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a  b  s  t  r  a  c  t

An  experimental  investigation  of wetting  and  evaporation  of  sessile  droplets  is presented  on  nano-porous
alumina  substrates  having  different  pore  distribution  (uniform,  random  and  linearly  arranged)  mor-
phologies  and  pore  sizes  (70–120  nm).  Firstly,  the behavior  of  a droplet  as  it spreads  and  wets  a  surface
is  captured  using  high  speed  videography  and  benchmarked  with  the  correlation  given  by the  Tanner’s
law.  The  Cassie–Wenzel  state  transition  of  a  droplet  on  nano-porous  surfaces  is  also  scrutinized  with  3D-
Laser  Confocal  Microscopy  which  clearly  reveals  the sub-stages  of the  transition  process.  During  wetting
transition,  entrapped  air bubbles  are  seen  coming  out of  the nano-porous  substrate,  which  lead  to micro-
convection.  In this  study,  sessile  droplet  evaporation  on  the nano-textured  surfaces  is also  investigated.
Evaporation  can  be considered  as a quasi-steady-state  process,  such  that  the vapor  concentration  dis-
tribution  above  the  droplet  satisfies  the  Laplace  equation,  but with  a time-varying  droplet  surface.  For
benchmarking,  the evaporation  of  sessile  water  and  ethanol  droplets  on  standard  borosilicate  glass  and
aser Confocal Microscopy Teflon surfaces  is examined,  and  results  are  compared  with  available  diffusion  models.  Contact  angle
variation  with  time  is  recorded  along  with  rate of evaporation  in  a controlled  environment  with  specified
humidity  and  temperature  boundary  condition.  The  coupling  between  wettability  and  eventual  rate  of
droplet  evaporation  is  established.  The  results  clearly  show  that  nano-structuring  is  an  effective  tool  to
control  wettability  as  well  as  the  diffusive  evaporation  process.  In  addition,  the physical  morphology  and
pore  distribution  affects  wettability  as  well  as evaporation  rates.
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1. Introduction

In recent years, due to the advent of nanotechnology, the decep-

tively simple problem of droplet spreading and evaporation is again
attracting attention (Bonn et al. [1], Erbil [2]). Surface chemistry and
energy distribution plays a key role in determination of wetting
behavior, and much research has been devoted to obtain specific
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Nomenclature

B dimensionless constant
D diffusion coefficient (m2/s)
c concentration of vapor (kg/m3)
t time (s)
m mass of droplet (kg)
C capacitance (A2 s4/kg1 m2)
Cx ratio of C and 4�εo (m)
e base of the natural logarithm = 2.71828
� contact angle of the droplet (◦)
T temperature (◦C)
L length/characteristic length (m)
R radius of curvature of droplet (m)
R* non-dimensional radius
H* non-dimensional height
r contact radius of droplet (m)
h height of droplet (m)
g acceleration due to gravity (m/s2)
lc capillary length (m)

Greek symbols
� dynamic viscosity (kg/s m)
� surface tension (N/m)
� mass density (kg/m3)
εo permittivity of free space (kg m3/A2 s4)

Non-dimensional numbers
Ca capillary number (� U/�)

Subscripts
o initial
ap apparent
eq equilibrium
b base of droplet
s surface of sphere
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etting properties (Sun et al. [3,4]). Bonn et al. [1] has compre-
ensively compiled the developments in the field of wetting and
preading. Wetting plays a key role in many engineering fields.
t large scales, it plays an important role in oil recovery, effi-
ient deposition of pesticides on plant leaves, drainage of water
rom highways and on a smaller scale, in micro-fluidics, nano-
rinting, inkjet printing, etc. (Tabeling [5]). Droplet evaporation
lays a vital role in various engineering fields, such as air/fuel-
remixing, biological crystal growth and painting, to name a few.
imilarly, evaporation of fuel droplets is well-known to have a
trong influence on the pollutant emissions, ignition delays and
verall combustor efficiency (Deprédurand et al. [6]). The equilib-
ium contact angle (which can be related to droplet height once
olume and base contact radius is fixed) and vapor–air surface
rea play an important role in the rate of evaporation of the sessile
rop (Rowan et al. [7]). Hence, the phenomenon of wettability on

 substrate and rate of evaporation are strongly coupled in many
pplications.

