet is
known, the expression of the normal stress tensor is automatic. In most of the
studies the drop water is supposed to be a spherical cap, Erbil [8] supposed
an ellipsoidal cap geometry and found similar results to spherical ones. In the
steady state the normal stress balance of the free surface (2.7) becomes:

∆p = 2σH (3.1)

And if the Bernoulli’s principle is applied and gravity neglected (it is assumed
that when a drop of fluid is sufficiently small, the influence of gravity becomes
negligible [6]) then the curvature of the droplet remains constant and the
surface with constant curvature different to zero is the sphere. Then the
problem can be studied in cylindrical coordinates due to the axisymmetry of
the droplet. As a spherical cap, the shape of the drop has two degrees of
freedom. Generally are used these parameters to define the shape of the drop:
the contact radius rw of the wetted area, the radius of curvature R of the
droplet, the height h of the droplet and the contact angle θ. But in this study
will be used rw and θ (see Figure 3.1). Then the other variables remain like

Figure 3.1: An axisymmetric sessile drop, where θ is contact angle
and rw is contact radius. Image from Semenov [22].
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this [17]:

h = rw
1− cos θ

sin θ
R =

rw
sin θ

(3.2)

Now the expression of the volume, the area of the wetted surface and the area
of the free surface become like this according to Alsan [17]:

V =
π

3
r3w

sin θ(2 + cos θ)

(1 + cos θ)2
Aw = πr2w A =

2πr2w
1 + cos θ

(3.3)

During the evaporation most of studies consider that rw remains constant
because the triple line is pinned. For this reason the derivative of volume with
respect to θ is [17]:

dV

dθ
=

πr3w
(1 + cos θ)2

(3.4)

And assuming that the density of water is constant, the derivative of mass is
direct. Then, knowing the flux of mass that evaporates, it is obtained an ODE
of the contact angle that is used to know the movement of the interface [17]:

dθ

dt
=

(1 + cos θ)2

π ρw r3w

∫
J · n dA (3.5)

If the mass transfer is constant along the free surface it is obtained the following
ODE [17]:

dθ

dt
= 2

J

ρw rw
(1 + cos θ) (3.6)

Once the expression of θ is known, is used his expression to obtain the inter-
face velocity. The points of the free surface belong to a circumference whose
intersection with the horizontal surface is fixed. Then, using trigonometry is

found that is a circumference of center
(

0,− rw
tan θ

)
and radius R =

rw
sin θ

. The

locus of the points of the free surface is:

r2 +
(
z +

rw
tan θ

)2
=

r2w
sin2 θ

(3.7)

Previous studies have not focused on the geometric dynamics of the free sur-
face, Hu [12] used some approximations to the free surface profile. So it is
going to be analyzed the evolution of the vapour-liquid interface according to
the evolution of contact angle. Due to symmetry, the highest point of the
surface has vertical velocity then, doing the implicit derivative of (3.7):

2rṙ + 2
(
z +

rw
tan θ

)(
ż − rw

sin2 θ
θ̇
)

= −2
r2w

tan θ sin2 θ
θ̇ (3.8)

and using the fact that for r = 0, z(r = 0) = h:(
h+

rw
tan θ

)
ż(r = 0)− h rw

sin2 θ
θ̇ = 0 (3.9)
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the expression of the velocity of the highest point of the droplet, using the
previous expressions of drop height (3.2), is:

ż (r = 0) =
h

sin θ
θ̇ (3.10)

The problem of deriving the rest of points is that the intuitive parameteri-
zations of the circumference, for example the polar coordinates, depends on
the contact angle. The φ angle goes from π/2 − θ to π/2. In this case is go-
ing to be used the z-component of position because for each point of the free
surface there is a unique point in the symmetry axis, r-component cannot be
used because for contact angle greater than 90◦ there is no bijection. But as
z-component goes from 0 to h = rw

1−cos θ
sin θ , depends on contact angle, then is

going to be used the normalization of z-component using the drop height, that
not depends on contact angle. Now z̃ goes from 0 to 1 and does not depend
on θ. Then the expression of the z-component is:

z = z̃h = z̃ z(r = 0) (3.11)

Then using (3.10) the derivative expression of z is:

w = ż = z̃ż (r = 0) =
z̃h

sin θ
θ̇ =

z

sin θ
θ̇ (3.12)

Now using another time the implicit derivative of the circumference equation
of the free surface points (3.8) and then the expression of ż in function of z
(3.12), the r-component of velocity is:

u = ṙ = −

(
z +

rw
tan θ

)
ż − z rw

sin2 θ
θ̇

r
=

( rw
sin θ

(1− cos θ)− z
)
ż

r
(3.13)

Finally, using the definition of droplet height (3.2) the velocity of the points
of the free surface of the droplet follows this expression:

ui = w
h− z
r

r̂ +
z

sin θ
θ̇ẑ (3.14)

This expression of interface velocity is used ”Deformed geometry” node of
COMSOL Multiphysics to simulate the movement of the free surface of the
droplet. Then it is imposed a free deformation of the droplet domain, a zero
displacement of the contact surface boundary due to pinning of triple line, a
zero r-displacement of the axis of symmetry and a prescribed mesh velocity of
free surface imposing the previous expression of velocity (3.14) (see Figure 3.2).
But the problem is that initially, the contact angle is not easy to estimate.
Theoretically, a liquid drop deposited on a surface should give a unique value
of contact angle equilibrium [17] depending on the interfacial tensions. In
the triple line there are adhesion forces induced by the roughness of the solid
surface and the surface tension of the droplet [18] that in equilibrium decide the
value of the equilibrium contact angle according to Young-Dupré relationship:

cos θ =
σsv − σls

σ
(3.15)
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Figure 3.2: Deformed geometry node.

