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Goal of this tutorial CIG s
e Learn to run a geodynamo model using Calypso
e Understand parameter files for Calypso

« Run a non-magnetic convection model

 Check scaling with changing Rayleigh number



What is Calypso?

® GeOdynamO mOdeI USing COMPUTATIONAL INFRASTRUCTURE FOR GEODYNAMICS (CIG)
spherical harmonics
transform and Finite Calypso
Difference method User Mana
— MPI / OpenMP s

parallelization
— Large flexibility
— Various output

Hiroaki Matsui
www.geodynamics.org

e More than 80 pages of
documentation



What can Calypso do? clg ===

for GEODYNAMICS

« Magnetohydrodynamics (MHD) simulation
in a rotating spherical shell
e Boussinesq fluid
e Double diffusive (temperature and composition)
e Thermal and compositional buoyancy
e Conductive or insulated inner core

e Thermal and compositional heterogeneity at
boundaries

e Data output
e Time history (Energies, Nusselt number)
e Field data in Cartesian coordinates for visualization



Governing equations for non-magnetic C|@M
rOtatlng ConVECtlon for GEODYNAMICS

« Momentum equation

- - Coriolis force
ou

5 F(uw-Vu| +2(Qxu) = —-VP+vViu—alg
« Energy equation

T
%t - (uw-V)T = kVT,
e Conservation of Mass
V-u = 0.

(2: Rotation of system  v: Kinetic viscosity

o: Thermal expansion k: Thermal diffusivity



Rotating spherical shell for geodynamo CIG s
Sl mau IathnS for GEODYNAMICS

Conductive fluid

Inner Core  Outer Core

Insulator




Spherical coordinate system CIG Fsmiae:
e r: Radial direction

e O: Meridional
direction

* @: Zonal direction
(Longitudinal)

Y e Domainis
discretized to
evaluate
nonlinear terms



Spherical harmonics Y;" CI@ e

for GEODYNAMICS

See http://mathworld.wolfram.com/SphericalHarmonic.html
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Truncation degree [,,qx ;


http://mathworld.wolfram.com/SphericalHarmonic.html

Contacts for Calypso CIG e

* Homepage

— http://geodynamics.org/cig/software/calypso/

* Mailing list
— cig-geodyn(@geodynamics.org
* Wiki

— http://wiki.geodynamics.org/software:calypso:start



http://geodynamics.org/cig/software/calypso/
http://wiki.geodynamics.org/software:calypso:start

Procedure of simulation CIG Fsmic:

for GEODYNAMICS

1. Preprocessing: Prepare spherical harmonics
index table

2. Run simulation

3. Postprocessing



Data for the tutorial CI@ et

for GEODYNAMICS

I.Open Terminal 2.$ cd tutorial/calypso

Tennh\ y
| 9 & @ cig@cig-VirtualBox: ~/tutorlal/calypso/ onvection _RaXXX
c1g@c19 -VirtualBox: ~$ 15

{aspeee Pt e P e Posi ;V«'-:vu5;33;4-=.,“1 reset_tutorial.sh tutorial
r——jﬂiCIQ@Clg VlrtualBox ~$ cd tutortal/calypso/
TR T~ VIt B UXT=71TUtTe . QO LVDSOS |

L)

' A 5

. = o > S NS
-‘.---«- Fs N r\—‘

'klg@CIQ VlrtuaIBox ~/tutor1a1/calypso$ cd Convectton RaXXX/ |
,’ TRtV tTr gt B ™™ Uty . VDS OTCoONveETTTUNn 'c":
1f average KE.gnu control MHD field ‘é‘ADME sph_1m23t36r48c_1

& average_Nu.gnu control_sph_shell gen_sph_grids jrestart sph_mhd
- cig@cig-VirtualBox:~/tutorial/calypso/Convection_ 'aXXXS l

3.$ cd Convection RaXXX



Check file list CI@ e

for GEODYNAMICS

Type $§ 1s

* Programs and input files are ready

Parameter files Empty folder for data output

cig@cig-VirtualBodh~/tutorial/calypso/Conve€tion RaX 3 $ s v
laverage_KE. gnUfﬁcontrol”MHD . gx__:w N j REARME [ ebh 1m23t36r48¢c 1]