From a fundamental as well as practical engineering view-
oint, three configurations of droplet evaporation are of interest:
i) evaporation of simple fluids on plain surfaces; (ii) evaporation
f nanofluids (simple fluids containing suspended nano-particles)

n plain surfaces; and (iii) evaporation of simple fluids on pre-
abricated micro/nano-structured surfaces. While the first case
epresents the classical problem of droplet evaporation, wherein
ecent amount of literature already exists, the latter two  cases
cochem. Eng. Aspects 432 (2013) 71– 81

are not yet comprehensively explored. A theoretical study of first
case, i.e. of simple fluids evaporating on plain surfaces, has been
done analytically by Picknett and Bexon [8]. They distinguished two
modes of evaporation: (i) at constant contact angle, with diminish-
ing base contact area and; (ii) at constant base contact area with
diminishing contact angle. Hu and Larson [9] numerically solved
the Laplace equation to get vapor concentration distribution and
the evaporation flux using finite element method. They used a
microscopic particle tracer method to measure the rate of droplet
evaporation in their experiments and compared the result to that
derived by Picknett and Bexon [8] and results obtained from FEM
analysis. The average relative discrepancy between the two predic-
tions was observed to be less than 1%.

The case (ii) of evaporating drops containing colloidal particles
on a solid substrate can be used for dispensing or organizing
small particles suspended within them [10]. The dried deposit
is not always uniform (e.g. coffee-ring pattern), and is caused by
enhanced evaporation at the wetting line, as explained by Deegan
et al. [11]. Chen et al. [12] studied the effect of addition of laponite,
Fe2O3 and Ag nanoparticles in deionized water on evaporation
rates and reported that these nanofluid droplets evaporate at
different rates.

Evaporation of droplets of simple fluid on surfaces with nano-
projection (case (iii)) was  studied recently by Lee et al. [13] who
reported that the surface structure is a more important factor than
the initial contact angle when determining the characteristics of
droplet evaporation. Choi and Kim [14] also investigated evapo-
ration of sessile droplets of pure water and protein solution on
Cu-based hydrophobic surfaces with nanoposts. The work done so
far focuses on the evaporation dynamics on surfaces with nano-
projections. However, evaporation on nanoporous surfaces is yet to
be fully explored. Recently, Sobac and Brutin [15] studied the influ-
ence of the surface properties (roughness and the surface energy)
on the evaporation process using various nano- and micro-coatings
(PFC, PTFE, SiOC, and SiOx). They found that the evaporative rate is
proportional to the dynamics of the wetting radius, i.e. the more a
droplet wets and pins to a substrate, the shorter the evaporation
time. In the subsequent study [16], they investigated the influence
of the substrate temperature and thermal properties on the evap-
oration process. They used two nano-coatings (PFC and SiOx), on
various base substrates (copper, brass, bronze, and polyoxymethy-
lene (POM)) to have widely different thermal conductivities. It was
reported that the global evaporation rate appears clearly influenced
by the thermal diffusivity of the substrate–the situation involves
conjugate heat transfer. In addition, the contact angle evolution is
modified with an increase in the substrate temperature.

In this paper, we focus our attention on evaporation of simple
fluids on prefabricated micro/nano-structured surfaces [17]. The
purpose of the present work is to study how nano-porous sur-
faces alter the wettability, spreading, equilibrium contact angle and
rate of evaporation of sessile droplets of simple fluids, subjected to
controlled thermal boundary conditions. In addition, nano-porous
surfaces may  lead to wetting transitions [18], the mechanism of
which has been visualized in this work.