Regrettably, σls and σsv are not easily known [2]. Its variability is attributed
to surface roughness and chemical heterogeneity [17]. Despite the initial equi-
librium, as the droplet evaporates the adhesion forces change and there are
two modes of evaporation: at constant contact area with diminishing contact
angle and at constant contact angle with diminishing contact area [17]. But
the receding angle is reached when only a small fraction of the original vol-
ume in the droplet is left [4], so is reasonable assume that the wetted area is
constant and triple-line remains pinned. As already said, is difficult to know
the evolution of contact angle using (3.15) expression. Instead will be used
the evaporation rate to solve the contact angle ODE (3.5) using the ”Global
ODEs and DAEs” node of COMSOL Multiphysics (see Figure 3.3).

Figure 3.3: Contact angle ODE.
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Experimental set-up and
procedures

The experimental set-up available at the Multiphase Thermo-Fluid Dynamics
Laboratory, Department of Energy, Politecnico di Milano is described in [15]
and is briefly summarized there. The experimental procedures have been di-
vided in three parts: characterization of the investigated surface, shape anal-
ysis of the drop and measurement of the evaporation time.

The investigated materials where brass, aluminium and carbon steel whose
specifications may be found in [15]. The microfinned surfaces were designed
considering triangular fins with an approximately parabolic increase in the fin
height from one surface to the following. Has been analyzed a broad range of
fin heights focusing on the lower ones. The mechanization of the microfinning
has been done with a milling cutter. Due to technological difficulties each
surface sample has been checked by mean of a surface analyzer. Then the
real roughness can be detected, the microfinned surfaces, the geometry, height
and regularity of the grooves can be verified, reducing the error produced by
the mechanization compared to the design. The measures of the fin heights
obtained were used to obtain real fin spacing using the Fourier transform of the
measurements. The surface analyzer is used too to check the real roughness
of the ”smooth” surface which are used as reference and to verify the surface
planarity of all samples, that is important to have symmetrical droplets [9]
without gravity-induced distortions. The real fin geometries are indicated
in [15].

The sample is placed on the diffusing place whose temperature is controlled
by a PID to remain constant. A drop of fixed volume is deposed on the
surface or let fall from a chosen height. The volume is the one at which the
drop detaches from the dispensing system. Different volume droplet has been
analyzed to consider the effects of this quantity. The bigger the droplet is the
more fins are covered of the surface but they also move and deform more during
the detachment and fall, then is not easy to get uniform distributions of the
droplet. During the firsts times of the evaporation are gotten some shots and
transferred to a PC. This images has been pre-processed to correct distortions
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to get the drop contour, the drop main dimensions, contact angle and contact
area; in [9] there are some images of this procedure. Alternatively, can be
acquired a video of the transient evaporation. Is confirmed the behaviour of
constant contact area (triple line pinned) and constant flux (linear evolution
of droplet volume) on metallic surfaces. Time evaporation is measured from
visual observation of the droplet using a chronometer (in Table 4.1 there are
the experimental results). The de-pinning of the contact line in microfinned
surfaces starts very near the end of evaporation. For this reason, is important
the comparison with videos to have a more reliable value of evaporation times.

All the surfaces were kept at 70◦C and ambient temperature was in the
range 22 − 26◦C. Ambient humidity was not been checked, but the repeti-
tion of tests in different days showed a good repeatability, with no significant
variations. Were selected droplets of volume V = 13, 38, 70, 85µL. On all the
investigated microfinned surfaces, the drops are in a stable Wenzel state, com-
pletely filling the grooves. The investigated We numbers range from 0 (sessile
drops) to 40, which is in general the limit over which the drops break at the
impact, with formation of secondary drops. Breaking drops were excluded
from the analysis.
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Table 4.1: Drop evaporation data

Surface V Fin height Fin base Fin spacing h rw Evaporation
material [µL] [µm] width [µm] [µm] [mm] mm] time [s]

