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Structure

7 Motivation
=7 Why simulating the earth’s mantle?
7 Why a new numerical model?
Basics of Rayleigh-Bernard convection with variable viscosity
=7 Mathematical model
=7 Numerical model

Validation / Benchmarking

X

Parameter ranges
Regime classification
Scaling laws
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Simulation Setup

85 cases: 55 T-dep. & 30 T+P-dep.
Projected spherical icosahedra grid (ar=0.55)
Resolution: 10k lateral & 34 shells ~ 360k Nodes e =71(Ts)

n(T)=exp(—=yT +An,z)

7 Standard Boussinesq V-u=0
7 Free sl

~ Finite VE)E/D 3D /2D v [n(VE+(Va)")|+Ra Te -~ Vp =0
=7 Flexible Grid 5_T+ iVT -V?T-1=0
7 BiCGStab solver ot

=7 Highly parallel DC

7 |IDL framework for evaluation / vis

=7 Independent C++ code, STL Ra - p’gaHd®
7 Purely internally heated w/ insulated bottom 0 KK7),of
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Parameter range

7 Ra0 and y varied for two different scenarios, with P-dep. Viscosity of 100
and without
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Points of interest
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Lid thickness
Internal temperature
Boundary layer

Viscosity contrast
Rayleigh numbers

Depth

Nusselt number
Structure
Time dependency
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Lid thickness determination

=7 Various methods possible

- Delamination / erosion versus conductive heat flow
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Lid thickness — A summary
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Reduction to iso-viscous parameters beneath the lid

7 Measured lid thickness upper boundary
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Proves that convection beneath the lid can be treated as isoviscous
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The quality of the rheological constant with the
previous lid measurement methods

7 Assume relation between temperature drop and rheological gradient
10 |||||||I||‘||Il|||||‘ll

TTT1 g

arp = AT Y

¥ N [ Ral=1e4 Ra0=1e5
8 ﬁ J ” * volocy |
— AN/ * V1 -
ATrh — Tl - TL \ H‘ | l"-_ 1 it Heat Flow
I/; ‘ -‘-u I ! | ] Viscossy
6 | l*‘ [ | { ! el
'-J N 1 T | T T
= 7 Y\ Y ‘H" =~ | PN ! |
7 Tangent through ® A il VAN 'f |
inflexion point of the 7] R j L R PN
velocity profile best choice | .~ .~ L,,»i ymj ! o b
2 L - |-
| Ra0=1 Ra0=3 Ra0=10 | Ra0=100 | Ra0=1e3 I [!f' %
—_ Qi~nndi; catmta ~anmaralls 15 lt |
f O.LCduybldLUgUICIdlly O_IIIII\III|IIIJIIIII|IJ 1111 ||1rf Vv '
higher a_rh 0 10 20 30 40 50

Case

— — WESTFALISCHE # Deutsches Zentrum
WILHELMS-UNIVERSITAT DR firlufi und Baumfahri o/
I —

MinsTER -

n der Helmholtz-Gemeinschaft



Internal temperature fit with the rheological constant

=7 After Davaille 92; Grasset 98; Reese 99,05; Deschamps 99
-7 Confirms weak dependence of all three parameters
7 Choose higher a,, to get a less-eroded lid
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Structural analysis — Spherical Harmonics

7 Example case: Ra0=1, y=80
Temperature Velocity

Radius
Radius
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Structural analysis — Spherical Harmonics

7 Example case: Ra0=1, y=80

Temperature Velocity

Velocity middle
2@

7
i

ISO Temperature at 0.200
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Structural analysis — Spherical Harmonics

7 Example case: Ra0=1000, y=60
Temperature Velocity

Radius
Radius
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Structural analysis — Spherical Harmonics

7 Example case: Ra0=1000, y=60
Temperature Velocity

Temperature middle
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Rodiug

Radius

Mode Cycling

7 Cycling between low dominant modes for some mobile lid cases

7 Fluent transistions between quasi-steady (low-) modes
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Mode — Ra fit for the stagnant lid regime

=7 Dominant mode not suited
=7 Central mode provides better representation:
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Mode — Ra fit for the stagnant lid regime

