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A B S T R A C T

Evaporation can cause instability due to cooling effects on the density and surface tension. This causes, re-
spectively, Rayleigh and Marangoni instabilities. When these instabilities grow sufficiently, self-sustained con-
vection occurs. This convection causes changes into the evaporation rate and heat transfer rate. This also could
change the heat transfer via the evaporation rate and can be important for industrial applications. It is the
purpose of this paper to investigate the relation that exists between the overall evaporation rate and a set of
parameters: temperature, gas flow and liquid thickness. Three-dimensional numerical simulations have been
performed for this purpose and the results have been validated by means of an experimental setup, on which the
numerical geometry has been based, characterized by a liquid evaporating through an opening in a cover sheet
under a shear gas flow. It is shown that the temperature and the gas flow increase the evaporation rate. More
interestingly, a maximum is observable for the evaporation rate as function of the liquid thickness. The ex-
planation for these phenomena are drawn from the 3D numerical simulations. It appears that the maximum
evaporation rate as a function of the liquid thickness depends on the confinement of the convection cells by the
cover sheet, being assisted by the gas flow.

1. Introduction

Rayleigh-Bénard (RB), buoyancy-driven, and Marangoni-Bénard
(MB), surface-tension-driven, convection of a fluid heated from below
and/or cooled from above is a classical problem in fluid dynamics (e.g.
Pearson, 1958; Bénard, 1901; Norman et al., 1977; Colinet et al., 2001).
It played a crucial role in the development of stability theory in hy-
drodynamics (Chandrasekhar, 1981; Drazin and Reid, 1981) and had
been paradigmatic in pattern formation and in the study of spatial-
temporal chaos (Getling, 1998; Bodenschatz et al., 2000). RB and MB
convection also play important roles in recent stability analyses where
evaporation is the driving force (Haut and Colinet, 2005; Bestehorn,
2007; Machrafi et al., 2011; Machrafi et al., 2013a). From an applied
viewpoint, thermally driven flows are of utmost importance. A non-
exhaustive list of examples comprises thermal convection in the at-
mosphere, in oceans, buildings, process technology. These thermal
flows can give rise to certain self-sustained patterns that can be sta-
tionary or can change into other patterns or even to chaotic structures.

We are here especially interested in evaporation-related thermal flows.
These have been studied theoretically, numerically and experimentally,
e.g. Bestehorn and Merkt (2006), Iorio et al. (2011), Lyulin and Kabov
(2014) and Machrafi et al. (2014), to mention a few. This work falls into
a general framework which consists of observing the behavior of the
evaporation rates as a function of a set of parameters: the temperature,
the gas flow and the liquid thickness. In previous work, such a con-
figuration has been studied with regard to theoretical instability
thresholds (Machrafi et al., 2013b). What is of interest here, is a three-
dimensional numerical simulation of the temperature and fluid motion
in the liquid for a liquid evaporating into a horizontal nitrogen gas flow.
The chosen liquid is HFE7100 (an electronics coolant liquid produced
by 3M). The numerical simulations (CFD) are performed using the
software ComSol (finite elements method). The numerical results are
validated experimentally, using an experimental setup (Lyulin and
Kabov, 2014), on which the numerical simulation geometry is based.
The evaporation, taking place at the upper surface of the liquid layer
results into the cooling of the liquid surface. This cooling induces
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temperature gradients in the liquid. These temperature gradients are in
turn responsible for the development of a thermal boundary layer that
develops from the liquid-gas interface into the bulk liquid. Since density
and surface tension depend both on the temperature, the temperature
gradients cause them to change. As a consequence, locally colder zones
of fluid will have a higher density and surface tension than their
neighboring fluid particles, which will cause the fluid to move. When
the thermal gradient exceeds a certain threshold, instability sets in and
self-sustained convective patterns take place. As time proceeds, these
patterns can become chaotic. The numerical setup in the present work
is based on a so-called evaporator, which takes part of a pre-flight
analysis of the EVAPORATION PATTERNS (EP) (previously named
CIMEX) experimental setup of the European Space Agency (ESA), to be
flown aboard a satellite in the near future. A sketch of the physical
system is presented in Fig. 1.