Br 13 0 0 0 1,73 2,11 194,5

Br 38 0 0 0 2,13 3,21 354,5

Br 85 0 0 0 2,60 4,30 482,0

Br 38 78 215 582 2,20 2,42 403,0

Br 70 78 215 582 2,62 2,69 499,5

Br 85 78 215 582 2,52 3,40 600,5

Br 13 154 309 665 1,30 1,69 182,0

Br 38 154 309 665 2,15 2,49 440,5

Br 70 154 309 665 2,55 2,34 504,0

Br 85 154 309 665 2,58 2,98 646,0

Br 13 264 507 867 1,31 1,75 165,5

Br 38 264 507 867 1,98 2,24 399,0

Br 70 264 507 867 2,08 3,06 452,0

Br 85 264 507 867 2,48 3,08 545,5

Br 13 403 865 1249 1,27 1,35 172,0

Br 38 403 865 1249 1,72 1,94 377,0

Br 70 403 865 1249 2,02 3,05 467,0

Br 85 403 865 1249 3,66 3,68 574,0

Al 13 0 0 0 1,75 2,09 194,0

Al 38 0 0 0 2,36 3,04 412,0

Al 70 0 0 0 2,50 3,53 505,5

Al 85 0 0 0 2,59 4,14 529,0

Al 13 110 219 575 1,47 1,33 185,5

Al 38 110 219 575 2,09 2,30 342,5

Al 70 110 219 575 2,30 2,88 473,0

Al 85 110 219 575 2,80 2,62 618,0

Al 13 154 309 665 1,51 1,50 202,5

Al 38 154 309 665 2,01 1,99 376,0

Al 70 154 309 665 2,25 2,66 440,0

Al 85 154 309 665 2,65 2,68 632,0

Al 13 248 504 883 1,31 1,33 178,0

Al 38 248 504 883 1,92 2,21 325,5

Al 70 248 504 883 2,14 2,63 407,0

Al 85 248 504 883 2,75 2,64 627,0

Al 13 406 845 1249 1,37 1,31 203,5

Al 38 406 845 1249 1,84 1,88 326,0

Al 70 406 845 1249 1,96 3,19 413,0

Al 85 406 845 1249 2,42 2,73 628,5
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Models studied

Table 5.1: Previous studied models

Reference Hot surface Internal flow Surrounding ambient Mass transfer

di Marzo and
Evans [5] (1986)

Heat conduction Heat conduction N/A Chilton-Colburn
analogy

Tartarini et al.
[24] (1991)

Heat conduction Heat conduction N/A Chilton-Colburn
analogy

di Marzo et al. [4]
(1993)

Heat conduction Heat conduction N/A Chilton-Colburn
analogy

Alsan et al. [17]
(1998)

High conductivity N/A Vapour diffusion Mass diffusion

Erbil [6] (1998) High conductivity N/A Vapour diffusion Mass diffusion
Mashayek [16]
(2000)

High conductivity Non-isothermal flow Buoyant convection Heat conduction

Hu and Larson
[11] (2001)

High conductivity N/A Vapour diffusion Mass diffusion

Ruiz and Black
[20] (2002)

High conductivity Thermocapillary and
buoyancy convection

N/A Simplified
Chilton-Colburn
analogy

Mollaret et
al. [18] (2004)

High conductivity Thermocapillary
convection

Vapour diffusion Mass diffusion

Grandas et al. [14]
(2004)

High conductivity Thermocapillary and
buoyancy convection

Vapour diffusion Mass diffusion

Widjaja et al. [26]
(2006)

High conductivity Non-isothermal flow N/A Fixed mass
transfer rate

Widjaja and Har-
ris [25] (2007)

High conductivity Isothermal flow Vapour diffusion Mass diffusion

Corticelli et al. [3]
(2008)

Heat conduction Heat conduction N/A Chilton-Colburn
analogy

Semenov et al.
[21] (2011)

High conductivity N/A Vapour diffusion Mass diffusion

Nguyen et al. [19]
(2011)

High conductivity N/A Vapour diffusion Mass diffusion

Erbil [7] (2012) N/A N/A Vapour diffusion Mass diffusion
Hu et al. [10]
(2014)

High conductivity N/A Vapour diffusion Mass diffusion

Wu et al. [27]
(2014)

High conductivity N/A Vapour diffusion Mass diffusion
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In Table 5.1 there is a summary of some studies that have been analyzed
and they are classified by the phenomena that choose during the evapora-
tion proces and it is observed that more or less all the papers treat the same
phenomena, so there are not so much differences between the models. The
differences are how they define the hot surface, how they consider the droplet,
how they take into account the surrounding air and which mass transfer ex-
pression is chosen. Some of the previous models cannot be applied because
they work with cooling processes as Wu [27] does, or they work at really high
temperatures as Mashayek [16] does, or they consider that the droplet has no
constant contact radius as Semenov [21] does , or they consider a suspended
droplet as Erbil [7] does ... Then, only five models have been simulated in
representation of all the models.