=7 Jump function introduced to get continuous function
7 Regularized gamma funtion P

acts as jump function 300 7
b : E
w = P(a,Ra) m (ln(Ra) —In(a) + —) + Woin - ]
m . ~ i
20 F .
7 Three parameters: . I ]
o . O Z i
7 a: Transition to time- 2 :
dependent convection o 5 ]
7 b: Jump height <> ]
: : C o+ ]
7 m: slope in the time- T ]
denendent reaime - A ]
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=7 Derived through full inversion 10° 10° 107 10° 10°
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Mode — Ra fit for the stagnant lid regime

=7 Jump function introduced to get continuous function

7 Regularized gamma funtion P
acts as jump function
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Time dependent convection and its dependence on

the mode
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Velocity and its dependence on the mode

=7 Evident from correlation to Ra

-7 Different scaling between (quasi-)steady state and time dependent cases
=7 \Velocity increase stronger with additional pressure dependence
Temperature and pressure
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Conductive heat flow fraction

7 Introducing reduced boundary layer thickness o«

Boundary layer

7 Never reaches surface on mobile or isoviscous cases but centers around o,
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Omnipresent correlation of boundary layer depth to
the Nusselt number

-7 Correlation present for all cases, stagnant lid and mobile

7 Includes pressure dependent 1.0
cases marked as diamonds '

=7 Centers around reduced 0.81
boundary layer
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Boundary layer thickness scaling

=7 As predicted by boundary layer theory, for all mobile & isoviscous cases:

8.p~2 6y = Nu™?

7 For stagnant lid cases, the
layer thickness depends on
its depth and viscosity:
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Correlation between reduced BL
and Ra only in the time dependent
regime

7 BUT: fits pressure dep. cases as well

1 _
8y = 260 = 8y 5 8y, = Ray; ™™

=7 Resulting equation for the lid:

8, Fit

1
o) = & +§6:h — Opp

Reduced boundary layer thickness and the lid
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Boundary layer Rayleigh number

-7 Calculated the same way
as isoviscous Ra /T

7 Layer thickness used
as d g

Rag

7 Range similar to

Deschamps & Sotin 2000
1000 -

-7 Constant for time dependent i
convection with ~1193

Ra,=1000
Ro,=100
Rog=10

Ra,=1

120

Reato9 %o 110

7 Unclear for P-dependence

10° 107
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Lateral viscosity contrast

7 Approximately equal to radial contrast for mobile regime on T-dep. cases
=7 For T&P dep. cases, in the mobile regime, increased by the amount of Anp
7 For stagnant lid cases constant: T-dep. cases ~30, T&P-dep. cases ~100
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Transition to the stagnant lid regime

T-dep. cases
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Direct heat flow profile reconstruction

7 Regularized Gamma function P reconstructs heat flow profile
q(d) = q.(d) (1 - P({de,1)%)
7 Independent of regime or pressure dependent viscosity

7 Only 2.5 parameters required to reconstruct complete HF and T profile
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Incomplete (reqularized) Gamma function

=7 Jump function, like error function erf

I'(a) = f tele=t dt
0
X

v(a, x) = f ta-le=t dt
0

P(a,x) = ylgc(l;ly)c)

IGAMMA( o, 1 }d

11
erfz=m"2y (E,ZZ)
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Indirect fit

=7 Scale € and { from real input values Ra0 & y

-7 Unfortunately different regimes lead again to different parameters — no

,Unification®
1

e = 0.864y + 0.277 InRay — 2.54 { =433€Ra,®+4.8
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Temperature
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HFR expamples — TP mobile case
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HFR examples: complete failure on weak convection

Temperature

0.4

Depth
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Fit of internal temperature with HFR method

Direct Indirect
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Radius

Anomalies

=7 One case with too high viscosity contrast and without a stagnant lid

7 Confirmed in 2D with high resolution
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The Frank-Kamenetskil approximation

7 From chemical combustion theory: approximates :
Arrhenius laws to linear exponential laws ' o
[ " ngwm L L " II‘
7 Mixed definition of the DAFK parameter, sometimes just .?
y and sometimes y*Ti \ .
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