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Nomenclature

Vv Velocity (m/s)

P Pressure (Pa)

T Temperature (T)

D Diffusity of water in air (m?/s)

K Thermal conductivity (W/mk)

t Time (s)

P Density (kg/m?)

m Viscosity (N.s/m?)

L, Latent heat of vaporization (J/kg)

R Universal gas constant (J/mol.k)

Br Thermal expansion coefficient (K™')

M Molecular weight (kg/mol)

c Concentration (kg/m?)

J Evaporative flux (kg/m?s)

6o Initial contact angle of droplet (°)

y Surface tension (N/m)

T, Overall temperature inside droplet (K)

Va4 Overall velocity inside droplet (m/s)

vr Temperature co-efficient of surface tension (Nm/K)

a,w (subscript)  Air and water phase
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1 Introduction

Evaporation of sessile droplets continuous to be a topic of ongoing research because
of its relevance to many natural processes and modern practical applications in the
field of heat and mass transfer. Among natural processes, it plays a crucial role in fog,
dew and, rain formation mechanism [1, 2]. It is also relevant to other practical appli-
cations such as inkjet printing [3], spraying of pesticides [4], anti-icing/ anti-fogging
devices in automobile and air crafts [5]. Also, many modern micro scale processes [3,
6] require precise control over deposition pattern of dissolve solute particles which in
turn depends on internal advection of liquid molecules during evaporation. Moreover,
when the internal flow field is strong enough to induce Stefan flow in the gaseous
domain due to shear at the liquid—vapour interface, it may modulate the evaporation
process itself as discussed in literature. Hence, an in-depth knowledge about the
evaporation mechanism and associated fluid flows of drying droplets under different
conditions is of immense importance for efficient designing and development of
practical droplet-based devices.

2 Literature Review and Objective

In general, based on shape and geometry droplet literature is broadly classified
into sessile and pendant droplets. A pendant droplet simply suspends in a gaseous
medium, and evaporation takes place uniformly at a rate proportional to droplet
diameter [7]. Whereas a sessile droplet, resting over a solid substrate remains in equi-
librium with the gaseous phase surrounding it. The evaporative behaviour of such
droplets is more complex, influenced by wetting properties of liquid, three-phase
interaction [8], ambient conditions [9, 10], geometry [11-13] and thermo-physical
properties [ 14] of the underlying solid substrate. For instance, a sessile droplet evapo-
rates mostly via constant contact radius mode on high surface energy substrates where
for the super-hydrophobic (SH) surfaces constant contact angle mode or mixed mode
of evaporation is noticed [8]. These different modes of evaporation may significantly
affect the internal advection of fluid particles. In case of pinned contact line over
hydrophilic surfaces an outward radial flow was reported by Deegan et al. [15].
This flow is mainly generated due to replenishment the liquid that is being removed
from the edge of droplet due to higher evaporative flux near the three-phase contact
line. This outward flow of liquid plays a crucial role in transporting dissolved solute
particles towards the periphery (forming coffee stain rings).

In addition to wetting state, the internal advection dynamics of a drying drop
is dictated by a number of factors such as direction of heat flow from substrate
[16], geometrical parameters [17], and thermal effects [18]. For instance, the altered
wetting state on curved surfaces can appreciably modulate the internal flow field
depending upon the nature of curvature. For a concave surface the circulation strength
is mitigated whereas the same is strongly intensified on convex geometry [17].
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On heated surfaces [18], the temperature distribution inside droplet is substantially
modulated due to the influence of evaporative cooling. This tampered temperature
profile may generate buoyancy driven advection or thermal Marangoni flow which
ultimately modify the magnitude and pattern of the internal circulation velocity. Also,
the strength of internal circulation may be appreciably controlled when droplets are
seeded with suitable buoyant particles and external non-tactile body forces (such as
electric and magnetic fields) are present in the system [19]. This internal hydrody-
namics when sufficiently intensified may itself affect the evaporation mechanism.
In such cases, the strong circulation velocity generates shear at the interface which
ultimately results in displacing the vapour filed layer with the fresh air in the gaseous
domain thus augmenting the evaporation rate [19].

The brief literature summarized above substantiates the influential role of wetting
state and substrate temperature on the internal advection of drying droplets. The
above discussion also put forward the strong dependence of the evaporation mech-
anism on the internal hydrodynamics. However, only a few works have addressed
the internal flow pattern during the evaporation process in transient stage despite the
same may occupy a large fraction of the droplet lifetime. For instance, Maatar et al.
[20] showed that the transient state accounts for 80% of droplet lifetime in evapora-
tion of 3-methylpentane droplets on heated surfaces while in isothermal conditions
it occupies about 33% of the evaporation time [21]. Recently, Chen et al. [22] probed
the internal advection pattern during initial transient regime of rapidly evaporating
droplets. However, none of the previous studies analysed the role of contact angle on
transient evolution of internal circulation strength of an evaporating sessile droplet.
In present study, we numerically model the internal flow field and corresponding
temperature profile during the transient stage of an evaporating water droplets for
different wettability conditions. The droplet volume is considered to be identical
while the contact angle is varied over a wide range to mimic the geometry of a
sessile droplet over substrates having different surface energies. The governing differ-
ential equations for the transient heat and mass transfer phenomenon are numerically
solved in fully coupled manner to investigate the evolution of internal flow field and
corresponding temperature distribution.

