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Stag3D: 1992-

1998 AGU monograph
1993 GRL

Tackley: 3-D Convection with Temperature-Dependent Viscosity

Compressible TALA

3D cartesian
2D cartesian, axisymmetric
or cylindrical

Figure CC



YIELDING CAN PRODUCE PLATE TECTONICS

Low yield stress: weak plates, diffuse deformation
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YIELDING CAN PRODUCE PLATE TECTONICS

Low yield stress: weak plates, diffuse deformation
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Yin grid

'Yin-Yang' grid
(Kageyama,
JAMSTEC ESC

® Orthogonal => Yang grid
simple finite-
differences
possible

® Overlapping
region (6% of
total)




Minimum overlap YY g

(b)

® Eliminates differing solutions in overlap
® Jagged boundaries of subgrids



Staggered grid primitive
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Truncated anelastic equations

Conservation of mass:

V-(pv)=0 , (D
momentum
V- O - Vp=Ra. i-p(caraT)/Aprhermal (2)
and energy
DT Di
C —=-DiapTv, +V*(kVT)+ pH+ —0:¢ 3
pCp - = =DigapTv, + ¥V *(RVT) + pH + = 40 & 3)

In cases where bulk chemistry is treated the following must also be satisfied:



Spherical stress divergences
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ieration procedure (velocity/
elol ure)
© Pointwise (~like Patankar's SIMPLER \
O Update x-velocitie

D Update y-velocities
o Update z-velocitie

D Update pressure to reduce adiv.V ’
® Cellwise (‘pressure coupled’)

oSolve pressure + 6 surrounding v.components
simultaneously

\\QC()r\\/erg@) pbefter but slower
oNot yet implemented in new versio




A subtlety occurs in the treatment of normal strain rates (hence normal stresses)
when density is spatially varying, i.e., for compressible cases. The divergence of velocity
1s then non-zero and the expressions for normal strain rate contain a —%V -y, If this is
calculated literally from the velocities, then instabilities can occur in an iterative solution

procedure, because V-v can be incorrectly very high or low during early iterations.

Thus, it 1s better to recognise that:

Ve(pr)=0=pV-v+v-Vp => V-yp=—= (8)

and use v Vp/p 1n the strain rate expressions instead of V - v, because velocities is more
reliable than gradients of velocity. This simply appears as an extra term in the calculation

of the finite-difference stencils.



Iterations: details

0',R9m0m
. . 0 _ Omom i—.Sjk
Velocity correction ov,_si =—0a,R” S, P
i—.5jk
Pressure correction . (yR;Z”f
(to reduce divergence) 6Pijk = -, Ry
oF,
Velocity update Bmom HROmom SR
0 i-.5jk i-.5jk i-.5jk
for pressure ov;_si = |0F _y; P .‘] +0F,, P : (&ve ‘ )
correction Pk ik i=Sjk




cont Omom
é,lek 0')Ri+ Sjk
0
07Vi+ Sjk é)Pljk

Omom
07Ri+ Sjk

0
0"\/’1._'_ Sjk

Calculation of dR/dP
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oP.

ijk
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)
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A quick examination of (JR" / JP) reveals that it scales as 1/viscosity, as follows. If /
represents grid spacing, then (JR"" / ) =1/h, (dR™" / dP) =1/h, and

(oR™™ / ov) =n/h*. Thus, the pressure correction in a cell can be approximated as
-nV - (py), which was what was used in the original cartesian version of this code (e.g.,

(Tackley, 1996))

‘pseudo-compressibility’ also gives 1/viscosity factor (Kameyama)
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® The for SMOooth i‘n residual on g? with 29
~ the spacing, then 4* spacing, 8* spacing efc.
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Multigrid cycles

2-grid E
@\% /@P 3 grid @\% ;
E E =
4-grid
S
E E E 2 E
’Y.—_ ] ’Y: 2

Figure 19.6.1.  Structure of multigrid cycles. S denotes smoothing, while E denotes exact solution
on the coarsest grid. Each descending line \ denotes restriction (R) and each ascending line / denotes
prolongation (P). The finest grid is at the top level of each diagram. For the V-cycles (v = 1) the E
step is replaced by one 2-grid iteration each time the number of grid levels is increased by one. For the
W-cycles (y = 2), each E step gets replaced by two 2-grid iterations.



FINIte-aifference Const VIS
Sotin & Parmentier 1994: Cartesiar

€ volume/diiterence, primitive variaple

‘ackley 1993 (compressiple
rompert&Hansen 1996: imy
Auth+Harder 1999: 2D, F
Albers 2000: FAS, mesh refinement
Hernlund+Tackley 2003: Cubed sphere (cor
Kameyama 2004: Cartesian, Earth Simulator
blet 2004: Cubed sphere
‘ackley 2006: Yin-yang sphei
® Finite-element, variable viscc
TERRA ‘ ):»! |, Isocahedral
93): Cartesian, rectangular

7972): Spherical, 38-sided elements




Paral :Al'lzm"r’pm

C (\er-%lcm or ngé

®YIn-Yang spnere 4
D2 blocks on different node(s) ‘ '

dEach block divided in 4 while maintaining
Simple communica 'ﬂ\

D [Nen decompose In radius
D Current version up 1o 64 cpL
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r P IS ~
bounaaries
® When updafing poir;ﬁ alf
cadge of subdomain, need

values on neignooring
sUbcomMains

.