Verage NU QnU ; control Sph Shelll jen_spl 'tc | restart * v D

v a v VE

—a

Script for Gnuplot programs



Procedure of simulation CIG smvae:

for GEODYNAMICS

1. Preprocessing: Prepare spherical harmonics
index table

—Command: $ ./gen sph grid
— Parameter file: control sph shell
2. Run simulation

3. Postprocessing

13



Start preprocessing program  C|G e

for GEODYNAMICS

1. Preprocessing: Prepare spherical harmonics index
table

— Command: $ ./gen sph grids
— Parameter file: control _sph_shell

average Nu gnu control sph shell gen_sph_ grlds reSﬁz,,

truncation degree 23

number of grid for f(r,t,p): 49

subdomain for f(r,t,p): |

subdomain for f(r,t,m): |

subdomain for f(r,Ll,m):

subdomain for spectr f(r,j): |

radial grid is written in radial_point.dat

Write ascii spectr modes file: sph 1lm23t36r48c_1/in.0.rlm
Write ascii gqrid file: sph lm23t36r48c 1/in.0.rtm




Start preparation program  C|G e

for GEODYNAMICS

Truncation ner | # Of meridional § # of radial grids

* Files are generated in sph ‘

(Directory name is specified in file

control sph shell)

Write ascii spectr modes file: sph_1lm23t36r48c_1/in.0.rj

Spherical modes and grids for domain ® is done.
Write asciil mesh file: sph_1m23t36r48c_1/in.0.gfm
FEM mesh for domain © is done.

t program is normally terminated
cig@cig-VirtualBox:~/tutorial/calypso/Convection_ RaXXX$ 1ls

average KE.gnu control_sph _shell radial point.dat sph_1m23t36r48c_1
average Nu.gnu field README sph_mhd

coALLOL--MHD gen--sph--grids restact
cig@cig-VirtualBox:~/tutorial/calypso/Convection RaXXX$ 1s sph_1m23t36r48c 1/
in.0.gfm 1n.0.rj in.0.rlm 1in.0.rtm 1in.0.rtp README

ciofcia-VictualBox:~/tutorial /calvnso/Convection RaXXXS ! 1>



Procedure of simulation CIG s

for GEODYNAMICS

1. Preprocessing: Prepare spherical harmonics index
table

2. Run simulation
— Command: $ mpirun -np 1 ./sph mhd
— Parameter file: control MHD

3. Postprocessing



Dimensionless numbers CIG i

for GEODYNAMICS

), Viscous diffusivity

Prandtl ber: Pr = — =
LGHLICHDL, OMALIOEL e S0 r  Thermal diffusivity

v Viscous diffusivity

Ek ber: B = -3
man numboer 0O7T,2 Coriolis force

agATL?>  Buoyancy

Rayleigh number: Ra = -
ayl€lgll NUINDEL: 4 VK Diffusivity




Model for tutorial CIG e

* You will perform simulation by changing Rayleigh
number

» Ra=7.0e4, 1.0e5, 2.0e5, 4.0e5, 8.0e5
* The other dimensionless number is fixed
e« Pr=1.0, E=1.0E-3 Conductive fluid
* Non-slip boundary
e u=0
e |sothermal condition
e T=1.0atICB
e T=0.0at CMB

Insulator



Expected scaling plot ClIG e

* You will perform simulation by changing Rayleigh
number

e Ra=7.0e4, 1.0e5, 2.0e5, 4.0e5, 8.0e5

* Obtain scaling law between kinetic energy
and Nusselt numper

1
Eri,, = 5 (Nu — 1) E?/3RaPr—?

> 1000 -
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Expected scaling plot ClIG e

» Details of the scaling law will be explained
iIn Bruce’s Lecture on this Friday

1
Eri,, = 5 (Nu — 1) E?/3RaPr—?

; X
10004~ =
S 1004 o_—
L |
o i
g w04 <
D *  Simulation
= 14 - —— Scaling | -
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10 Ra