2. Theoretical background

2.1. Spreading of droplet

A droplet placed on a solid surface will, in general, be far from
the equilibrium state and hence a flow is set in motion until the
equilibrium apparent contact angle is attained. Tanner’s law is

observed when (i) a droplet is spreading on a wetting substrate,
(ii) Laplace pressure is dominating in the bulk of the droplet, (iii)
the fluid is viscous and nonvolatile, (iv) the small angle approxi-
mation for the contact angle is generally valid, and (v) the droplet
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xperiences a predominant interplay of surface tension and viscous
orces, with negligible gravity and inertia forces. When these rela-
ively restrictive constraints are not met, deviations from Tanner’s
aw are observed [1,19].

If the radius of the droplet is less than the capillary length,

c =
√

�/(�g), the droplet can be approximated by a spherical cap
eometry. The speed of spreading is controlled by the balance of the
vailable energy (surface or gravitational energy) and viscous dis-
ipation, which mostly occurs near the contact line, but also in the
ulk of the drop. A logarithmic plot of radius of a droplet spreading
ith time shows linear relation between the two, i.e. rb ∝ tn, with

alue of n = 1/10 when the radius of the droplet is less than lc (Tan-
er [20]). The spreading rate of the droplets, well described by the
lassical Tanner’s law, given by:

b(t) ≈
[

10�

9B�

(
4V0

�

)3
t

]1/10

(1)

here V0 is the droplet volume and � is the liquid surface tension.
his equation can be written as rb(t) ≈  ̨ · t110 where value of  ̨ can
btained from Eq. (1). B is a non-dimensional constant, the exact
alue is given by the following expression [1]:

 = ln
(

rb

2e2L

)
(2)

here e is base of the natural logarithm and L is a characteristic
ength (set by microscopic effects like slip, long-ranged forces, or a
iffuse interface).

In general, two drop equilibrium states are possible on a given
ough surface (i) Cassie (the drop sits on top of the peaks of the
ough surface) and (ii) Wenzel (liquid wets the grooves of the rough
urface) (Berthier [19]). Both are stable equilibrium positions and
ffer local minimum energy states, but one may  have lower energy
han the other. A shift between the two states, i.e. wetting transition
s possible if the droplet overcomes the energy barrier by internal
r external means.

.2. Diffusive evaporation

In the absence of convective flows over the droplet surface, the
iffusion equation for evaporation is given by:

∂c

∂t
= D · ∇2c (3)

Evaporation can be considered as a quasi-steady-state pro-
ess as the time required for the vapor concentration to adjust
o changes of the droplet shape and surface temperature is on
he order of (rb)2/DAB (Hu and Larson [9]), which is usually three
rders of magnitude smaller than the total evaporation time of the
icro-liter sized drops. The diffusion coefficient of vapor in the

urrounding gas D = 2.32 × 10−5 m2/s, McHale et al. [21].
The general diffusion rate equation for a sphere kept in an infi-

ite medium, by assuming that the vapor concentration at the wet
urface of the sphere, cs is equal to its equilibrium concentration, is
iven by [22]:

dm

dt
= 4� · Rs · D(cs − c∞) (4)

here c∞ is the concentration of the vapor at infinite distance from
he drop. The boundary conditions are, c = cs when r = Rs and c = c∞
hen r = ∞.  An analogy between electric potential and diffusive flux

an be invoked to calculate the rate of evaporation in case of a body

f any shape [8]:

dm

dt
= 4� · D · Cx(cs − c∞) (5)
Fig. 1. (a) Profile of a droplet on a surface depicting the details of the coordinate
system (b) shows two  intersecting spheres forming an equi-convex lens [17].

where Cx is C/4�ε0, C being the capacitance of the droplet and ε0 is
the permittivity of free space.