3 Mathematical Formulation

3.1 Governing Equations

We consider an axisymmetric water droplet with pinned contact line evaporating
in quiescent ambient as shown in Fig. 1. The transient problem is mathematically
formulated in axisymmetric r-z coordinate system based on Arbitrary Lagrangian—
Eulerian (ALE) framework [23] with the following assumptions:

e The fluid flow is laminar and incompressible.
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Fig. 1 Schematic and r4
meshing of the computation
domain for droplet-ambient
system in -z coordinate

e Droplet contact line is pinned.
e The thermo-physical properties of fluids are constant unless explicitly specified
such as temperature variation of density and surface tension.

Under these conditions the continuity and momentum eqn. in liquid and gas phase
is given as:

V.V =0 (1)

p(% + (VC.V)V> =V[-pl +u(VV+ (V)] +F, )

where p, i, p, t, g are density, viscosity, pressure, time and gravitational constant, V.
is the convection velocity defined as difference between mesh velocity and material
velocity in ALE framework, F, = (o, + Ap)g is the gravity force that depends on
change in density brought about by change in temperature in liquid phase: Ap =
Brpw.r(T — T,), where Br is thermal expansion coefficient, T is the temperature,
and subscript w and r denotes water phase and reference state. In present study, the
ambient condition is considered as the reference state. For gaseous phase, density is
a function of both temperature and vapour concentration given as:
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PaM PasrM
Ap = < ;T“ +cMw> — ( ;’Tr - +c,Mw> (3)

where p, = p,-cRT is partial pressure of air, p, is total atmospheric pressure, c is the
molar vapour concentration, R is the universal gas constant and M, and M, is molar
mass of air and water respectively. To model the natural convection phenomenon,
Boussinesq approximation is used assuming change in density does not tamper the
incompressible flow assumption [24]. The mass diffusion at liquid—vapour interface
is govern by convection—diffusion eqn. given as:

dc

5 T (VeV)e = VIDVel + 8 4)

where D is the vapour diffusion coefficient and S is source term for the concentration.
In the present study, S = 0.
The heat transport eqn. in liquid and gas phase is given as:

AT
p(E + (VC.V)T> = V[kVT] (5)

where C,, is specific heat and k is the thermal conductivity.

3.2 Initial and Boundary Conditions

We apply constant temperature boundary condition at solid-liquid interface and at
far ambient denoted as Ty and T, respectively. In present study we consider T =
T, = 15 °C. The liquid—vapour interface is in saturated vapour condition (C;) while
the far field ambient has a relative humidity @. We apply no slip boundary condition
for velocity and no penetration condition for vapour across the solid-liquid interface
for liquid domain and gaseous domain respectively. The initial numerical values of
velocity, temperature and relative humidity in present study is consider as 0 m/s,
15 °C, and 50% respectively.

Next, we apply stress balance in normal and tangential direction across the liquid—
vapour interface:

(ﬁ.aa—ﬁ-aw)-ﬁzy/,,o.ﬁ (6)

(i-0q—0-0y) [ =—yrV,T )

where V, = (I — n - n7)V is the surface gradient operator, y, o, £, 0, ro, yr are
the surface tension, stress tensor, unit vector along tangential and normal direction,
overall curvature radius and temperature coefficient of surface tension respectively.
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Next, we apply the mass balance across liquid—vapour interface since the same
cannot store any mass given as:

11
Vg—Vz=J<———> )

Pw Pa
J=i-(=DVc+ V)M, 9)

where V,, V; is the velocity in gas and liquid phase and J is evaporative mass flux.
This evaporated liquid mass takes away latent heat of vaporization. As a result, the
liquid—vapour interface acts as heat sink for the internal liquid given as:

n(ke(VT)y — ki(VT),) = —J L, (10)

where L, is the latent heat of vaporization.

