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Autonomous ice exploration technologies have become an important tool for cryospheric
research on Earth. In particular, melting cryobots are built and developed during ter-
restrial field tests and will be employed in space missions to the icy moons of our solar
system. Yet, extrapolating their performance to these extreme ambient regimes requires a
computational multi-physics model that includes convective, conductive and phase-change
processes. Schüller et Al. [1] considered a simplified approach: Building upon external
close-contact melting theory, they derived a formulation for the descent velocity of a pla-
nar heat source that sinks into a phase-change material and applied it to a 2D planar
cryobot. Their results are, however, based on the assumption of a thermo-mechanical
equilibrium in the contact film, which results in a constant velocity of the cryobot.

Our first contribution is to relax that assumption with a transient external close-contact
melting process. By solving the heat equation in the ambient ice we can reconstruct
the transient heat flux in the vicinity of the cryobot and utilize it to approximate the
time-dependent melting velocity. The latter is combined with a mesh-update method to
represent the displacement of the probe in relation to the stationary ice [2].

Our second contribution considers a potentially convecting water film around the probe.
That is, we need to solve for the convection-coupled flow field and for the evolving tem-
perature field across a phase interface. Thus we employ a level-set based space-time finite
element technique, in which the phase-change interface evolves according to the heat-flux
jump at the interface itself [3].

In this work, we describe our computational approaches and demonstrate their imple-
mentation in a space-time finite element solver. Then, we show different test cases of
increasing complexity towards realistic physical scenarios.
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