5.1 Heat conduction through the droplet

As said in the introduction, the first studies as di Marzo, Tartarini or later
Corticelli [3, 4, 24] assume that the main effect in droplet evaporation is con-
duction (1.1) considering the hot surface at no constant temperature (2.6) and
using the Chilton-Colburrn analogy to find the mass transfer rate (2.1). To
solve the heat conduction equation is used the ”Heat Transfer in Solids” node
of COMSOL Multiphysics. Initially the solid surface has a linear distribution
of temperature to have thermal equilibrium with the surrounding air (see Fig-
ure 5.1) and the droplet is at ambient temperature. Once the temperature

Figure 5.1: Hot surface initial temperature.

distribution is known, the mass transfer is also known using the local mass
flux expression (2.1) and, consequently, the derivative of contact angle too.
Then to develop the movement of the interface is used the COMSOL Multi-
physics node ”Deformed geometry”. This node is used in the following models
that are solved with COMSOL Multiphysics and that take into account the
movement of the interface. This model is solved using the properties of water
given by the software and conductivity and air properties from tables. Also
are used these expressions for latent heat [27] and saturated pressure [27] with
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T in K:

Λ(T) =
RTc

M

(
7, 08

(
1− T

Tc

)0,354

+ 10, 95ω

(
1− T

Tc

)0,456
)

J kg−1 (5.1)

psat(T) =
2

15
exp

(
18, 5916− 3991, 14

T− 39, 22

)
kPa (5.2)

Where, for water, Tc = 647, 3K is critical temperature and ω = 0, 344 is
Pitzer’s acentric factor. The results are compared with the data of [5] (see
Table 5.2) on a droplet with an initial volume of 10µL and an initial contact
angle of 70◦ using a mesh similar to Figure 5.2.

Table 5.2: Properties used in Tartarini’s model

Tsurf 98◦C
T∞ 20◦C
Dv 26mm2 s−1

Radius of influence 4
Aluminium ε 0, 08
hconv 12W m−2 K−1

φ 0, 5

Figure 5.2: Mesh for a droplet of height h = 2, 5mm and contact
radius rw = 3, 53mm.

The radius of influence is defined as the proportional length, in comparison
with contact radius, from which the ambient is not disturbed by the droplet.
With propetires of Table 5.2 it is obtained an evaporation time of 48s instead
of the 51s obtained in [5], with a computational solution time of 56s. This is a
good model if the studied hot surface has low conductivity and his temperature
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is not constant. Compared with the smooth surface data of Table 4.1 there
are good approximations but are really worse in the little drops. In Figure 5.3
there is an evolution of droplet evaporation.

Figure 5.3: Temperature at 0s (left), 50s (center) and 100s (right)
in Celsius for a droplet of h = 2, 5mm and rw = 3, 53mm.

5.2 Approximation of diffusion evaporation

The next studies, use the diffusion of vapour to know the mass flux. Con-
cretely, Alsan [17] considers the droplet so little that does an approximation of
concentration gradient, outside the drop, using the forward difference method:

∂c

∂n
= −∆c

R
= −ci − c∞

rw
sin θ (5.3)

This expression is the solution of Laplace’s equation that comes from (1.2) in
the steady state when the contact angle is 90◦ [10]. Because as the vapour
concentration adjust rapidly compared to the time required for droplet evap-
oration, the transient term can be neglected [11]. In this case the solution is
immediate due to symmetry as seen in Hu [10]. Then Alsan suppose that this
expression is also valid for other values of contact angle. Using the evaporation
rate (2.3), contact angle ODE (3.6) becomes [17]:

dθ

dt
= −2Dv

∆c

ρr2w
(1 + cos θ) sin θ (5.4)

Whose solution is [17]:

ln tan
θ

2
+

1

1 + cos θ
= ln tan

θ0
2

+
1

1 + cos θ0
− 2Dv

∆c

ρr2w
t (5.5)

Erbil [6] makes a step further and uses the ideal gas law to calculate the
concentration gradient:

c∞ − ci =
M

R

(
φ

ps,∞
T∞

− ps,i

Ti

)
(5.6)

Matlab is used to solve the ODE (5.4) using Erbil assumption of ideal gas (5.6)
and (5.2) expression of saturated pressure. In this case are used the properties



Introduction 20

Table 5.3: Properties used in Erbil’s model

Tsurf 21, 5◦C
T∞ 21, 5◦C
Dv 22mm2 s−1

Mw 18, 016g mol−1

ρw 997, 883kg m−3

R 8, 3119J mol−1 K−1

hconv 12W m−2 K−1

φ 0, 55

of Table 5.3 and is simulated a droplet of contact radius rw = 0, 585mm and
an initial contact angle of θ0 = 80◦ and the results are the same of [17].
The problem of this model is the generalization the right contact angle case
because for low contact angles the concentration gradients tend to zero and
the mass transfer too. So are obtained evaporation times 4 times higher but
as experimentally the mass transfer rate is constant during evaporation, a
simplification of the original model has been done. The mass transfer rate
of the right contact angle case has been imposed in the whole evaporation
process:

ṁ =

∫
J · n dA = Dv

∂c

∂n

∫
dA = −Dv

∆c

rw
A = −2πrwDv∆c (5.7)

Then knowing the initial volume, the evaporation time is:

tevap =
V0 ρw

2πrw∆cDv
(5.8)

This assumption improves the results and using a vapour diffusivity of water
in air of Dv = 26mm2 s−1 gets so good approximations of evaporation time.
But the bigger the drop is, the further the evaporation times are in comparison
with smooth surface data of Table 4.1.