® Hold coples of mese IO( c
UNIgle gh@ 0OoINTS™

® This minimizes #of
messages, because they
can e updated all at
once instead of Indivic
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Up to 1.2 billion unknowns on only 32 nodes (64 cpus)
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Figure 9.7.3 Coarse and fine grid cells.
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ROBUST 1o large viscosity
variations

® Case apove has 13+ orders of
magnitude toral, 6 orders Petween
adjacent cells



Geometries modelled
Change with single switch

full sphere regional spherical Cartesian -3D

Spherical axisymmetric




2D Spherical Annulus geometry
(Hernlund & Tackley, 2008)
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Figure 1: Comparison between the 2D approximations for rigid body translations on the surface
of a sphere (left) and a cylinder (right), with the circular 2D slice of interest indicated by dashed
lines. Arrows are shown to indicate a divergent motion such as that along a mid-ocean ridge
as well as convergent motion such as a subduction zone setting. In both cases, the angular
velocity vector & describing the 2D lateral motions in the slice is directed along the axes of the
coordinate systems if they are taken to be oriented perpendicular to the slice. The primary
difference between the two descriptions is that motions on a sphere are projected onto a surface
with two degrees of curvature, while a cylinder has only one degree of curvature.

Figure 2: Illustration of what is meant by the “virtual” thickness J/r of a 2D circular slice
through a 3D grid. In the constant thickness case (A), representative of a cylindrical model with
effective Jacobian J = r, the virtual thickness is constant everywhere. For a variable thickness in
the angular direction (B), representative of a spherical axi-symmetric grid with effective Jacobian
J = r?sin ¢, the virtual thickess depends on the angular location in the grid and the radius. In the
variable radial thickness case (C) with effective Jacobian J = r2, the virtual thickness increases
with distance from the center of the grid without any angular dependence.
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Table 1. Basal heated, 1soviscous convection

Ra Geometry <Nu>  ANUpeakpeak  <Vims™  A(Vims)pkpk
10" 3D 3.85 steady 42.3 0
annulus 4.18 steady 37.7 0
axisymmetric 4.01 steady 41.0 0
cylindrical 3.99 steady 35.6 0
10° 3D 7.27 0.5 160 11
annulus 7.39 0.3 160 14
axisymmetric 7.26 3.2 159 100
cylindrical 6.2 2.1 165 90
10° 3D 15.9 1.3 625 80
annulus 14.4 3.4 640 275
axisymmetric 13.7 6.0 520 500
cylindrical 14.4 5.5 613 460

Table 2. Basal heated, temperature-dependent viscosity convection

Ra 1/2 Ge Ometf}’ <Nu> ANu* peak-peak <Vrms> A(\/rms) pk-pk

10° 3D 6.30 0 405 5
annulus 5.71 0.1 463 90

axisymmetric 5.07 0.2 450 210

cylindrical 4.97 0.1 495 200

10° 3D 9.7 0 1804 100

annulus 10.1 0.1 1390 780

axisymmetric 10.45 0.1 1370 1040

cylindrical 10.4 0.1 1850 1200




Table 3. Internally heated, isoviscous convection

Ra Geometry <T> Vims™  A(Vims)pkpk

10” 3D 0.311 233 0
annulus 0.308 23.5 0
axisymmetric ~ 0.330 25.8 0
cylindrical 0.319 22.8 0
10° 3D 0322 605 7
annulus 0.349 78.5 36
axisymmetric ~ 0.357 87.0 65
cylindrical 0.384 77.0 75

10° 3D 0.337 180 10

annulus 0.350 265 160

axisymmetric  0.349 270 225

cylindrical 0.380 268 350

Table 4. Internally heated, temperature-dependent viscosity convection

Ra 1/2 Geometry <T> <\/vrms> A(\/rms)pk—pk
10° 3D 0.587 93 4
annulus 0.611 135 70
axisymmetric 0.610 142 95
cylindrical 0.623 148 90
10° 3D 0.665 565 65
annulus 0.667 575 300
axisymmetric 0.666 560 390

cylindrical 0.690 650 430
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Geoid & dynamic

topography

(me, Nakagawa &
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SElFEONsisteniidhcise ChENTESHAMINEIcogy.
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® Mantle rocks rrg\/&omplicoied ONAS
alagrams tnar are only Cruaely

’
composition, temperature, pressuig
ulate pnase assemmplage and '
resulting physical properties By minimization
of free energy using PERPLEX by J. Connolly.

‘© Integrate into large-scale dynamical
Simulations of thermo-chemical convectior
Ol planerts
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Numerical example: Thermo-
chemical with PERPLEX properties

Time = 4.5Gyrs after initial state

T-residuals (Red: +250K; Blue: -250K) C-isosurface (C=0.75)

Equatorial slice of C MORB

Equatorial slice of S-anomalies Fast
o0t o +4%

Q.03
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The usual benchmark tests
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15 years of progress

Volume 361 No. 6414 25 February 1993 $7.75

2008: laptop.,

1993: supercomputer, multigrid code

specftral code




Generation of
plate Tectonics

Hein van Heck & me,
GRL 2008




Henri Samuel:
Core formation (G3, 2008)

L ow th 2000K Low H:gh




Slab-CMB
Interaction
(me)




S-anomalies







Venus

M. Armann & me

» episodic “subduction”
» Thin crust
» Layer above CMB

Temperature Composition




Temperature Crust. thickness

black lines = Mars
il - after 1 billion years

Tobias Keller & me

green lines

1400
1200
1000

blue lines: Ra = 3e+6, no melting
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Summary of Stag
©Many geomeiries including spherical shell
using fhe yin-yanggrid

OEfficient & scalable multigria solver,
[rACers 1or Composiiion

®Large viscosity. cot
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Porqr‘r eter| ecl COf coolr
©Seli-contained — nao lilbraries except MPI
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