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ABSTRACT 

A shallow planar layer of liquid bounded from above by gas is set into motion via the 

thermocapillary effect resulting from a thermal gradient applied along its interface. 

Depending on the physical properties of the liquid and the strength of the gradient, the system 

is prone to departure from its equilibrium state and to the consequent development of an 

oscillatory regime. This problem is numerically investigated for the first time by means of 

two-phase direct numerical simulations fully taking into account the presence of a deformable 

interface. Obliquely-travelling hydrothermal waves (HTWs), similar to those first described 

by Smith and Davis (1983) [Smith, M.K. and S.H. Davis, Instabilities of Dynamic 

Thermocapillary Liquid Layers .1. Convective Instabilities. Journal of Fluid Mechanics, 

1983. 132(Jul): p. 119-144], are reported presenting good agreement with linear stability 

theory and experiments. The non-linear spatio-temporal growth of the instabilities is 

discussed extensively along with the final bulk flow for both the liquid and gas phases. Our 

study reveals the presence of interface deformations which accompany the HTWs pattern 

with a certain time-delay. The local heat fluxes are found to be significantly affected by the 

transient nature of the HTWs, contradicting the results of previous single-phase studies. 
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pure HTWs. Taking Schwabe et al. [17] as point of reference, several analogous 

investigations have been carried out on annuli [22-27] showing spiral-like HTW trains 

consistent with Smith and Davis [5], the HTW deformations result from the annular 

geometry. Some of the authors also investigate other families of instabilities found when the 

liquid depth is increased, i.e. when buoyancy becomes the leading force. The emergence of 

HTWs on a slightly different system was studied very recently by Karapetsas et al. [28] who 

considered the stability of evaporating droplets on a heated substrate. In their case the thermal 

gradient was not imposed externally but was induced by the evaporation process. The results 

of their energy analysis showed that the induced waves, which have been also reported in 

earlier experimental studies [29], are of hydrothermal nature and share exactly the same 

mechanisms as those described in Smith [8]. 

All of the aforementioned numerical studies employ a qualitatively similar methodology 

which shares the same simplifications. The authors completely ignore the gas phase above the 

liquid layer, use a single-phase model whose upper boundary is regarded as non-deformable 

(with the exception of the stability analyses by Scriven and Sterling [4], Smith and Davis [5] 

Karapetsas et al. [28]) horizontal free-surface and, if considered, model the heat transfer 

across the interface via the Biot number and the temperature jump between the free surface 

and a  reference temperature; in most cases the reference temperature is taken to be a constant 

with the exception of Mercier and Normand [12] who consider instead a profile that varies 

linearly in the streamwise direction, and Mancho and Herrero [30] who take into account the 

effect of lateral heating walls. We propose a new two-phase, numerical approach based on the 

Volume-of-Fluid method, which permits a more realistic direct numerical simulation of 

thermocapillary flows. As we explain in subsequent sections, our model solves both liquid 

and gas phases accounting for interface deformations and computes the energy exchange 

between phases based on the local conditions solely. We demonstrate the development of 

HTWs over a range of system parameters, and discuss, in detail, the associated interfacial and 

heat transfer dynamics. 

The rest of this paper is organised as follows. In section II, we provide details of the 

problem formulation and of the numerical techniques used to carry out the computations. 

Section III is devoted to the description and the discussion of our findings. We start by 

confirming the base state to then continue presenting the spatio-temporal evolution of the 

HTWs, the interface deformations induced by the instabilities and the Fourier analyses 

performed to characterize the oscillatory signals. The section concludes showing the 
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