3.3 Numerical Scheme

The governing equations along with the boundary conditions are numerically solved
in a fully coupled manner using commercial software COMSOL Multiphysics 4.4
that provides iterative solution based on finite element method. The discretization
in the finite element formulation was done using Lagrange linear shape elements
for both velocity and pressure fields. The meshing operation was performed using
triangular mesh with the finest mesh size (about 200 times finer than contact radius)
being located near the liquid—vapour interface and at the contact line (see Fig. 1).
These considerations ensure accuracy in solving heat and mass transport equations
and surface tension gradient. The computation domain is considered to have a radius
of 100 times the initial radius of droplet as shown in Fig. 1. Moreover, an automatic
remeshing operation was adopted to reduce the mesh distortion during evaporation
process. In present study, the minimum mesh quality was set to 0.2. The tolerance
value was set at 0.001 for all variables. For the grid independent test, we vary the
grid numbers from 19,067 to 33,167 and the change in evaporation rate was less than
0.08%.

The validation of the above model is done by comparing present results with
the experimental observations of Paul et al. [11] as shown in Fig. 2. We simulate the
droplet evaporation problem following two approaches: (i) No internal advection: we
neglect the advection of fluid in the mass transport equation and hence the process is
considered as diffusion driven evaporation; (ii) With internal advection (IA): we take
into account the transport of fluid particles due to buoyancy effects and Marangoni
advection. It is noticed that, the advection model predicts the instantaneous droplet
volume more accurately while the no advection model under predicts the evaporation
rate.
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Fig. 2 Comparison of 13 4
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4 Results and Discussion

4.1 Temporal Variation of Internal Velocity Field
and Temperature Distribution

Figure 3 illustrates the spatial distribution of the internal circulation velocity and
corresponding thermal contours inside a sessile droplet at different time instants. It
is observed that, on hydrophilic surfaces (initial contact angle, 8, = 30°), multiple
vortices (multi-vortex pattern) are formed during initial transient regime of evapora-
tion before the internal flow pattern becomes time invariant. In this stage, the total
number of vortices firstly increases to maximum value at ¢t = 4 s, then reduces to
a stable value (single vortex) at latter stages. The final stable vortex consists of a
large recirculating flow entraining liquid particles from the peripheral region to the
apex along liquid—vapour interface. These findings behind the dynamic evolution of
the circulation flow may be attributed the internal thermal imbalance generated due
to evaporation of droplets. The diffusion model predicts the evaporative flux to be
maximum near the contact line for a sessile droplet evaporating over hydrophilic
surfaces [15]. As a result, the liquid—vapour interface at peripheral region is cooled
to a greater extent at the very beginning of evaporation (f+ = 0.3 s). This thermal
disparity due to evaporative cooling may cause thermal Marangoni flow and buoyancy
driven advection. However, the convection patterns due to these two mechanisms are
opposite to each other. Initially, the relatively cold fluid at liquid—vapour interface
descends towards the periphery while the hotter fluid from the droplet bulk moves
upward due to buoyancy. This condition triggers interfacial advection of fluid from
to the apex to periphery (as observed at t = 0.3 s). However, as evaporation progress,
the temperature gradient at the liquid—vapour interface sets off Marangoni advection
that entrains liquid from the peripheral region to the apex. These two counteracting
flow mechanisms are responsible for generation of vortex flows during the transient
regime of evaporation. With progressing time, the non-uniform evaporative flux along
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Fig. 3 Transient evolution of the internal velocity field and corresponding temperature distribution
of a sessile droplet evaporating over hydrophilic surfaces (69 = 30°)

the internal convective flow cause multiple local maxima in interfacial temperature.
These temperature extrema at different locations give rise to local thermal Marangoni
cells which ultimately result in formation of multiple vortices as observed att =4 s
in Fig. 3. This local distribution of vortices is advantageous for bulk motion of liquid
and hence felicitate the mixing process at initial transient regime.

Finally, at latter stages (r = 10 s) the temperature distribution becomes monotoni-
cally decreasing along liquid—vapour interface from the contact line to central region.
As a result, the Marangoni convection becomes unidirectional along decreasing
temperature thus forming single recirculation flow (one vortex pattern) inside the
droplet. These observations at this stable condition are in line with the previous
studies on internal circulation behaviour of droplets at steady state [16]. Also, it
is noticed that the internal temperature at the stable state (r = 10 s) is unevenly
distributed at different vertical and horizontal locations with the colder fluid mass
being at the top central region. Hence, buoyancy-driven advection may have
significant role in the overall internal circulation flow in addition to Marangoni
convection.

Figure 4 shows the transient variation of internal velocity field and corresponding
temperature distribution of an evaporating sessile droplet over SH surfaces (initial
contact angle, 6y = 150°). It can be noticed that at very beginning (i.e. when the
convection current is negligible) the temperature at the apex region is reduced to a
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greater extent due to large evaporative flux resulting from diffusion driven evapora-
tion [15]. This cooling effect remains localized at the central core and thus induces
liquid motion in the central vertical column due to buoyancy effects (as observed at
t = 0.5 s). However, the effect of thermal Marangoni flow during this initial regime
is relatively small due to little variation in temperature along liquid—vapour interface
(as seen in t = 0.3 and 0.5 s). As a result, the buoyancy driven advection becomes
dominant and the fluid particles descend downward forming a single vortex flow
with maximum velocity being localized at the central core.

