Coupling Ice-Ocean Interface Models
With Global-Scale Ice Shell Evolution
Models Applied to Jovian Moon Europa

EGU 2023, April 24, Vienna, Austria

Tina Riickriemen-Bez!, Benjomin Terschanski?, Ana-Catalina Plesal, and Julia Kowalski?

IDeutsches Zentrum fur Luft- und Raumfahrt
“RWTH Aachen, Chair of Methods for Model-based Development in Computational Engineering



The Importance of Salts in the Outer Solar System
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hot plumes?
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® Liquid reservoirs in our solar system moons
(oceans, brine inclusions) potential habitats

for extraterrestrial life

® How do these liquid reservoirs form and can

they stay liquid over long period of times?
Transport of

brines due to
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Salt Uptake - The Ice-Ocean System
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® Mushy layer connection between ice and ocean
= Macro scale: solid state convection and/or two-phase flow in the ice shell
= Meso scale: two-phase flow in highly porous mushy layer



Salt Uptake - The Ice-Ocean System
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Salt Uptake - The Ice-Ocean System
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Meso-Scale Model: BRYNE
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across the meso-scale mixture
T = Tocean, C = Cocean soldification interface.



Meso-Scale Model: BRYNE
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Macro-Scale Model: GAIA

ref = 1014 Pa s (grain size 1 mm
Nref g

Toury =110 K, g—g =0 T

110 149 188 227 266
Temperature [K] 5
Ra ~ 10

V‘\
~ 6

‘ Ra ~ 310

100 ¥ ,

Thickness ice shell

T Tioe—mush =261-270 K, gu—qo "7

® Conservation of mass, momentum, and energy (non-dimensional) for
incompressible, low Re fluid (Stokes flow) solved with fluid flow solver
GAIA (Huttig and Stemmer, 2008)



Multi-Scale Coupling
Characteristic Scales

Macro
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Spatial Scale 102-10°m
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Multi-Scale Time Coupling
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Multi-Scale Time Coupling
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Spatial Coupling

ice

flux is meso-surface average:

M acro T: ice-ocean boundary
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First Simple Problem Setup

® Test influence of different heat flux boundary conditions from macro
scale model on meso scale model (i.e. mushy layer growth, thickness)

Initial (r = 0)
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Preliminary Test Results (dT/dz = 0.005 [K/m])
G =1 mm (9. = 10" Pas)
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® Growth rate mushy layer: 1.48 m/kyrs
® Thickness of mushy layer: kms



Preliminary Test Resu
D = 30 km
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® Growth rate mushy layer: 19.4 m/kyrs
® Thickness of mushy layer: 102 m

Vi =19.4 [m / kyear]



Conclusion

® Salt uptake in ice-ocean system is a multiscale problem

® Mushy layer: cm to m, days to years
® Ice shell: m to km, year to hundreds/thousands of years

® Mushy layer determines how much salt is incorporated into ice shell
® Ice shell governs cooling rate of the mushy layer

® Preliminary results (testing influence of heat flux boundary conditions
provided by macro scale): Higher heat fluxes yield ... e
® Faster growth of the mushy layer

® Thinner mushy layers

ice

Macro Meso
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Multi-Scale Coupling: Results (dT/dz = 0.005 [K/m])
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Multi-Scale Coupling: Results (dT/dz = 0.05 [K/m])
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Meso-Scale Model: Equations

Two Phase Energy Conservation

(T1) @ +V - (qH, —R&(®)VT) =0

Solute (Salt) Transport
aa / /
(T2) Fn +V-(qC; = Di(®)V ;) =0

Closure / Mixture Relations
6 - Cs

(T3) q):Cz—Cs’

FE=®k + (1 —P)ky

ﬁ=(IJHl+(1—‘I))HS, Hl=pscp,lT+plL,

Hy=pscys T

saltwater

Meso

https://doi.org/10.1016/].jcpx.2019.100043
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Meso-Scale Model: Equations

Solute (Sal/f) Transport b o
0C T.(C)
(Tz) —+ V- (q Cl’ — Dl(d))v Cl,) = () Solid (Ice + Salt)
8t CI\(T') C é,(T') (':e C
0 T <T,

Nonlinear Constraint Ci=C|C, T|=XC(T) T.<=T <=T,(C)

C T > T;(C)




Meso-Scale Model: Equations

Two Phase Mass Conservation Assumptions
ps\ 0P B R no advection in the solid (vs = 0)
(MI) <1 o E) a +V-q=0 q=2ov phase-wise constant densities p;, ps

Conservation of Momentum (Darcy-Brinkman Equation)

0 X . _
(M2) p1<—q+q-V(g)> = —0Vp +mViq+®pg—ndl(®) 'q
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Macro-Scale Model: Equations

Conservation Equations Rheology
V'U: =0 1 1 -1
T - + (ngbs + nbs) +
Vp +V-[n(Vu+ (Vu)" )| = RaTe, Neff Ndif f Ndis
~~ ~ —~- - M 1 | 1-ng my E; + PV,
pressure viscous buoyancy n = + € mi dmi exp —RT
oT 0 2A™ i
—+ u-VIT = \Yavl v
8t N—— ——~
heat advection heat diffusion
oC
—+u-VC = 0(Llek1])

ot