Open Control_MHD CI@ s

for GEODYNAMICS

control_MHD (~/tutorial/calypso/Convection_RaXXX) - gedit

!_ POpen v mSave ;. =

control MHD X

egin MHD control
Define for files 111y

num_subdomain_ctl: number of subdomains
num_smp_ctl: number of smp processes

sph_file prefix: prefix of spherical transfoem grid
restart_file prefix: prefix of restart file

(Default: restart/rst.step#.domain#)
field file prefix: prefix of snapshot field data

(Default: out.step#.domain#.udt)

field file fmt ctl: data format for field files

begin data files def Lln Number
num_subdomain_ctl i 3

num_smp_ctl j L IS re |

sph_file_prefix 'sph_1m23t36r48c_1/in'

restart_file_prefix 'restart/rst’ p—

Fiald file nrefiv 'Fiald/ant' | q
PlainText + Tabwidth:8+ % Ln1,§ol1

o




143:
144:
145:
146:
147 :
148:
149:
150:

Parameter file format

‘L beoln dlmen51on1ess ctl
5§ array dimless_ctl 4 ]
Trdimiess . ctcel Pr
dim ess_ctl Ra
dimless ctl! E
dimless_ctl  r_o
[ eno arra ‘olm ess ctl

2 Parameter name

* (defined by program)

COMPUTATIONAL
'mw INFRASTRUCTURE
for GEODYNAMICS

1.0e+0
1.0E+5
1.0e-3
1.53846154e+0

i many parameters are defined with the same

[name] # of item’ block.

name, number of items Is defined by ‘array

) Parameter block is defined by ‘begin’ and ‘end’



Modification for control MHD C|@ e
» Perform simulation by changing Rayleigh number

« Ra =7.0e4, 1.0e5, 2.0e5, 4.0e5, 8.0e5

e |f Ra =8.0e5 is chosen, one more modification
IS required for the shorter time stepping

143: begin dimensionless_ctl

144: array dimless_ctl 4

145: dimless ctl Pr 1.0e+0

146: dimless_ctl Ra 2 1.0E+5

147 : dimless ctl E M 1.0e-3

148: dimless ctl r_o 1.53846154e+0
149: end array dimless_ctl

150: end dimensionless ctl

Change here!



Change time step length
for Ra = 8.0E5 Case

155:
156:
157:
158:!
159:
160:
161:
162:!
163:
164:
165:

begin time_step_ctl
1_step_init_ctl
1_step _finish_ctl

1 _step_check ctl
1 step_rst ctl
1 step_field ctl

dt_ctl
time_1nit ctl
end time_step_ctl

COMPUTATIONAL
» INFRASTRUCTURE
for GEODYNAMICS

» Change the total

number of time
steps to 8000

-». Change length of

time step to
1.0e-4



How to run MPI programs?

COMPUTATIONAL
INFRASTRUCTURE
for GEODYNAMICS

(i £)/=ph_hd)

Command to
invoke MP| program

Number of
Processes

Executable
file name




for GEODYNAMICS

Now, we use only one process CIG it

Command to Number of Executable
invoke MPIl program| | Processes file name

XA

>
fst
) < 3

26 ) 45




Start simulation CI@ s

for GEODYNAMICS

2. Run simulation

— Command: $ mpirun -np 1 ./

sph mhd
— Parameter file: control MHD

= in.0.gfm 1n.0.rj 1n.0.rlm 1in.O0.rtm 1in.0.rtp README
cig@cig-VirtualBox:~/tutorial/calypso/Convection_RaXXX$ mpirun -np 1 ./sph_mhd
Simulation start: PE. 0
6 Read ascii mesh file: sph 1m23t36r48c_1/in.0.gfm
Read ascii grid file: sph _1m23t36r48c_1/in.0.rtp
Read ascil spectr modes file: sph_1m23t36r48c_1/in.0.rj
Read ascii grid file: sph_1m23t36r48c_1/in.0.rtm
Read asciil spectr modes file: sph 1m23t36r48c_1/in.0.rlm
—

coefficient for velocity: 1.0000000000000000
coefficient for pressure: 1000.0000000000000
coefficient for viscous diffusion: 1.0000000000000000
coefficient for buoyancy: 64999.999935000007