5.3 Diffusion evaporation in the surrounding area

The next step is to calculate the diffusion exactly, instead of using approxi-
mations. Hu’s model [11] considers the sessile droplet as a spherical cap that
evaporates into the ambient air according to the diffusion equation (1.2) with
(2.4) boundary conditions. Due to the evaporation of the drop, the distribu-
tion of concentration above the droplet is not uniform. Far above the droplet
the concentration values are equal to the ambient ones and there is not flux
along the wetted surface. To know the vapour concentration distribution, is
used the ”Transport of Dilueted Species” node of COMSOL Multiphysics us-
ing the ”Time Dependent” solver (with a mesh similar to Figure 5.4) instead
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Figure 5.4: Mesh for a droplet of h = 2, 59mm and rw = 4, 14mm.

of using the quasi-static solution, as the original model does. To know the
cv concentration values at the interface and at infinity, are used the saturated
pressure (5.2) and ideal gas (5.6) equations. For the case of Hu’s model [11] the
properties are those of Table 5.4 and the droplet has a radius rw = 0, 95mm

Table 5.4: Properties used in Erbil’s model

Tsurf 25◦C
T∞ 25◦C
Dv 26, 1mm2 s−1

Radius of influence 20
φ 0, 4

and height h0 = 0, 364mm. After a computational time of 103s, is obtained an
evaporation time of 375s instead of the 360s obtained in [11]. The difference
could be in considering the transient solution instead of solving in every step
the steady problem as the models does. Compared with the smooth surface
data of Table 4.1, it is obtained a relative error of 40%. In Figure 5.5 there is
an evolution of droplet evaporation.

Figure 5.5: Concentration at 0s (left), 100s (center) and 200s
(right) in mol m−3 for a droplet of h = 2, 59mm and rw = 4, 14mm.
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5.4 Heat transfer in fluids with viscous forces

As said in Chapter 1, at the beginning of 21st century, the studies considered
the droplet as a fluid and took into account the convective flows inside the
drop. In this case, Ruiz [20] uses (2.2) mass transfer rate but neglecting
the vapour density in the surrounding air assuming that air is dry. In this
case Navier-Stokes are the driving equations (1.4) of heat transfer (1.5) and
are solved using the ”Non-isothermal Flow” node of COMSOL Multiphysics
whose boundary condition are (2.7) and (2.5), respectively (see Figure 5.6).

Figure 5.6: Boundary stress (up) and mass conservation (down).

The expression of the surface tension used is the following:

σ = σref −
∣∣∣∣ ∂σ∂T

∣∣∣∣ (Ti − Tref) (5.9)

Where σref and Tref are reference values. The buoyant convection is modeled
using the Boussinesq approximation. For small drops, these convective flows
are insignificant compared to thermocapillary flows. Initially, the droplet is
at ambient temperature and has zero velocity. This model is solved with
COMSOL Multiphysics using the water properties offered by the software,
taking air properties from tables and using ideal gas equation (5.6) to know
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the vapour density. Due to the complexity of this model there are so problems
with the mesh (see Figure 5.7 that the mesh is so coarse). Then has been

Figure 5.7: Ruiz’s model mesh.

decided to study the droplet without geometry deformation and use the fact
that the mass transfer rate is constant during the evaporation process. There
is an error of 15% estimating the experimental data in smooth surfaces of
Table 4.1.

5.5 Heat transfer in fluids with viscous forces and
diffusion in the surrounding air

Once the droplet is considered as a fluid, the studies began to use this as-
sumption with the other mass transfer expression that considers the vapour
concentration in the surrounding air (1.2). Widjaja [26] considered a uniform
temperature distribution so there is no Marangoni flow but the results are the
same as Hu’s model in Section 5.3 because there is no interaction between the
droplet and the surrounding air. For this reason, Mollaret and Grandas [14,18]
used the temperature distribution inside the droplet as Ruiz does in Section 5.4
to have different values of vapour concentration along the free surface. Mol-
laret [18] assumes a spherical shape of the drop, a low evaporation rate, that
the triple-line remains pinned and a constant surface temperature due to high-
conductivity of the surface. This is combined with Boussinesq approximation
employed in Grandas [14]. To know the temperature distribution Mollaret [18]
solves the Navier-Stokes equations (1.4) and the heat transfer equation (1.5)
with (2.7) and (2.5) as boundary condition, respectively, as Ruiz does in Sec-
tion 5.4. Then this temperature distribution is used to know the diffusion
boundary condition (2.4). Grandas and Mollaret [14, 18] are combined and
solved with COMSOL Multiphysics with a mesh similar to Figure 5.8. The
simulation has been done using the properties of Table 5.5 the properties given
by the software. Then is simulated a droplet of 10µL with a contact angle of
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Figure 5.8: Mollaret’s model mesh.