The evaporation of a sessile drop can thus be evaluated by half
the capacitance of an isolated equiconvex lens of the same size
and shape as the drop, as shown in Fig. 1. The approximated series
solution that relates apex angle of the lens to relate the capacitance
in the form of C/Rs was obtained from Picknett and Bexon [8]. The
rate of evaporation of a sessile droplet with pinned contact line can
be evaluated by:

dm

dt
= −kEm2/3

o (C/Rs) sin �o

2�2/3 sin �(t)
(6)

where mo is the initial mass of the droplet, and

k = 4� · D · (cs − c∞) (7)

E3 = 3

�(1 − cos �(t))2(2 + cos �(t))
(8)

3. Experimental details

The effect of nano-porosity on wetting and bulk rate of evapora-
tion of a droplet on a physically textured of an alumina surface has
been investigated. Benchmarking of data for standard plain surfaces
has been done before proceeding with nanoporous surfaces.

3.1. Details of set-up and sample surfaces

The details of different experimental set-ups used in this study
for investigating wettability, spreading and evaporation is given
below:

3.1.1. Spreading dynamics
For studying the droplet spreading dynamics, the sample is kept

on a movable platform and the droplet is carefully placed on the

sample using a needle (dia. = 200 �m),  a syringe pump controlling
the droplet volume. High speed photography captures spreading
dynamics (resolution 1024 × 1024 at 2000 fps; Fastcam-Photron®

SA-3). A Laser 3-D Confocal Microscope (Leica® HCA) is used to
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Fig. 2. (a) Basic sketch of the experimental set-up, (b) side view of the tes

enerate slices (3D image stacks) of drops, doped with Rhodamine
G fluorescent dye (Sigma–Aldrich®) after they reach equilibrium.

.1.2. Evaporation of sessile droplets
The schematic of the experimental setup for controlled droplet

vaporation explains the basic working principle, Fig. 2(a). The
est cell (Fig. 2(b) and (c)) consists of a cubical chamber
8 cm × 4 cm × 4 cm), which is sufficiently large as compared to
he size of the droplet, hence, satisfying the conditions at r = ∞.
wo sides are exposed to constant humidity levels throughout
he experiment, via a thick porous layer of paper (Dirichlet con-
entration boundary); the remaining four sides are insulated.
rrangement ensures that there is no bulk convection inside the

est cell; evaporative transport is purely diffusive. The chamber
s fitted with a combined temperature and humidity sensor (GE-
hipCap®). An isolated liquid droplet is placed at the center of the
ontrol volume using a micro-syringe and temporal variation of
ontact angle is captured by digital videography. For all experi-
ents, deionized, degassed and filtered water is used. Glass and

eflon substrates are cleansed with mild bleaching solution and
hen treated with 5% ethanol solution in ultrasonic bath for 10 min
o remove surface impurities.

.2. Preparation of anodized nanoporous alumina (ANA) surfaces

To investigate the effect of nano-porosity on wettability and
ulk diffusion evaporation rate, nanoporous alumina surfaces tex-
ured under controlled conditions are prepared. The following three

orphologies of pores have been manufactured: (i) linearly aligned
anopores, (ii) randomly ordered nanopores, and (iii) organized
exagonal nanopores.

Anodized nanoporous alumina (ANA) was prepared using pure

luminum foil (99.9% Loba Chemie® and 99.999% Sigma–Aldrich®)
f 100–125 �m thickness, which have micro- and nano-scratches
s well and are anisotropically stressed along the rolling direc-
ion. Anodization of the cleaned aluminum (with acetone followed
ith dimensions (c) top view of the test cell with position of camera [17].