/:

g -
[‘ nNe a1 A AMDO hUOVANCVY * NOOOCOOOOOOOOOOE




COMPUTATIONAL
INFRASTRUCTURE
for GEODYNAMICS

CIG

Input file for preprocessing
(control sph shell)

- MM

control_sph_shell (~/tutorial fcalypso/Convection_RaXXX) - gedit

. P open - Bsave M, : v I I8

control_MHD X control_sph_shell X

begin spherical shell ctl
begin data_files_def
num_subdomain _ctl 1
sph_file_prefix 'sph_1lm23t36r48c_1/1in’
end data_files_def

begin num_domain_ctl
array num_domain_sph_grid 2
num_domain sph grid radial 1 end
num_domain_sph_grid meridional 1 end
end array num _domain_sph grid

array num_domain_legendre 2
num_domain legendre radial 1 end
num_domain_legendre zonal 1 end
end array num_domain_legendre

array num_domain_spectr 1
num_domain_spectr modes 1 end
end array num_domain_spectr
end num_domain_ctl

hoanin mim nrid cnh

Tab Width: 8 ~ Ln1, Col1

Plain Text ~




Blocks for control_sph_shell CIG s

for GEODYNAMICS

: begin _spherical shell ctl
begin data_files_def

N =

) end data_files def

: | begin num_domain_ctl |

Spatlal reSOlUthﬂ 21: | end num_domain_ctl |
9. | ———————

23 begin num_grid_sph

5:
b:

33: end num_grid_sph
34: end spherical_shell ctl



Parallel computation with MPI C|G =it

for GEODYNAMICS

e Number of subdomain is
equal to MPI processes




- : COMPUTATIONAL
I e names - INFRASTRUCTURE
for GEODYNAMICS

# of MPI process

2: begin data files def

3: num subdomain ctl 1

4: sph file prefix  'sph Im31r48c 1/in’
5

: end data files def

File prefix for harmonics
indexing data

W §

cig@cig-vVirtualBox:~/tutorial/calypso/Convection_RaXXX$ ls,_,“,_&é\,,_,‘,”,
average KE.gnu control MHD field README ﬁSpthm23t3Qr48;”;T

average Nu.gnu control sph_shell gen_sph _grids restart sph _mhd
cig@cig-VirtualBox:~/tutorial/calypso/Convection_ RaXXX$ I




Definition of spatial resolution o e
-Horizontal direction-

24 truncation level ctl 23 | Truncation
253 ! degree  Imaa

26: ngrid meridonal ctl 36
27 : ngrid zonal ctl 72

[ =1
[ =2
[ =3



Definition of spatial resolution

-Horizontal direction- CIG
24 : truncation level ctl 23
25 ¢ 1 Number of
26: ngrid meridonal ctl 36 meridional grid Ny
27 : ngrid zonal ctl 7
Number of
zonal grid Ny

33



Definition of radial grid

30 num fluid grid ctl
31l: fluid core size ctl
32: ICB to CMB ratio ctl

Conductive fluid

7/
Insulator

Conductive solid or
iInsulator

4 8 «—tNumber of Layers

COMPUTATIONAL
INFRASTRUCTURE
for GEODYNAMICS

1.0
[Size of fluid shell I,

Ratio of inner core "¢

to whole shell T,




COMPUTATIONAL
INFRASTRUCTURE
for GEODYNAMICS

CIG

Parameter file for
simulation (control MHD)

0 S © control_MHD (~/tutorial/calypso_tutorial_V1.4/Convection_RaXXX) - gedit

control MHD X

Y N P R TR

B hegin MHD control
ad L 1111) Define for files !t

! num subdomain ctl: number of subdomains
! num smp ctl: number of smp processes

|

! sph file prefix: prefix of spherical transfoem grid
! restart file prefix: prefix of restart file

! (Default: restart/rst.step#.domaing)
! field file prefix: prefix of snapshot field data

! (Default: out.step#.domain#.udt)

|
|
|
|

field_file_fmt_ctl: data format for field files

BEBEEEEREEEEEEEE R R R R E R R R E R BB R R B R R R R B R R R R R B B R B R R EEEEEEEEEEEEE

begin data_files_def

num_subdomain_ctl 1
num_smp_ctl 2
|
sph_file_prefix 'sph_1lm23t36r48c_1/in’
restart_file_prefix ‘restart/rst'’
field file nrafiv 'Fiald/ant'

Plain Text ~ Tab Width: 8 ~ Ln1, Col1 INS




data_files_def ™. COMPUTATIONAL
File setti ng C I for GEODYNAMICS

17: begin data_files_def

18: num_subdomain_ctl 1

19: num_smp_ctl 2

20: !