Table 5.5: Properties used in Mollaret’s model

Tsurf 80◦C
T∞ 20◦C∣∣ ∂σ
∂T

∣∣ 0, 1732mN m−1 K−1

Mw 18g mol−1

hconv 10W m−2 K−1

Radius of influence 4
φ 0, 4

90◦ and it is obtained an evaporation time of 119s really close to the results
obtained in Mollaret [18] that is between 100s and 120s from a graphic. The
simulation time has been about 314s for 50s of evaporation and the results
have been extrapolated. Using the smooth surface data of Table 4.1, are
obtained evaporation times similar to those obtained with Hu’s model (see
Section 5.3). In Figure 5.9 there are some frames of early evaporation process
using Mollaret’s model.

Figure 5.9: Temperature of the droplet, surrounding air concen-
tration and velocity field of internal flow at 0s (left), at 0, 3s and
at 0, 6s for a droplet of h = 1, 73mm and rw = 2, 11mm.



Chapter 6

Results

Table 6.1: Summary of the implemented models

Models
COMSOL Multiphysics nodes

Matlab
Hot surface Droplet Surrounding air Interface

Tartarini Heat transfer in solids Heat transfer in solids N/A
Deformed

-
geometry

Alsan - - - - Simplified

Hu N/A N/A
Transport of Deformed

-
diluted species geometry

Ruiz N/A Non-isothermal flow N/A N/A -

Mollaret N/A Non-isothermal flow
Transport of Deformed

-
diluted species geometry

As said in Chapter 2 the main problem is to decide how the droplet evapo-
rates. All the mass transfer expressions depend specially on interface tempera-
ture and how the liquid changes state, but also on surrounding air behaviour.
The difference between the models of mass transfer is how heat convection
and vapour diffusion are balanced. For example, in Hu Section 5.3 evapora-
tion rates depends only on vapour diffusion but in Ruiz Section 5.4 there is
contribution also of natural convection. Then the decision is how important
are heat convection and vapour convection during the evaporation because all
the evaporation rates expressions depend only on the interface temperature
distribution, do not take into account what occurs inside the droplet: if there
is fluid convection, thermocappilary flows, only conduction... Then, summa-
rizing, the differences between the models are how explain the free surface
temperature distribution and how they consider that the mass evaporates.

In Chapter 4 has been said that the contact radius is constant during evap-
oration and the evaporation rate too and all the models Chapter 5 have a linear
evolution of droplet volume. Then to implement all the models with the data
of Table 4.1, have been only computed early times of evaporation, specially
in those where COMSOL problems due to the complexity of the model, and
the result has been linearly extrapolated to obtain the total evaporation time.
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Also has been observed that the hot surface can be considered at constant
temperature because the analyzed materials are brass and aluminium (mate-
rials with high conductivity), and for example, in Tartarini [24] Section 5.1
is observed in Figure 6.1 that there is no change in the surface temperature
distribution.

If now this study is focused on distribution of temperature, there are three
cases: constant temperature, conduction and fluid convection. The constant
temperature case, that is usually considered the surface temperature, is the
limit case of droplet temperature because ambient is at lower temperature.
Then in the constant temperature case, given a mass transfer expression, are
obtained the lowest values of evaporation time because is the fastest case.
For example, Hu Section 5.3 does this assumption, so does not care about
the behaviour inside the droplet and focuses on how liquid evaporates. In-
stead, if is considered heat conduction along the droplet, is obtained a more
or less linear distribution of temperature (see Figure 6.1) from the base at

Figure 6.1: Temperature distribution following the Tartarini
model at 100s for a droplet of 90µL and a height of 2, 6mm.

surface temperature to the top of the droplet where there is a temperature
difference of 10 − 20◦C depending on the dimensions of the droplet and the
convective heat transfer coefficient. It is observed in Figure 6.1 that due to
vertical distribution of temperature and the geometry of the interface, at free
surface there are more points at lower temperature and only a few at surface
temperature. Then, taking into account this temperature distribution, there
is big difference with the constant temperature assumption and evaporation
time is higher because the evaporation is slower. The last case of temperature
distribution is to consider the droplet as a fluid, then inside the droplet there
are buoyant and Marangoni flows. The first one due to density dependence
on temperature that makes a circulation towards the top of the droplet at the
axis of symmetry and the second one due to surface tension dependence on
temperature where the surface drags the fluid from hot to colder regions of
the droplet, this provokes a contrary flow and heats the interface. The two
flows are compared in Figure 6.2. As Marangoni stress is higher than grav-
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Figure 6.2: Marangoni (left) and buoyant (right) flows following
Mollaret model

ity, buoyancy can be neglected, then the distribution of temperature on the
free surface is close to surface value because the Marangoni flow carries high
temperature to the free surface instead of the center of the droplet, as buoy-
ancy does. Then it is observed that are reached higher temperatures for early
times. Also, conduction and convective cases of temperature distributions, as
initially the droplet is at ambient temperature, the evaporation rates are lower
till the droplet reaches the ”stationary” state where the temperature distribu-
tion changes only because of the movement of the interface. But despite the
qualitative distribution of temperature is exactly whatever the model is chosen
compared with results shown in the original papers, for quantitative distribu-
tion is not the same. Hu’s model results are the same in the simulations of this
study and in the original paper, but the results are different in Ruiz’s case,
maybe because of the mass transfer rate chosen. While in Hu’s case the differ-
ence of temperature between the top of the drop and the hot surface is only of
a few Celsius degrees in Ruiz’s original paper, the difference is of 10 − 20◦C.
This will maybe explain the the error obtained in Ruiz’s model compared with
the original paper. Summarizing, the arrangement of the droplet temperature
from highest to lowest is: constant temperature, fluid convection and con-
duction. Then, once an evaporation expression is chosen, depending on the
temperature distribution there are little variations in evaporation time.

