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How do gravity and ice temperature affect the

performance of thermal melting probes?
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A roadmap to exploring the Ocean World Enceladus

Fly-through

Orbiter

v T In situ
Submarine

a1 Characterize » Understand
Explore M Discover ™ Scoul
; Discover } ™ Scoul M Characlerize 3‘Understand
Confirm M Characterize

Sample
Retum

Sherwood, Strategic map for exploring the ocean-world Enceladus. Acta Astronautica, 126: 52/58, 2016.
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DLR Enceladus Explorer

(LA
A

P P A N
A0t

s S e e [
seea . LR S :
B }

* before 2012
robotic student project

e 2012-2015
EnEx-MIDGE collaboration -

advancing technologies and

subglacial sample return in
Antarctica

2015

further development of key
technologies

Supported by:
* Federal Ministry
for Economic Affairs
and Energy
DLR on the basis of a decision

by the German Bundestag
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Modeling the dynamics of melting probes — the 0D approach

Engineering model: The IceMole‘s 2015 design: %

Aamot, bal iold
ener dalance vieias:
CRREL-TR-194. 1967 gy y
. . L motor (2x)
me|t|ng _ Input power [ gearbios ]
velocity energy needed
‘/,r L PI”
Ap Co(T — Tice
‘/ (h m T 1;( [ m 1 1CC ) ) { e — T
control, DAQ =
T copper melting head ] p:':: :rdgy_
V: melting velocity cp: specific heat capacity of the ice
Pm: input power Tm: melting temperature
A: crosssection of the probe Tice: ice temperature
p: density of the ice hm : melting enthalpy of ice

How do melting probes perform in low gravity conditions?
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Modeling the dynamics of melting probes — the 4D approach

Robot motion (concentrated) Cryoenvironment (distributed)

The current ambient state of the ambient is given by

The current state of the probe is given by its
temperature, velocity and pressure:

center-of-mass and its attitude:

, T(t,x)
X (1) t. )= otz
&(t) := u(t,z) := |v(t,x)
Q(t) p(t,x)
First derivative yields translational and angular in the melt
velocity:
heat
d ‘ . ([ ) conduction
Hquid-vapour
phase-change
The Euler-Newton equations allow to determine the
trajectory based on applied M'ﬂot
forces: microscale melt
(sublimation) film
d _,
mﬁl-" (t) = F(t,ult)) It is subject to a PDE operator
(
d d v d
—w(t) = T(tul(t)) —wxlw —ul(t,z) = L(u(t,x), E(t), —E&(1
[~ w(t) I'(t,u(t)) x 1 op Ut @) = L(u(t, ), §(t), 7&(1))
The forces depend on the position of the liquid-solid that depends on position and attitude of the
interface, hence the ambient state u. probe, as well as its melting velocity.

Computational
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Modeling the dynamics of melting probes — the smart way

Microscale melt film determines the probe’s macroscale dynamics

heated L
< probe prob?
contact force F
LLJ > probe surface
| (x,y) 2 . melt
“ u
Po ™ 5;) up,T |’ :
0, water-ice |
" | - interface I,
| melting velocityV ¥
= z solid
Qi: Mass, momentum and energy balance: Qs: Heat equation in the solid ice
V-u = 0
| ()fT o (V : v)Ts - (‘l.\-ATQ
Jdu+(u-Vju = —-Vp+rviAu
P
T+ (a-V)I; = oaAiT

Model reduction based on scaling arguments

Water-ice interface
conditions:

no-slip
inflow according to melting
rate

melting temperature
Stefan condition

Heat source surface:

no-slip
no inflow
temperature or heat flux

Newton’s third law:

}K pdo = F
J surface
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Hybridized computational model: SimCoMet — Simulating Contact Melting

Energy balance: B L Initial guess:
ePe(ud, T 4+ wo. 1) = 071 * melting velocity
>
Transformation: " '§ temperature
) —_—
\ T”f GCJ d>J v
S . direct mapping —5 %n
_> i - o= .
8()— "é‘ 5 Solve Reynolds equation
¥ T_j V| nL = £ (1D/2D)
R v
X I3 O _g
E=2 n=z/0(x) OEJ 2
)
T ool e 2
ud, T + wo.T udeT 4 lu'),,'l"'1 (w — unded) -§_ HelRE ef:l;llllbnum'
0..T = 0T (4) +20¢,T (5 4)
o o Solve energy balance
InT () = 0T (2D/3D)
Solved using FDM ) v

Stefan condition (for each x): Stefan condition?

OT|yogey = Z280E) (p 4 (T - To)

N}
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Contact melting — some fundamental results

Rotational melting modes Spatially varying heat flux distribution

Coptmantn (aty svatabie m Contoms lists avaslable at ScunceDuect

Wl ,v.’. »
b ,‘.1‘ International Journal of Heat and Mass Transfer International Journal of Heat and Mass Transfer
s

» N y
JORINRI ROMePeRe. Wwww Fiarvier COm Mnirin hm lOulﬂO' h(’m'pnq. www.elsevier cnm‘la‘..'.‘."‘m‘

)

Curvilinear melting - A preliminary experimental and numerical study Q

Spatially varying heat flux driven close-contact melting - A Lagrangian @w
K. Schiller . ) Kowalsk “7, . Raback

approach

C AT e A Al e rd Lty b4 | cmgese o’ agmereeg v 8
) Uy of Avegpa v [ngowring MY Aacbew e y of Appid Sowm Ay

K. Schiiller °, J. Kowalski

A S st e for Advan ol Maaly 1o Companntomnd Fnptnerr g Scewr. FWTN As e Dimsarairy Shesied 2 WO A ien Lormany
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Leverage contact melting theory to study performance in extreme cryoenvironments

Consider melt film (red) as a closed system: Allows us to

input power + study the melting velocity / efficiency

convective loss :
Q-E QH « determine the critical refreezing length

_ for a reference probe
melt film (1m long / 0.06m radius / 25kg )

In a representative cryoenvironments:

utilized power

QC « Mars: 210 K/ 3.7 m/s2

\Q.H_Q.F,'_Q.C:O

and apply contact melting theory

« Enceladus: 150 K/ 0.1 m/sz2

 Europa: 100 K/ 1.3 m/s2
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Melting velocity over contact force

Melting velocity of 1kW probe:

Melting velocity of a 5kW probe:
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Implications for the melting probe‘s design

Enceladus
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Conclusions and Outlook

Next steps
Conclusions P

» Trajectory model for the IceMole

* We developed a flexible micro-scale (trajectory control will be tested in 2018 field campaign)

contact melting simulation model

« High altitude rocket and vacuum chamber experiments

« We gained further insight into the due soon (VIPER / EnEx- nExT)

behavior of melting probes in extreme
cryoenvironments * In proposal phase: Smart process model and data

- We contributed to the fundamental Integration for ice exploration

understanding of contact melting

processes Vo’ N . ‘
* First validation experiments have been | | RN ———’ /
. . 3 B\ ’ - ll"l.n
promising .

e

-
Launch Faclity Esrange Space Cn%
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