by sonication for 10 min) with 99.9% purity foil was carried out
in a solution of oxalic acid (0.3 molar) at 40 V for 12 h at 18 ◦C
for obtaining the ANA with linearly organized pores in the rolling
direction. For obtaining ANA with other two  morphologies, the
aluminum foils of both purity levels are first electro-polished in
an electrolyte made (mixture of ethanol and perchloric acid, 5:1,
v/v) for ∼5 min, which removes most of the surface scratches and
stresses. For obtaining the ANA with pores organized in a random
manner, a first anodization of the electro-polished aluminum foil
of 99.9% purity in oxalic acid (0.3 molar) at 40 V and 18 ◦C for 12 h
is sufficient. For the ANA with hexagonally organized pores, the
electro-polished aluminum foil of purity 99.999% is first anodized
at 0 ◦C, rest of the parameters being same. The formed alumina
is etched off in a mixture of phosphoric acid, chromic acid and
water (3.5 ml  H3PO4, 4.5 g CrO3/200 ml  aqueous solution) at 90 ◦C
for ∼45 min. A second anodization for 12 h, keeping the rest of the
parameters identical, resulted in highly organized nanopores in
a hexagonal lattice. The pore size was controlled by etching in a
solution of 5% phosphoric acid. We  used samples with two  kinds
of pore sizes – small ones with an average pore size of (70 nm)
and larger pores of average pore size (120 nm). The average pore
spacing in all the samples used is 120 nm,  the pore lengths being
29.76 �m (see Fig. 3). The average pore density is of the order
1015 pores/m2.

3.3. Experimental procedure and data reduction

Firstly, the spreading and subsequent attainment of equilib-
rium of small micro-sized droplets is captured followed by digital
image processing, providing the necessary information on appar-
ent contact angle, radii, and height of the droplet. After attaining
equilibrium, Laser fluorescence Confocal Microscopy provides the

information in the third direction, used for reconstructing the entire
three dimensional droplet shape.

Subsequently, evaporation of a 5 �l sessile droplet of water on
plain and nanoporous surfaces is undertaken. The apparent contact
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Fig. 3. SEM images (FESEM: Zeiss® Supra 40VP) showing (a) the top surface and (b) length of pores.

F
a

ig. 4. Spreading dynamics of a 5 �l droplet on different surfaces (i–v), taken at 2000 fps 

ccommodate the final sizes).

using a high speed camera (magnification factor is different for different images to
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ngle of the droplet is monitored throughout the course of evap-
ration. Also, the rate of evaporation of a sessile droplet of ethanol
n glass is studied for benchmarking with the existing model
ased on Eq. (6) [8]. For the purpose of measuring the equilibrium
ontact angle, tool using DropSnake algorithm in ImageJ® soft-
are, which is based on B-spline snakes (active contours), is used.

he results thus obtained are compared and reported in the next
ection.

. Results and discussion

.1. Spreading of droplets on surfaces

Fig. 4(i)–(v) shows the spreading dynamics of a 5 �l water
roplet on a borosilicate glass substrate, plain alumina surface,
NA with organized, linearly aligned and randomly distributed
anopores, respectively. The final equilibrium contact angle
btained is 44.6◦ for glass, 62.2◦ for plain alumina, 12.1◦ for ANA
ith organized nanopores and ∼8.9◦ for linearly aligned nanopores.

he droplet completely spreads on surface with randomly dis-

ributed pores, losing its identity completely. Thus, the nanoporous
tructure drastically affects wettability of the substrate.

According to Bonn et al. [1], when drop radius (r), r < lc (as well
s small volume V1/3 < lc), the Tanner’s law given by Eq. (1) can

ig. 5. Plot of base radius of a 5 �l droplet on (a) glass and (b) plain alumina respec-
ively, vs. tenth power of time to benchmark the set-up with Tanner’s law.