21: sph_file prefix 'sph 1m23t36r48c_1/in’
22: restart_file prefix 'restart/rst'

23: field _file prefix 'field/out’

24: !

25: field file fmt ctl 'VTK'
26: end data_files def

cig@cig-VirtualBox:~/tutoria1/ca1yg§9}ﬁfnvgction_Raxxxsi15 eee—
average_KE.gnu control_MHD i field |} README  isph_Lm23t36r48c_1 |

average_Nu.gnu control_sph_shell “Geén Sph grids [restart }sp
cig@cig-VvirtualBox:~/tutorial/calypso/Convection_RaXXXS




Data definition CIG st
p hyS_Va I U eS_CtI for GEODYNAMICS

37: begin phys_values_ctl

38: array nod_value_ctl 4

39: nod _value_ctl Viz On Monitor_On
40: nod value ctl Viz On Monitor_On
41: nod value ctl Viz Off Monitor_On
42: nod value_ ctl

- Viz_On Monitor_On
43: end array nod_value_ o
44 : end phys_values_ctl /

Field data Time series

- output flag output flag

37



Choose of time integration
time_evo_ctl

COMPUTATIONAL
INFRASTRUCTURE
for GEODYNAMICS

50: begin time_evolution_ctl

51: array time_evo_ctl 2

52: time_evo_ct 1-
53: time_evo_ctl

54: end array time_evo_ctl &

55: end time _evolution ctl

Field for time interation

label field name Description
velocity Velocity Uu
temperature Temperature T
composition | Composition variation C
magnetic_field Magnetic field B




Boundary conditions CIG itiisss
bou nd d ry_COnd |t|0n for GEODYNAMICS

59: begin boundary_condition

60: array bc_temperature 2

61: ‘bc_temperature [ ICB |

62: ‘bc_temperature | CMB |

63: end array bc_temperature \ |

04:! \ ;

65: array bc_velocit 2 \ |

66: bc_velocity \ 10.000
67: bc_velocity \ 10.000
68: end array bc_velocity \ '

69: end boundary_condition

Place to be defined




Forcing terms

forces define C |@ for GEGDYNAMICS
75: begin forces_define
760 array force_ctl 2
77: force_ctl gravity
/8: force_ ctl Coriolis
79: end array force_ctd
80: end forces_define

Available forces

Label Field name Equation
Coriolis Coriolis force —2002 X u
Lorentz Lorentz force J x B
gravity Thermal buoyancy —arlg

Composite_gravity | Compositional buoyancy | —acCg




Governing equations
for rotating convection

Coriolis force

(u-V)u| +2E "2 xu) = —E 'VPH+IV*u+r 'RaPrTr
1 or - (w-V)T| = | PriVeT,
| Ot _
V-u = 0.
v % agATL?
P?" — E — ——— Ra, p—
K OL2’ KU

COMPUTATIONAL
» INFRASTRUCTURE
for GEODYNAMICS

Coefficients to be defined by the control file

41



Scaling for momentum equation o T
momentum (Cont’d)

for GEODYNAMICS

1 F(u-V)u| +2E7 2 xu) = E1VP—|—|72U |

125:
126:
127:
128:!
129:
130:
131:
132:
133:



Dimensionless numbers
dimensionless ctl

143: begin dimensionless_ctl
144: array dimless_ctl 4
145: dimless ctl [ E

146: dimless ctl | Pr

147 : dimless ctl | Ra

148: dimless_ctl{r_o
149: end array dimless_ct ig,

150: end dimensionless_ctl §

Name of humbers

* Name of parameters are arbitrary.