The physical setup that will be numerically studied has overall di-
mensions of 50mm by 50mm with a certain liquid height, hliq, variable
from 1.5 mm to 8mm. The evaporated liquid is considered to be con-
stantly replenished from the bottom, so that the gas-liquid interface,
present within an opening 10.6 mm by 10.6 mm, remains at the same
level. Evaporation is allowed through this opening, while gas absorp-
tion into the liquid is neglected. Above it, there is a gas channel with a
height, hgas, of 5 mm and a width of 50mm. In this channel, nitrogen is
injected with flow rates, Qgas, between 100 and 5000ml/min. The gas
flow at the gas channel entrance has a certain imposed relative hu-
midity η in HFE-7100 vapor in nitrogen. The relative humidity can be
varied from 0% to 100%, expressed in an ambient (denoted by the
subscript “amb”) molar fraction xamb via the relation xamb≡ ηpsat(Tamb)/
pamb, where psat is the saturation pressure of the vapor, while Tamb is an
ambient temperature between 20 and 40 °C and pamb an ambient pres-
sure of 1 atm. At the exit, we have an open boundary with a constant
pressure, where the molar fraction satisfies a zero-flux condition
(meaning that we assume that after the exit the molar fraction does not
change, which is approximately the case in the EP experiment).
Between the gas and liquid layers a cover sheet is placed to separate
them, except for an assumed undeformable 10.6 mm-square opening.
The rest of the interfaces of the system are walls kept at a constant
temperature Tamb. One of the goals of this EP experiment is to quantify
mass-transfer processes across interfaces, i.e. evaporation, and their
coupling with surface-tension-driven (Marangoni) and density-driven
(Rayleigh) flows/convection in a liquid. In this work, we focus on
presenting a parametric study of such convection, in order to analyze
specific behavior of the evaporation process as a function of those
parameters. Particular attention is given to the effect of the liquid layer
thickness, which takes into consideration the effect confinement by the
cover can have on the number of convection cells and its result on the
evaporation rate. The paper is organized as follows. Section 2 provides
a mathematical description of the model with the boundary conditions.
Section 3 deals with the numerical part as well as the experimental
setup used for validating the numerical results. Section 4 shows the
results, followed by the conclusions in Section 5.

2. Model

The Boussinesq approximation is adopted for both phases of the
system, implying that the material properties of the fluids are treated as
constant except for the density in the buoyancy terms, where it depends
linearly on the temperature and the molar fraction, and the surface
tension in the stress balance at the interface, where it depends linearly
on the temperature. Before starting with the equations in the bulk and
the boundary conditions, we provide the expressions for the density as
used in the buoyancy terms (under the Boussinesq approximation):

= − −ρ ρ α T T(1 ( ))͠ l l l l l,0 (1)

= − − − −ρ ρ α T T χ χ(1 ( ) ɛ ( ))͠ g g g g g g g g,0 ,0 (2)

In (1) and (2), ρ is the density (the tilde denotes the density under
the Boussinesq approximation), α and ɛ denote the thermal and the
solutal expansion coefficients. The subscripts “l” and “g” relate to the
liquid and gas phases, respectively. The subscript “0″ refers to a state
with a certain typical value of the temperatures and molar fraction,
here taken to be = =T T Tl g amb,0 ,0 and =χ χg amb,0 . The densities ρl and ρg
are taken at ambient conditions.

The equations for the bulk, in both the gas and liquid phases, are
then given by
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where
⎯⇀⎯
v and p are the (barycentric) velocity and pressure fields, re-

spectively. Furthermore, Dg is the diffusion coefficient of HFE vapor in
N2 and μ the dynamic viscosity. Note that the thermal diffusivity κ is
also defined by = − −κ λ ρ cp

1 1, with λ and cp being the thermal con-
ductivity and heat capacity, respectively. For the liquid and gas phases
respectively, (3) and (6) are the continuity equations for incompressible
fluids, (4) and (7) are the momentum equations, (5) and (8) express the
energy conservation, whereas (9) stands for the species conservation in
the gas phase. The last terms of Eqs. (4) and (7), respectively, represent

Fig. 1. The schematic of the physical system.
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