Fig. 6. (a) Plot of non-dimensional radius and height with time as a 5 �l droplet

spreads on surfaces with different morphologies. The definitions of the different
terms are given in Table 1; (b) variation of contact angle with time.

be applied to the spreading droplet. The final contact radius of
the droplet in this study is rb = 1.4 mm and V1/3 = 1.71 mm which
is less than the capillary length lc = 1.9 mm for water. The initial
part of Fig. 5(a) and (b) show some deviation from linear behavior
owing to the disturbance that arises from the residual kinetic
energy of the droplet coming from needle injection. The value of
constant  ̨ for Tanner’s law is  ̨ = 0.809 mm/s1/10. Tanner’s law
gives value of  ̨ = (1.09/B)1/10 mm/s1/10, which gives the value of
constant B1/10 = 1.25 for water on glass. For the water on plain
alumina surface, the value of constant  ̨ = 0.758 mm/s1/10; which
gives the value of B1/10 = 1.33 which is close to theoretical estimate
of its value ∼1.2 given by Bonn et al. [1]. During the execution of
the experiment, the droplet radius was  non-zero. In addition, in
spite of the best efforts, there is a finite ‘free fall’ through which
the gravity force affects the initial condition, just when the drop
touches the substrate. The intercept on the Y-axis is a result of this
error, wherein at t = 0, ro is finite. From the videographic images,
the correction comes out to be approximately 0.611 mm while the
outcome of the scaling, provided by the best fit curve is 0.552 mm.

Fig. 6(a) shows the variation of non-dimensional radius R* and
non-dimensional height H* vs. time for glass, plain alumina and dif-
ferent nanoporous surfaces. Table 1 shows the initial/equilibrium
values of different parameters monitored. The plot of H* vs. t* starts
from unity, as Ho is used as the normalizing factor and the plot of

R* vs. t* begins from different value to finally converge at unity, as
Req is taken as the normalizing factor. It is observed that the rate
of spreading is higher on nano-porous surfaces as compare to both
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Fig. 7. The Z-sequence of images obtained from Laser confocal microscope showing different planes of a droplet in equilibrium on a nano-surface. Each step size is 28 �m.

Fig. 8. Section of two planes of the droplet on a nano-surface. The air bubbles can be seen adhering to the surface as well as at the interface of the droplet in equilibrium on
these  textured surfaces.
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ig. 9. Confocal image of a plane of droplet in equilibrium on a surface randomly
rdered nano-pores to show escaping bubbles.

lass and plain alumina. Also, it is seen that the rate of spread-
ng is very high initially and becomes sluggish toward the end. The
ncreased rate and extent of spreading on nanoporous surface could
e attributed to the formation of small capillaries between nano-
ores which facilitates the flow of water. Also, random alignment
f these capillaries gives more freedom to water to spread on the
urface.

The variation of contact angle with time as the droplet is spread-
ng on the substrate is shown in Fig. 6(b). The rate of change
f contact angle is higher in the initial phase of spreading and
ecreases slowly, the effect being more pronounced for nano-
orous surfaces. The final contact angle is lowest for surface with
andom aligned nano-pores where the droplet fully spreads (water
nters the pores while the rest of it forms a thin film over the sur-
ace); for which the data is not shown because the height of the
roplet is very less and cannot be processed accurately.

.2. Laser Confocal Microscopy of equilibrium drops
It is observed that when a water droplet is put on a nano-
tructured surface, it initially adopts the Cassie state. However,
he transition to the Wenzel state is quick and the air entrapped

able 1
alue of teq – time taken by droplet to achieve equilibrium; Deq – equilibrium diame-

er; Ho – Initial height of droplet on different morphologies of nano-porous surfaces.

Surface teq (s) Deq (mm)  Hini (mm)

Glass 3.226 2.88 1.61
Plain alumina 2.034 2.04 1.75
Ordered nanopores 0.56 3.51 1.50
Linearly aligned nanopores 0.984 2.91 1.93

ere, H* = H/Ho , R* = R/Req and t* = t/teq .
cochem. Eng. Aspects 432 (2013) 71– 81

in nano-pores starts oozing out within a fraction of second. The
small bubbles thus formed merge with other adjoining ones to
from bigger bubbles which are then visible to the naked eye. In
sessile mode, due to gravitational force, some of the bubbles leave
the surface too and move toward the interface.