Now is going to be analyzed the different mass transfer expressions. The
first expression that will be studied is the mass transfer rate due to only
diffusion (2.3). This assumption explains the water evaporation using the
diffusion of water concentration at the vicinity of interface. The problem of
getting this choice is that has to be defined a radius of influence. A high value,
with the same number of elements in the mesh, means bad computations of
gradient at interface because the accuracy of concentration distribution near
the free surface is poor, but a low value imposes wrong figures of concentration
gradients due to the vicinity of infinity. Then, depending on which radius of
influence is fixed and the refinement of the mesh near the free surface, the
results are different. Hu Section 5.3, for example, uses a radius of influence
of 20 and will be used a radius of influence of 10 with Mollaret Section 5.5.
The only method that avoids the need to specify one radius of influence is the
simplification (5.7) of Alsan’s method Section 5.2 because does not depends
on where infinity is considered from the droplet. It has to be added the
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fact that the gradients calculations are exact on the interface and do not
depend on the mesh. But the problem of this method is that considers the
droplet at constant temperature, but despite being the fastest, evaporation
times are higher than the measured ones as seen in Figure 6.3. Then the
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Figure 6.3: Estimated vs real diffusive evaporation times on
smooth surfaces.

constant temperature assumption is not a bad choice in this case. Is seen
also in Figure 6.3 that the bigger the drop is the worse. The results are, that
the other two diffusive models are more or less the same despite considering
different temperature distribution. Also is observed in Figure 6.3 that the
assumption of constant temperature gives lower values of evaporation time, as
said before. Seems that there is no correlation between the real evaporation
time and the estimated one in the Hu’s and Mollaret’s models. This is because
the estimated evaporation times depend on the wetted radius (see Figure 6.4).
But the fact that the fastest model gives higher values of evaporation time
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Figure 6.4: Estimated evaporation time vs wetted radius following
Hu and Mollaret models on smooth surfaces.
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means that the diffusion explanation of evaporation is not a good model of
mass transfer. Summarizing, the mass diffusion of vapour needs to be well
computed because surface gradient are sensitive to radius of influence and
Alsan’s simplification is a good form to avoid this problem and gives better
results.

Now is time to study the Tartarini (2.1) expression of mass transfer rate.
Ruiz Section 5.4 and Tartarini Section 5.1 are the two models that use this
expression, to compare them is used the same convective heat transfer coeffi-
cient, radiation is not taken into account and buoyancy is neglected. But Ruiz
considers the surface at constant temperature due to high conductivity and
Tartarini considers conduction along the surface. Then as in the experimenta-
tion is used a plate of 40× 40mm then the Rayleigh number for a hot plate at
70◦C with an ambient condition of 20◦C is RaL = 3607, 88 whose convection

heat transfer coefficient is hconv =
k0, 059Ra

1/3
L

L
= 12, 55W m−2 K−1 if is used

the correlation of a hot horizontal plate. Then if is also compared with the dif-
fusion evaporation rate, then the results are seen in Figure 6.5. It is observed a
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Figure 6.5: Estimation vs Real evaporation time of convective
models and the best diffusion model on smooth surfaces.

correlation between the the simplification of the mass transfer and the Ruiz’s
model, this is because of the insistence that the mass transfer rate is constant
during evaporation in Ruiz’s model. The difference of this two models is due
to temperature distribution. Then, as said before, the simplified version of
the Tartarini’s model is the fastest because considers the droplet at surface
temperature. Concerning the Tartarini’s model there is a direct correlation
with droplet height as seen in Figure 6.6. Also is observed in Figure 6.5 that
for the little droplets the estimated times are higher than the real value but
in the biggest droplets the effect is opposite. For this reason, seems that no
convective model really fits the data because the regression line of evaporation
time has a lower slope than the real evaporation time. Apart from the results,
Tartarini and Ruiz model have really computational differences. While con-
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Figure 6.6: Estimated evaporation time vs initial height following
Tartarini model on smooth surfaces.

duction model is so simple, the complexity of considering the droplet as a fluid
gives problems on converging the solution. Using COMSOL Multiphysics the
solution is really sensitive to the mesh so the transient solution has not been
able to obtain and has been used the stationary one. For this reason, the re-
sults of Ruiz’s model are similar to the simplified version (see Figure 6.5) but
theoretically, the results of Ruiz’s model have to be between the evaporation
times of Tartarini’s model and his simplification.