As the evaporation process progress, the buoyancy driven convection elevate the
thermal diffusion process inside the liquid droplet. As a result, the temperature distri-
bution becomes more uniform at intermediate stages (as observed at t = 1.1 s).
This phenomenon ultimately alleviates the driving gradient for buoyancy mecha-
nism. Also, the interfacial temperature gradient at this stage is too weak to stimu-
late Marangoni advection. As a result, the strength of internal circulation velocity
at this intermediate stage (+ = 1.1 s) is greatly reduced compared to early stages.
Also, it can be mentioned that the continuous evaporative cooling along with the
internal advection gradually leads to nearly uniform temperature distribution inside
the droplet with the progressing evaporation time. In such cases, although the buoy-
ancy effects become negligible, steep thermal gradient is induced at liquid—vapour
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Fig. 4 Temporal evolution of the velocity field and corresponding temperature distribution inside
a sessile droplet evaporating over SH surfaces (69 = 150°)
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interface near the peripheral region (as noticed at t+ = 15 s). This condition ulti-
mately set off thermal Marangoni advection thus forming single recirculation flow
(one vortex pattern) inside the droplet.

4.2 Influence of Contact Angle on the Internal Circulation
Velocity and Temperature

In this subsection, we portray the transient thermal response and internal circulation
velocity of the evaporating droplets as a whole for different contact angles. Figure 5
illustrates the role of initial contact angle on the temporal evolution of overall temper-
ature (T',) and internal circulation velocity (V,) of evaporating droplets. It can be
noticed that there are several peaks and valleys in the velocity plot on hydrophilic
surfaces. This is mainly due to the formation and evolution of localized circulation
cells at different locations. On SH surfaces, the circulation velocity initially reaches
to a local peak value followed by a step decrease at the intermediate stage (r =
1.1 s) and then gradually increases to a stable value with the progressing evaporation
time. This behaviour may be attributed to the initial dominance of buoyancy force
followed by alleviation of same as discussed earlier. Finally, at successive stages,
thermal gradient near the contact line becomes significant thereby manifests higher
velocity due to Marangoni flow. Also, it is noted that the velocity scale is increased
in a consistent manner with the increase in contact angle. On SH surfaces the overall
circulation velocity becomes almost an order of magnitude higher as compared to
the hydrophilic surfaces.

The overall temperature (T,) plot shows consistently decreasing trend at initial
stages and finally reaches stable state with progressing time (see Fig. 5) for different
contact angles of the evaporating droplets. This stable state is reached at much early
stages for the hydrophilic surfaces compared to the SH surface. This is mainly due to
large heat conduction path inside droplet on SH surfaces which delays stable temper-
ature distribution inside the droplet. Also, the overall stable temperature for the SH
surface is much lower than the hydrophilic case. This is mainly due to altered geom-
etry of the droplet over these surfaces. For the hydrophilic surface, the large solid—
liquid interfacial area and small droplet height (i.e., conduction path) cause higher
overall temperature inside the droplet. Now for an identical volume the droplet placed
on SH surfaces the maximum height of liquid column is increased with a simulta-
neous decrease in solid-liquid contact area. These conditions ultimately reduce the
overall stable temperature of the bulk fluid inside droplet.
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Fig. 5 Transient evolution
of the overall internal
circulation velocity and
temperature variation inside
sessile droplets for different
contact angles
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In present study we numerically probe the temporal evolution of internal hydro-
dynamics and temperature distribution profile of drying sessile droplets. A tran-
sient evaporation model based on ALE framework is employed for this purpose. We
vary contact angle and other geometrical parameters keeping the volume of droplet
constant to understand the influence of wettability of underlying substrate. The key

insights are given as:

e On hydrophilic surfaces multiple vortices are formed at the transient stage due to
non-uniform evaporative flux across liquid—vapour interface. This cause uneven
evaporative cooling which set off thermal Marangoni and buoyancy driven advec-
tion inside droplet. Eventually, as temperature distribution across liquid—vapor
interface becomes monotonic a single large recirculation vortex is formed from
the peripheral region to the apex.

e For SH surfaces, the buoyancy effect becomes dominant at initial stages that cause
single large recirculating flow encompassing the whole liquid domain inside the
droplet. Finally at latter stages, as the temperature field reaches a nearly uniform
state the Marangoni effect predominates over buoyancy forces.
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The overall temperature inside the droplet is significantly lower for SH surface
due to large conduction path. This condition cause strong thermal gradient across
the droplet interface near periphery that set off Marangoni advection. As result,
the velocity scale is obtained as an order of magnitude higher for the SH surfaces
as compared to hydrophilic surfaces.
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