Fig. 7 shows Z-sequence of images obtained from confocal
microscope which provides an evidence of wetting state transi-
tion from Cassie to Wenzel. The droplet cannot adopt Wenzel state
as soon as it is put on these surfaces as there is no room for air
entrapped in pores to escape. As the air escapes with time from
these pores, a higher density of air bubbles adhering to the substrate
is observed.

Fig. 8 shows X–Z plane reconstructed from Z-sequence of images
obtained from con-focal microscope. The bubbles emerging out of
nano-pores on the surfaces as well as interface can be clearly seen in
this plane. Fig. 9 shows bubbles escaping from the interface in due
course of evaporation. As contact line moves inwards, the bubbles
which are present at the edge of the droplet escape first. Also, some
of the larger bubbles escape from interface of the droplet as they
grow bigger due to coalescence.

4.3. Diffusive evaporation of sessile droplets

Fig. 10(a) presents comparison results obtained from analytical
model given by Picknett and Bexon [8] and the results obtained
from experiments on glass and Teflon. It can be observed that the
results agree quite well with the model with minor discrepancy.
This can be attributed to the fact that while the theory is for diffu-
sion in infinite medium, the experimental test cell although large,
is still of finite size. The model works well for other simple fluids
like ethanol evaporating on glass as well (details not reported here
for brevity). Experimentally it is observed that an ethanol droplet
of 5 �l with an initial contact angle of 21.2◦ takes about 420 s to
completely evaporate. The results obtained from the models gives
an evaporation time of about 395.2 s which comes to be within an
error band of about 5.7%.

The observed initial contact angle of a water droplet on glass
(44.6◦) and Teflon (94.2◦) is irrespective of the change in RH of the
vicinity as seen in Fig. 10(b). The variation of contact angle with time
at various humidity levels is also shown in the figure. It is observed
that the variation of contact angle is nonlinear and this nonlinearity
increases as the RH increases. Another interesting phenomenon to
be observed (see Fig. 11) is that the contact line remains pinned for
major part of the time and de-pinning occurs only after the contact
angle becomes less than about 8◦.

It is observed that the rise in humidity level is detected by
the sensor soon as the droplet is placed on the surface. The RH
at the sensor location keeps rising for the initial few minutes due
to diffusion flux; becomes stable for some time and then, starts
gradually falling back to base level toward the end. The recorded
RH inside the chamber takes about 1 min  to fall back to base level
after the drop has visually disappeared. However, no significant
change in temperature is observed throughout the process.

For all nano-structured surfaces, the droplet almost completely
spreads on the substrate, making an apparent contact angle approx-
imately equal to 10◦ or lower, depending on the pore morphology
and/or the state of wetting transitions. Accurate quantitative mea-
surement of this contact angle is not-trivial and was  not attempted
in this work. The theory of Picknett and Bexon [8] requires the
volume and the radius/apparent contact angle of the droplet on the
substrate for prediction of the rate of evaporation. Thus, to apply
this theory on nanoporous substrates, the apparent contact angle

of the droplet (which spreads as a thin film) can only be assumed.
For comparative purpose, Fig. 12(a) includes the results obtained
by this theory for arbitrarily assumed apparent contact angles of
10◦, 5◦ and 2◦. As can be seen, while the theory is qualitatively
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Fig. 10. (a) Time taken by 5 �l water droplet to evaporate on a glass on the left and Teflon on the right at different relative humidity. The results from theoretical model is
a  a con ◦ ◦

( ferent

q
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t
l
t
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lso  present for 4.5, 5, 5.5 �l droplets. In inset (i) 5 �l droplet of water on glass with
b)  contact angle variation of an evaporating 5 �l water and Teflon droplet after dif

uite satisfactory for the nano-porous substrates, quantitative
rediction is subject to accurate measurement of the apparent
ontact angle of the droplet on these nano-porous substrates.

