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Outline

1. Introduction
● Europa
● TRIPLE mission concept

2. Virtual cryobot testbed
● Trajectory modeling
● EnEx-IceMole
● Field tests
● Ice Data Hub
● Validation
● Terrestrial analouge mission planning

3. Extraterrestrial scenarios
● Models for Europa
● Melting probe trajectories for Europa mission planning

4. Summary
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NASA/JPL-Caltech/Southwest Research Institute

Jovian moon Europa could be habitable

NASA/JPL

● Icy crust and global salty ocean below
● Water in contact with rocky mantle

● Source for minerals and salts
● Tidal heating prevents ocean from freezing
● Life (as we know it) could most likely survive 

in the ocean of Europa

NASA/JPL
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German mission concept using a cryobot and a hydrobot

MARUM

TRIPLE Mission Concept (DLR):

1.Melting Probe: traverse through the ice
2.nanoAUV: small autonomous 

underwater vehicle to explore the 
subglacial ocean

3.AstroBioLab: Instruments for analyzing 
samples taken by the nanoAUV

https://triple-project.net/

https://triple-project.net/
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Building blocks of a virtual cryobot testbed and their interplay

data / model 
of the 

cryo-environment

data / model 
of the cryobot‘s 

dynamic

characteristics of the 
cryobot:

structure / geometry

specifics of the 
cryobot‘s 

sensors / payload

structure and geometry determine 
the cryobot‘s dynamic, and may 

in return be opimized for 
performance 

sensor / payload implementation is 
mutually dependant on structual / 

geometric design

cryo-environment 
determines the 

cryobot dynamics

sensor / payload informs 
on the ambient cryo-environment
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Trajectory modeling – predicting the dynamics of a cryobot
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Efficiency and velocity modeling

Water-ice interface:
• no-slip
• melting inflow
• melting temperature
• Stefan condition

Probe surface:
• no-slip / no inflow
• temperature-driven

(classical contact 
melting) or heat flux-
driven

• Newton‘s third law
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Model inspired data acquisition for phase-change processes

Fig.: Sketch of the problem setup 
(not drawn to scale)

• Phase change (C)
• Moving domain
• Close contact 

melting (A)
• Flow field (C)
• Convection-coupled 

temperature 
evolution in both 
phases (D+E)

Many challenges to be considered:
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Model inspired data acquisition for phase-change processes

Fig.: Evolving 2D corner flow

• In-house space-time FE 
solver

• A level-set method tracks 
the phase interface

• The local propagation 
velocity of the interface is 
modelled as the Stefan 
condition

• A ghost cell approach is 
used to retrieve heat-flux 
jumps at the interface

We can simulate convection-
coupled melting processes:

Fig.: Sketch of the problem setup 
(not drawn to scale)

Many challenges to be considered:

• Phase change
• Moving domain
• Close contact 

melting
• Flow field
• Convection-coupled 

temperature 
evolution in both 
phases
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Structure, geometry and payload of the IceMole

Enex-IceMole *, 2m long

CAD model of the EnEx-IceMole

Photo: C. Espe 
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Selected field tests and terrestrial deployment scenarios

Hofsjküll. Photo: J. Kowalski 

Iceland 2012

Blood Falls. Photo: C. Espe 

Antarctica 2013, 2014

Langenferner. Photo: D. Heinen 

Italy 2017, 2018

Switzerland 2012, 2013, 2014

Morteratsch. Photo: J. Kowalski 
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Ice Data Hub
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Ice Data Hub
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Ice Data Hub
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Ice Data Hub
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Ice Data Hub
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Validation of the computational dynamics prediction

velocity
av. head temp

head temp 
sensors

distance 17,6m

distance 
18,0mconductivity

 equilibrium contact melting  penetration of a water reservoir

IceMole at Tice = 0 °C and 12.8 kW/m^2

Next steps:

Blood Falls. Photo: C. Espe 

convective losses explain part of the efficiency 
losses as observed in the field

Lab-based validation:

Schueller, Kowalski, Raback, 2016, Int. J. Heat and Mass

Field-based validation:
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Terrestrial analogue studies to prepare for space mission
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in d

Total 
required 
energy 
in MWh

Average 
energy per 

meter of ice 
in kWh/m

EnEx-RANGE APU 32.3 2.230 0.686

RECAS 53.5 6.425 1.978

TRIPLE-IceCraft 29.1 13.944 4.293

VALKYRIE 139.6 16.749 5.157

DomeC

TRIPLE analogue mission
 planned for 2026

Boxberg et al., 2021, 10.23689/fidgeo-3968

http://dx.doi.org/10.23689/fidgeo-3968
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Europa Ice Shell Dynamics, Heat Transport & Mixing

● We use the geodynamics code GAIA to model the heat transport and mixing of impurities in 
Europa‘s ice shell

● Density variations due to salinity are modeled using tracer particles
● The simulation shows a model with an ice shell thickness of 40 km and a density contrast of 23 kg/m3, corresponding to 5% 

density increase due to salinity
● A high salt concentration remains trapped in the stagnant layer that forms close to the surface due to the low temperature, 

and hence high viscosity
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Europa Ice Shell Models

● We test various scenarios to evaluate the temperature distribution in the ice shell of Europa
● Since the thickness of the ice shell is poorly known, we test the effects of 10 – 70 km ice shell 

thickness on the efficiency of heat transport and hence on the thermal state of the ice shell
● The amount of impurities (e.g. salts) has been varied to test the effect of 0.5 to 5% density variations due to salinity on the 

temperature distribution.

Effects of the ice shell thickness Effects of compositional variations due to salts
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Melting Probe Trajectories on Europa

Boxberg et al., in prep.
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Melting Probe Trajectories on Europa

Boxberg et al., in prep.
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NASA/JPL-Caltech/SETI Institute

Summary

● Europa is a promising candidate to search for extraterrestrial life
● Cryobots can be used to access the ocean below the ice
● Trajectories can be modeled in terms of

● Efficiency / velocity modeling
● High-fidelity modeling

● Ice Data Hub was developed to store any data related to ice and provide interfaces to any kind of 
modeling software

● The ice of Europa is poorly constrained, but models are available to make some predictions

Our trajectory models can be used to provide mission parameters like 
transit time and energy consumption to prepare terrestrial analogue 

missions as well as future extraterrestrial missions.



NASA/JPL/University of Arizona

Thank you for your attention!


