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While the involved physical phenomena are nowadays
properly understood, sessile droplet evaporation
remains an active research area since several
experiments are not comprehensively explained.
Indeed, recent experimental works have provided very
interesting dynamics [1-5], whose characteristics
strongly depend on control parameters, such as
substrate temperature, ambient pressure and the
various thermo-physical properties of substrate, droplet
liquid and surrounding gas. There is no general
agreement in the scientific community about the
root-causes of the observed behavior. Are they
hydro-thermal waves, Rayleigh-Bénard-Marangoni
instabilities, or even something else?

One of the means to unmistakably answer this question
would consist in conducting a stability analysis of the
fully coupled and transient fluid flow, heat and mass
transfer problem [6]. However, to do so, one must first
overcome two major difficulties. The first one concerns
the computation of the transient base state, whose
complexity arises from the strong non-linearities
associated with the three competing driving
mechanisms: i) Stefan flow draining liquid towards the
interface and more specifically to the triple line when
the latter is pinned; ii) buoyancy in the liquid and vapor
inducing thermo-solutal convection; iii) surface tension
gradient along the liquid-gas interface inducing
thermo-soluto-capilary convection. The second level of
complexity to perform a relevant stability analysis
consists in the intrinsic unsteadiness of the sessile drop
evaporation process, in which several time scales
co-exist.

For particular evaporation configurations, the dynamics
of perturbations lies in a much shorter time scale than
the total evaporation time, so in this case one can
separate perturbations from the base state in a frozen
time approach. This enabled us to find that the
prevalent perturbations of the base state mainly come
from the liquid droplet in which they trigger
tridimensional flow structures. Therefore, we have then
conducted 3D computations restricted to the droplet
and its substrate with a one-sided model, in which heat
and mass transfer across the liquid-gas interface is
modeled in a semi-analytical way. These unsteady
computations are performed during the first stage of the
evaporation process in which the triple line is pinned to
the substrate, so that the droplet diameter is kept
constant, meanwhile the contact angle continuously
decreases over time. The obtained results are in good

agreement against several experiments performed
either under terrestrial conditions or reduced gravity
(parabolic flights), cf. figure 1.
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Figure 1 — 3D unsteady computations: thermal and
velocity fields over the droplet surface and in a cut
plane.

These one-sided model computations helped us to
understand one of the potential instability scenarios. At
the beginning, a torus roll appears in the wedge close
to the pinned triple line and drives eventually an inner
roll by viscous stress depending on the droplet aspect
ratio (height/radius). As their intensity increases over
time they split into thermo-capillary cells owing to
Rayleigh-Bénard-Marangoni instability. Then, the
number of cells evolves in time owing to the fact that
the plane wavelength of these cells is closely related to
their depth. As in the first stage of droplet evaporation
the triple line is pinned the wetting angle consequently
decreases, so does the liquid height, changing
correspondingly the thermal Bond number (ratio of
Rayleigh to Marangoni numbers). As the number of
thermo-convective  cells changes over time,
hydro-thermal waves take place to redistribute the
internal energy in the droplet. In the second stage of
evaporation the droplet diameter continuously
decreases, so does its perimeter, while the wetting
angle stays roughly constant. Therefore the height of
peripheral cells remains also constant; consequently
their number has to decrease in order to match the
droplet perimeter. Here again, hydro-thermal waves
enter the game to redistribute the internal energy in the
droplet.

The dark side of this approach is that computing times
are still prohibitive to perform any parametric study this
way. Therefore we have conducted a dimensional
analysis to account for the main physical components
of the problem. As usual, one assumes perturbations



been able to destabilize the base state provided their
energy reaches a certain amount of the total energy of
the system, made-up of the liquid droplet and its
surrounding gas (air + liquid vapor). To approximate
these energy levels, prevalent terms have to be
evaluated. In terrestrial conditions the two prevalent
driving terms are buoyancy (thermal and solutal)
together with surface tension gradients (thermo and
soluto-capillary forces). The first one can be quantified
thanks to thermal and solutal Rayleigh numbers,
meanwhile the second one can be quantified by
thermal and solutal Marangoni numbers. On the other
hand, the energy involved in the evaporation process is
related to the vapor flux throughout the droplet interface
times the latent heat of vaporization. Therefore, a linear
combination of all these terms enables to quantify the
total energy involved in the evaporation process.
Computing the latter in various experiments where
instabilities have been either observed or not (cf. figure
2), enabled us to empirically determine a threshold of
instability occurrence.

Methanol

FEthanol

Propanol

- . >
;’\[1(7'0,{1_1‘(11'1{1/ FEarth Hypergravity

107%g lg 18g

Figure 2 — Top view images from infra-red camera of
sessile drop evaporation revealing somehow their
internal flow patterns (same thermal conditions but

different fluids and gravity levels).

This semi-empirical analysis enables us to discern
instances of instability depending on experimental sets
of parameters. However, some further work has to be
performed to improve the described model in order to
become predictable.

Acknowledgements. The authors acknowledge the
French spatial agency (CNES) for funding support:
parabolic flight experiments and second author's
post-doc.

References

[1] K. Sefiane, A. Steinchen, R. Moffat. On
hydrothermal waves observed during evaporation of

3rd International Conference on Droplets
University of California Los Angeles, USA, July 24" to 26", 2017

sessile droplets. Colloids&Surfaces A, 365 (2010)
95-108.

[2] D. Brutin, B. Sobac, F. Rigollet, C. Le Niliot. Infrared
visualization of thermal motion inside a sessile drop
deposited onto a heated surface. Exp. Therm. Fluid
Sci., 35 (2011) 521-530.

[3] B. Sobac, D. Brutin. Thermocapillary instabilities in
an evaporating drop deposited onto a heated substrate.
Phys. Fluids, 24 (2012) 032103.

[4] F. Carle, B. Sobac, D. Brutin. Hydrothermal waves
on ethanol droplets evaporating under terrestrial and
reduced gravity levels. J. Fluid Mech., 712 (2012)
614-623.

[5] G. Karapetsas, O.K. Matar, P. Valluri, K. Sefiane.
Convective Rolls and Hydrothermal Waves in
Evaporating Sessile Drops. Langmuir, 28 (2012)
11433-11439.

[6] H.A. Dijkstra, F.W. Wubs, A.K. Cliffe, E. Doedel,
|.F. Dragomirescu, B. Eckhardt, A.Y. Gelfgat,
A.L. Hazel, V. Lucarini, A.G. Salinger, E.T. Phipps,
J. Sanchez-Umbria, H. Schuttelaars, L.S. Tuckerman,
U. Thiele. Numerical Bifurcation Methods and their
Application to Fluid Dynamics: Analysis beyond
Simulation. Commun. Comput. Phys., 15 (2014) 1-45.