It is observed that the spreading and wettability increase as
he orderliness of pore distribution decreases, which eventually
eads to a high rate of evaporation (Fig. 12(a)). As explained in

he previous section, the emergence and movement of air and
ubbles is expected to disturb the local hydrodynamics (Marangoni
onvection) inside the droplet which eventually alters the rate
f evaporation on these surfaces. Also, due to greater amount of

Fig. 11. Images of droplet evaporating with contact line pin
tact angle of 44.6 , (ii) 5 �l droplet of water on Teflon with a contact angle of 94.2 ;
 humidity levels.

spreading on the nanoporous surfaces, the final contact area is
more; which gives more area for vapor flux to diffuse from the
droplet. On the surfaces with larger nanopores irrespective of
distribution morphology, the volume of gas expelled out of the
pore is more and it is proposed that this increased density of
bubbles tends to agitate the bulk fluid due to micro-convection

induced by movement of bubbles inside the droplet, thus improv-
ing the rate of evaporation. This aspect needs further scrutiny.
Also, SEM images of different nanoporous surfaces are shown in
Fig. 12(b).

ned on a plain alumina surface and glass at 45% RH.
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Fig. 12. (a) Time taken to evaporate a 5 �l water droplet on the three nanoporous
alumina surfaces. The dotted lines for each case show the results from larger pore
size. The theoretical result [8] on nano-porous substrate has been obtained by
assuming an apparent contact angle of 10◦ , 5◦ and 2◦ , represented by theory – a,
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 and c respectively; (b) – (i)–(iii) SEM images of surfaces with randomly, linearly
rdered and organized nanopores and (iv) surface with ordered pores, after pore
idening.

The rate of evaporation tends to be highest on the surface with
andomly oriented pores followed by surface with linearly aligned
ores and surface with organized hexagonally pores. Also, the simi-

arity in results on wettability in Section 4.1 and rate of evaporation
s consistent with the previous studies [7] who reported that the
ate of evaporation of small spherical sector drops is proportional
o the vapor–air contact area (i.e. square of radii). This relates the
xtent of spreading with bulk evaporation rate as more spreading
eads to a greater final contact radius.

. Summary and conclusions

In this study we investigated the spreading dynamics and
vaporation of a droplet on plain and nanoporous surfaces in

 controlled environment. The results obtain clearly depict that
ano-structuring can effectively alter the wettability of an alu-
ina surface. The presence of nanopores increases the wettability

f water on alumina and the droplet fully wets some of the sam-
les, losing its identity completely. The pattern of distribution of
ano-pores affects equilibrium contact angle of a droplet. This, in

act, could have a direct influence on heat transfer coefficient which

eeds further exploration. Also, a wetting state transition from
assie to Wenzel, confirmed by results from Laser Confocal Imag-

ng, is observed on these surfaces, which reduces the final static
quilibrium contact angle drastically.

[

cochem. Eng. Aspects 432 (2013) 71– 81

It can be inferred from the results on plain and textured surfaces
as well as the theory that the time taken to evaporate and contact
angle of the droplet does not change linearly with increase in rela-
tive humidity. The size and distribution morphologies of nanopores
can significantly affect the evaporation dynamics of a droplet. The
bulk rate of evaporation is significantly altered as randomness in
the distribution of these pores increases. Also, increasing the nano-
pore size has a similar effect.

Future work on this may  include the coupling of energy equation
with diffusive process as there can be sizable change in temperature
of the droplet as it evaporates. As suggested by some recent studies,
the thermal properties of the substrate may  also affect the evapo-
ration process, making the heat transfer conjugate in nature. Also,
the study can be extended to evaporation of colloidal fluids with
nano-particles and their interaction with nano-structured surfaces.
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