
Motivation

 Evaporation of multicomponent thin films plays an integral role in technologies
such as coatings, microelectronics, optoelectronics, and energy devices [1].

 Preferential evaporation leads to interfacial temperature and concentration
gradients, generating surface-tension variations driving Marangoni convection.

 Surface topography can be used to control Marangoni convection and surface
deformation in liquid films [2].

Goals

 Development of a CFD framework capturing the interaction between long-scale
Marangoni convection induced by substrate topography and short-wave
Marangoni instability, and to assess their impact on transport in an evaporating
binary film.

Motivation and Goal

The evaporation of a binary water–ethanol film on a structured, heated substrate is investigated numerically. The wall topography induces a
non-uniform distribution of the temperature and composition along the liquid-gas interface. The resulting gradients of surface tension invoke
Marangoni convection. We examine the film dynamics and flow pattern evolution during film evaporation.

Results: Interface Shrinkage and Deformation

Numerical Simulations of Marangoni Convection
in an Evaporating Water-Ethanol Mixture Film on
a Structured Substrate

Governing Equations

 Continuity equation:

𝛻 ∙ 𝐮 = 0 (1)

 Navier-Stokes equation:

𝜌
𝜕𝒖

𝜕𝒕
+ (𝒖 ∙ 𝛻)𝒖 = 𝛻 ∙ −𝒑 + 𝜇 𝛻𝒖 + 𝛻𝒖𝑇 (2)

 Energy equation:

𝜕(𝜌𝐶𝑝𝑇)

𝜕𝒕
+ 𝛻 ∙ (𝒖𝜌𝐶𝑝𝑇) = 𝛻 ∙ (𝑘𝛻𝑇) (3)

 Transport of species equation:

𝜕𝐶𝑗

𝜕𝒕
+ 𝛻 ∙ 𝒖𝐶𝑗 = 𝛻 ∙ 𝐷𝑗𝛻𝐶𝑗 (4)

 An Arbitrary Lagrangian–Eulerian (ALE) framework implemented in COMSOL
Multiphysics to resolve the moving liquid–gas interface

 Convective-diffusive mass transport of ethanol in the liquid phase and vapor
transport of ethanol and water in the gas phase

 Concentration-dependent thermophysical properties of the binary mixture, with
surface tension expressed as a function of mass fraction and temperature [3].

 Evaporation rate of each species is determined by its thermodynamic activity at
the interface and its connective-diffusive transport in air
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• Chaotic interface deformations and a high evaporation rate are initially observed; both
diminish as the concentration of the more volatile ethanol component decreases.

• At early times, ethanol-rich conditions trigger strong solutal Marangoni instabilities,
generating short-wavelength vortices with highly localized velocity fields.

• As ethanol depletes, the solutal influence weakens and the system transitions to a more
stable regime dominated by thermal Marangoni convection in the water-rich film,
characterized by two large counter-rotating vortices and a reduction in velocity.
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𝐹0 70 [𝜇𝑚] Initial film thickness

𝐻 2 [𝑚𝑚] Domain height

𝜆 1 [𝑚𝑚] Wave length of substrate

𝑇0 293.15 [𝐾] Initial temperature

∆𝑇 10 [𝐾] Substrate heating

𝜉0 16.9 [%]
Initial mass fraction of 

ethanol

Average film thickness Amplitude of film interface deformation

Results: Ethanol Distribution and Flow Structure

Conclusions

Lorenzo Vianello, Amirhossein Khazayialiabad, Peter Stephan,
and Tatiana Gambaryan-Roisman
Institute for Technical Thermodynamics, Technical University of Darmstadt

Model Formulation

Conditions at the Liquid–Gas Interface

 Thermodynamic equilibrium:

𝐶𝑠𝑎𝑡,𝑖 = 𝛾𝑖𝑥𝑖𝑝𝑠𝑎𝑡,𝑖 (5)

 Velocity jump:

𝒖𝒈 − 𝒖𝑙 = 1/𝜌𝑔 − 1/𝜌𝑙 −𝐽𝑒 − 𝐽𝑤 𝒏 (6)

 Normal Stress Balance:)

𝒏 ∙ 𝜏𝑔 − 𝒏 ∙ 𝜏𝑙 ∙ 𝒏 =
𝜎

𝑟𝑐
∙ 𝒏 (7)

 Tangential Stress Balance:

𝒏 ∙ 𝜏𝑔 − 𝒏 ∙ 𝜏𝑙 ∙ 𝒕 = −𝜎𝑇𝛻𝑠𝑇 − 𝜎𝑐𝛻𝑠𝑐 (8)

 Energy balance incorporating cooling

𝒏 ∙ 𝑘𝑔(𝛻𝑇)𝑔 − 𝑘𝑙(𝛻𝑇)𝑙 = −𝐽𝑒𝐿𝑒 − 𝐽𝑤𝐿𝑤 (9)

 Moving interface kinematic condition

𝒖𝑚𝑒𝑠ℎ = (𝒖𝒍 ∙ 𝒏 − (𝐽𝑒+𝐽𝑤)/𝜌𝑙)𝒏 (10)
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