The above results have been extracted from droplets on smooth surfaces
but in experimentation have also been analyzed rough surfaces. The problem
is that there are no studies of droplet evaporation on rough surfaces, only
smooth surfaces are analyzed. For this reason, is going to be verified if the
existing smooth models work with rough surfaces. To use the same models,
the droplet have been modeled as a cylinder because due to the direction of
fins, the drops tend to stretch (see Figure 6.7). From the study of spherical

Figure 6.7: Front, side and top views of sessile water drops on
aluminium (left side) and brass (right side) microfinned surfaces.
Image from Guilizzoni and Sotgia [9].
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cap drops has been assumed that the contact radius remains constant and
that the evaporation rate is constant, then this phenomena have been used in
cylinder drops too. As in the smooth surfaces case the best diffusive model is
a simplification and the convective models have a similar distribution to the
simplified model, then will be only applied in the cylinder drops the simplified
models and as they depend on the interface area, is only needed to calculate
the free surface area for the cylinder case. The arc of the circular sector of the
circumference of the free surface, using trigonometry, is two times the contact
angle (see Figure 6.8). Now to know the area of the circular segment of each

Figure 6.8: Arc of circular sector.

base of the surface is used the area and the arc length of a circular sector:

Acs = R2 (θ − sin θ cos θ) scs = θR (6.1)

and the length of the drop is:

L =
V

Acs
=

V

R2 (θ − sin θ cos θ)
(6.2)

Now the interface area is the lateral area plus two times the base area:

A = scsL+ 2Acs = 2R (θ (R+ L)− rw cos θ) (6.3)

Apart from the simplified models of each mass transfer expression, will be used
also the Tartarini’s model using the linear dependence with initial height (see
Figure 6.6) found in the spherical cap drops.

But the problem of this models is that they do not take into account the
difference of surface materials while in Table 4.1 is shown the dependence in
the composition of the hot surface. So will be used the following expression of
contact temperature [24] that is the solution the contact temperature between
two infinite solids:

Tc =
Ts

√
ksρscp,s + Tl

√
klρlcp,l√

ksρscp,s +
√
klρlcp,l

(6.4)
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Where here Tc is the contact temperature and the liquid is considered at a
mean temperature of surface and the ambient temperature, in this case 45◦C.
The results with all the experimental data, smooth and rough surfaces, can be
found in Figure 6.9. Now is verified that there are large disagreements between
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Figure 6.9: Estimated vs real evaporation time of rough surfaces.

convective models results and real evaporation time data. Despite using the
linear dependence of Tartarini model on drop height also in cylindrical drops,
seems that there are similar results in comparison with the simplification of
Tartarini’s model, that the convective models have different inclination com-
pared to real data: convective models overestimate the little droplets and
underestimate the biggest ones. Concerning the Alsan simplification model
seems that gives the best results with a mean relative error of 9, 4% while the
Tartarini model has a relative error of 15, 77%. Also is observed that assum-
ing that the contact temperature depends on the surface material, gives better
results. This is because if internal flows are considered, then the free surface
temperature is close to hot surface value but obviously is never reached due to
convection with the surrounding air. Then maybe there is no need to simulate
the internal flows and is enough considering the contact temperature. But the
most important consequences of this results is that spherical droplet models
work equally, or rather better, in rough surfaces.
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In this study has been realized that the driven variable of evaporation time is
the mass transfer rate. The studies of droplet evaporation can consider con-
duction along the hot surface or constant temperature, can consider internal
flow or conduction inside the droplet, can consider vapour diffusion outside the
droplet... But the important parameter is the interface temperature because
the mass transfer rate depends only on this variable. All the studies use two
expressions of mass flux: vapour diffusion and heat convection. The results
of heat convection models show that they overestimate the evaporation time
for little drops but underestimate the big ones. Then the mass transfer rate
obtained using the Chilton-Colburn analogy is not a good model in predicting
time evaporation because only works with some concrete volumes. Concerning
the vapour diffusion models, seems that they depend on the radius of influence
and they give far estimation of time evaporation from experimental data. But
independently of the mass transfer rate chosen, the simplified models, that
considers the droplet at constant temperature with the hot surface value, give
good results and the models that consider conduction or convective flow inside
the droplet give bigger time evaporation values but with the same tendency
(the difference between models using the same evaporation rate is only a ver-
tical movement). The simplified version of the diffusive model gives a relative
error of 9% and the convective model a relative error of 16%. Also is observed
that the simplified expressions of the mass transfer depend on the difference
of concentration between the interface and the surrounding air (see (2.2) and
(5.7)) so this drives droplet evaporation. The problem of all the papers is
that they focus on temperature distribution but they underestimate the mass
transfer. They do not worry about how droplet really evaporates, that is the
main difference between the studied models. Because of this, the simplest
model gives the best results because it does not worry about temperature dis-
tribution but is a good model of droplet evaporation. Finally, seems that the
assumption of pinned triple line and constant mass transfer rate work too in
rough surfaces. The evaporation process does not depends on the geometry of
the wetted surface, then the models designed for smooth surfaces work also in
rough surfaces considering the droplet as a cylinder instead of a spherical cap.
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