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1. Introduction
* Europa
* TRIPLE mission concept
2. Virtual cryobot testbed
* Trajectory modeling
EnEx-lceMole
Field tests
lce 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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Jovian moon Europa could be habitable

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

B « 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
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German mission concept using a cryobot and a hydrobot

TRIPLE Mission Concept (DLR):

1.Melting Probe: traverse through the ice

2.nanoAUV: small autonomous
underwater vehicle to explore the
subglacial ocean

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

https://triple-project.net/

MARUM
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Building blocks of a virtual cryobot testbed and their interplay

. data / model structure and geometry determine
Cg;j%:gg{'heem of the cryobot's the cryobot's dynamic, and may
. dynamic in return be opimized for
cryobot dynamics oerformance
data / model characteristics of the
of the cryobot:
cryo-environment structure / geometry

specifics of the

_ cryobot's _ o
sensor / payload informs sensors / payload sensor / payload implementation is

on the ambient cryo-environment mutually dependant on structual /
geometric design

Enpineering Science
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Trajectory modeling — predicting the dynamics of a cryobot

Real-world complexity of

thermal melting probe dynamics

Efficiency / velocity
modeling (A + D)

convective loss :|_-~: powWer
" {(} L

melt film
l utilixe::l power
= -
‘QH —Qe—Qc=0 ‘

cryo- structure
environment gecmetny

| IR |

High-fidelity modeling

(A+C+D+E)

-
«-r""'II
-
-

A: contact melting
B: liquid-gaseous
phase-change
C: liquid-solid
phase-change
: heat conduction
: heat convection

m O
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Efficiency and velocity modeling
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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

7

SO

planetary analogue studies for icy moon exploration missions

EGU21-13052 | M. S. Boxberg et al. | Concepts to utilize I g (
/. GOTTINGEN
DLR I Syt

GEORG-AUGUST-UNIVERSITAT  [JI}

Aachen Institute for nw'I'H
Advanced Study In

m E Computational
=t Engineering Science



Model inspired data acquisition for phase-change processes

Many challenges to be considered:

Phase change (C)
Moving domain
Close contact
melting (A)

Flow field (C)
Convection-coupled
temperature
evolution in both
phases (D+E)

cryo-

environment gecmetny

BENEOTS |

e o

E=T]

Probe

Fig.: Sketch of the problem setup
(not drawn to scale)
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Model inspired data acquisition for phase-change processes

Many challenges to be considered: We can simulate convection-
coupled melting processes:
* Phase change * In-house space-time FE
* Moving domain solver
* Close contact * Alevel-set method tracks
melting l | the phase interface
* Flow field | |+ The local propagation
* Convection-coupled velocity of the interface is
temperature a o modelled as the Stefan
evolution in both | condition
phases B  Aghost cell approach is
A 0, | used to trT:]rie_v? krlfeat-ﬂux
r-...m? PCI o B jumps at the interface
e (LR Fig.: Sketch of the problem setup Fig.: Evolving 2D corner flow

L sl (not drawn to scale)
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Structure, geometry and payload of the IceMole

CAD model of the EnEx-lceMole

Sidewall Heaters

Coms / Power
Cable

Heater Ctrl

Sample Extraction System

Sample Proboscis >
Melting Head _

Power Supply
Main Computer

Navigation Systems
Drive

lee Screw

elektronics/ motor
control, DAG

[ copper melting head |

\.& hollow proboscis
|

phazed-

piezo array

r dynamic

CIyo-
iron

Enex-lceMole *, 2m long
Photo: C. Espe
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Selected field tests and terrestrial deployment scenarios

Iceland 2012

Switzerland 2012, 2013, 2014
- = "'w“ o -
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Morteratsch. Photo: J. Kowalski e SR
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antarctica 2013, 2014
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Langenferner. Photo: D. Heinen
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Ice Data Hub

Earth | Europa |

Enceladus
Laboratory Study /

PrototypeiiSs] lce Envirnnmentf;
Field Campaign Model

\ Ice Data Hub /

plain human yaml-db regime

properties
from yaml-db
readable class

-
methods:
data \hinterpclatiﬂn...j
units
metadata export
: routines
location

‘ ' open source J

ﬂ-
G AT ( webbrowser

based GUI

sl

Trajectory Hazard Visualization
Model Avoidance & Mapping

Data Integration Wave Propagation

Algorithm Code

GOTTINGEN BRE oo
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Ice Data Hub

Ice Data Hub
panearyvocy:

RWTHAACHEN
UNIVERSITY

Leafol | Map tiles by Slamen Design, under GG BY 3.0, Data by © OpenStreetMap, under CC BY SA
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Ice Data Hub

Ilce Data Hub N)

Qverview Map Data Plaot

BN e

RWTHAACHEN
B8 =i UNIVERSITY

Earth

In the sea ice lab the freezing process of sea water is modeled
in a cooled water tamk (1.%6 m A— 0.66 m A~ 1.2 m}. The water
is mixed with salt and then it is cooled from the top and f]
freezes downward. The start of the measurements is L
2019-11-25T15:00: 002 and the end of the measurements:
2019-11-29T12:00:002. At the start of the measurements the
water had already atarted to freeze. Air temperature
(temperature_air) was measured approx- .05 m above the ice.

Enter column nan]_Addacoumn J__ Addarow  J _ savefile |

© property typs valus  wni.  wnit variabl  variabl  variabli 3 met
conductivity

conductivit.. tabulated ([0: 2.T6065.. S5/m['-1 -3 3 0. time after .. ["0 0 1 O Q. E] water con

rle=lq

L m J Enter name of new file (*.yaml)
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Ice Data Hub

Ice Data Hub N
—

This file summarizes the resulta of the measurements taken in
the sea ice lab in Movember 2019% by Markua Ritachel (HMPI-M),
Fabian Schoettler (G5I Rachen) and Anna Simscn (RWTH Aachen).
In the sea ice lab the freezing process of sea water is modeled
in a cooled water tank {(1.96 m A— 0.66 m B— 1.2 m). The water
is mixed with salt and then it is cooled from the top and
fregzes downward. The start of the measurements is
2019-11-25T15:00:00Z and the end of the measurements:

AL ivetirmind
B@8 v

RWTHAACHEN
UNIVERSITY

conductivity _water

Erikier rrfnifminm x Eritier maximiinm x

conductivity_water in S5/m

=]

50k 100k 150k 200k 250k 300k 350k

time after experiment start in s -

GEORG-AUGUST-UNIVERSITAT [[JfJ  tsctenmsnneror | RN AU HER)
GOTTINGEN C[E] S I UNIVERSITY
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Ice Data Hub

name: “Lab - Measurements at the 5ea Ice Laboratory at the HPI-M and Uni Hasburg®
deseription: "This file sussarizes the results of the seasuresents taken inm the sea ice Lab im Novesber 2019
Alr temperature (temperature alr) was measured approx- @.05 m above the Lce. Waler tesperature (tesperature
8 temperature Sensors are vertically aligned [0.82 m spacing} along a 5o called °“measureément harp”. 2 measur

location:
type: coardinate
value: {"N': 33568033, "E': 9.974234}
source: Google Maps
meta_free: The sea ice Lab i located at the Geomatikus at Uni Hasburg]

teaperature_water: 3 i
type: tabulated emacs : ]
! = 371, 2196 = 271.21490 v 3713191 = 71,2143 = ¥71.2186 = 37).2188 37,2189 q o
value: {8: 271,.2196, 20: 271.2191, &@: 271.2191, 9@: 271.2192, 1d4: 271.2186, 15@: 271.2188, 184 File Edit Options Buffers Tools hon  Help

wnit_str: K

wnit: (@98 1088) 7 Tl =

variable: time after experiment start O | D 0 ;‘:.'.5'“"‘ ¢ Undo i il @ Cl
variable_wnit_str: s ’ 5

yariable unit: (BB 18888 ] # code wsing data from ice data hub

sata_fres: water temperature wvalues, measured with CTD Seabird (TD SBE 3T5H MicroCat
a2 from ice_data_hub.library.ice_reglmes import Regime
salinity_water:

type: tabulated -
. f8: B.AI53 s B BI53E . 8.63530. §8: §.0353 . B, B3%3E . 8.683530 . B 6353 ., |scenario = Regime()
::'{gt;:f-?'- bk e e e e A 180: 00330, 2105 o cenario. 10ad_tce_props('lab_hamburg_Nov2e1s.yaml')
uni;:lililil[l[l[hl time = 180 & sec
variable: time after experiment start temperature_water = scenarilo.get_scalar_prop value{name_props='temperature_water', variable=time)
::E::::..::i:f’ra ; 16066 ) salinity_water = scenarioc.get_scalar_prop_value(name_props="salinity_water®, wvariable=time})
= H b d i v "F = =" L] =
r dynamic 1 meta_free: water salinity values as ratio {(parts per thousand) / 1000), measured with CTD Seabird CTD 58 conductivity_water = scenario.get_scalar_prop_wvalue(name_props='conductivity_water’, variable=tine)ll
conductivity water:
. type: tabulated
strecture walue: {0c 2.76065, 30 2.76066, G8: 2.76066, 98: 2.75071, 120 2.76071, 150: 2.76874, 188: 2.76077, 210 |[iwesllcodelsnlpoat EagLraCLasEs] A1l Lie python Elboc
geametny unit_str: 5/m ' ! ! ! ' ’ -=WPP g By (Py )
unitz [ 338200
wvariable: time after experiment start
sEnsors | wvariable_wnit_str: €
L e J variable wnitz [ @ 100880 ]
pay seta_free: water conductivity, mseasured with CTD Seabird CTD SBE 375M MicroCat
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Validation of the computational dynamics prediction

Lab-based validation:

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

Field-based validation:. . .

Next steps:

80| ' ' ' ' ' ' __ head'temp
I .-..J-M' sensors )

i ot A —
= 3 =
by~ E .EI
£ £ a0 2
ql B Ll
< .5 av. head temp - =

3 velocity w

= 200 .4'(

[ L distance
0.2 . Simple energy balance B 1] L | diIStance 1|7,6m/| (I;()nductivlity | 1|8,0m , ,
" _ ) _ — P | 15:00 15:30 16:00 16:30
time [h]
convective losses explain part of the efficiency
losses as observed in the field > equilibrium contact melting > penetration of a water reservoir
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Terrestrial analogue studies to prepare for space mission

Melting velocity V in m/h T e - e
0 2 4 6 8 10 12 | [ s st weeate LIRSS RN
0 1 1 1 | L . wiwrw AntiicB i b o =
I 1 . : "
i : : —— temperature
5004} N — ——- EnEx-RANGE-APU
. N TRIPLE-IceCraft
—1000 g i R T == RECAS 1 | e f
c ! Pl —— VALKYRIE 5
c | 1 ez i
‘N —1500 -
S
§ —2000 - et DomeC
.- | o
—2500 -
Total Average
_ i . Transit time required energy per
3000
2R S I TS ind energy meter of ice
220 230 240 250 260 270 in MWh in kWh/m
Temperature T in K EnEx-RANGE APU 32.3 2.230 0.686
TRIPLE analogue mission RECAS 53.5 6.425 1.978
planned for 2026 TRIPLE-IceCraft 29.1 13.944 4.293
Boxberg et al., 2021, 10.23689/fidgeo-3968 ~ VALKYRIE 139.6 16.749 5.157
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http://dx.doi.org/10.23689/fidgeo-3968

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

Time: 3808.8 Kyr

Temperature (K) Density (kg/m3)
110. 150 190 230 269, 920.0 920.5 21 9215 9220
- | o E— |

GGT“HGEN HE Computational

Enpineering Science
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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.
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Melting Probe Trajectories on Europa

Depth over time Temperature and Velocity Profile

Velocity [km/d]
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200

0- ice surface Lo
mean transit time: 397.74 +/- 8.07d
-5 - =5

=10 - =10
T =151 —— depth [ =13
= === density contrast = 0
E _20 —— mean temperature L —20
] mean melting velocity
(1]
]

-25 - —-25

=30 =30

—-35 - =35

ice-water interface
=40 - - =40
0 50 100 150 200 250 300 350 400 120 140 160 180 200 220 240 260 )
time in [d] Temperature [K] Boxberg et al., in prep.
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Melting Probe Trajectories on Europa

Depth in km

104

102

100

Depthitransit_time in m/d
oo
=

95 - —
............... ;
94
1 Boxberg et al., in prep.
92
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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

lce 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-Caltech/SETI Institute
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Thank you for your attention!
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