COMPUTATIONAL
» INFRASTRUCTURE
for GEODYNAMICS

1.0e-3
1.0e+0
1.0E+5
1.53846154e+0

Values

e Parameter names are case sensitive



Parameters for time integration
time_step ctl

155:
156:
157:
158: !
159:
160:
161:
162:!
163:
164 :
165:

begin time_step_ctl
1_step_1init ctl
1_step _finish ctl

1_step_check_ctl
1 _step_rst ctl
1 step_field ctl

dt_ctl
time_1nit_ctl
end time_step_ctl

COMPUTATIONAL
» INFRASTRUCTURE
for GEODYNAMICS

Time step to start
Time step to finish

Length of time step
Initial time



Parameters for time integration

tlme_Ste p_CtI C I@ for GEODYNAMICS
155: begin time_step_ctl _
156 i step_init_ctl 0 * |ncrement for time
157: i_step_finish_ctl 3000 sequence data
158: !
159: 1_step_check ctl 20
160: i_step_rst _ctl 2000 » |ncrement for
161: 1 step_field ctl 500 restarting data
162:!
163: dt_ctl 2.0e-4
164 : time init ctl 0.0e-8 * |Increment for field

165: end time_step_ctl data output



Time series data setting
sph monitor ctl

CIG e
181: begin sph_monitor_ctl
182: vo lume_average prefix
183:
184: !

185:  nusselt number prefix  'Nusselt’|
186: end sph_monitor_ctl

'sph_ave volume'

name Parallelization I/0
control_MHD Serial Input
[sph_prefix] . [domain#] .rj Distributed Input
[sph_prefix].[domain#] .rlm Distributed Input
[sph_prefix].[domain#] .rtm Distributed Input
[sph_prefix] . [domain#].rtp Distributed Input
[sph_prefix] . [domain#] .gfm Distributed Input
[boundary_data_name] Single Input
[rst_prefix]. [step#].[domain#] .fst Distributed | Input/Output

[vol_ave_prefix].dat

Single

Output

[picked_sph_prefix] .dat Single Output
[f1d_prefix] . [step#] . [domain#] . [extension] - Output

[layer_pwr_prefix]_l.dat Single Output
[layer_pwr_prefix]_m.dat Single Output
[layer_pwr_prefix]_lm.dat Single Output

[gauss_coef_prefix] .dat Single Output

46



COMPUTATIONAL
INFRASTRUCTURE
for GEODYNAMICS

Sing

47




Procedure of simulation CIG Fsmicui:

: for GEODYNAMICS

1. Preprocessing: Prepare spherical harmonics
index table

2. Run simulation

3. Postprocessing
— Check Scaling law by Gnuplot
— Visualization by Paraview



files after simulation CIG ispricin

for GEODYNAMICS

Field data Time sequence
for visualization data

timel step= 3940 time= 7.88000000t-01 I _kin = 5.84177111E+601
time} step= 3960 time= 7.9200Q000E-01 §& kin = 5.84177134E+01
time jstep= 3980 time= 7.96900000E-01 B kin = 5.84177157E+01
wrii- ascii data file: restart/[st.4.0.fst 1

time Htep= 4000 time-a; 00000OOOE-01 5.84177178E+01
Writé parallel VTK file: ld/out.8.pvtk

wr1t~;asc11 VTK file: fig d/out 8.0.vtk
cig@ciy-virtualBox:~/tuld /

average KE.gnu £ Nusselt.dat sphvmhdv
averagei Nu.gnu radtal_poxnt.dat ?;', ; ~ Vo LU hﬂﬁ___ﬁ;
controll MHD README sph_pwr_ volume l.dat
controljsph_shell restart sph_pwr_volume_lm dat

fleld iy sph_ave volume.dat sph pwr_volume m.dat

) lgen_sph Y{rids _ sph _1m23t36rd48c_1  time total.dat

'c1g@c1g VirtualBox: ~/tutorlal/calypso/Convectlon RaXXX$ s fteld/
out.1.0.vtk out.2.pvtk out.4.0.vtk out.5.pvtk out.7.0.vtk out.8.pvtk
out.1l.pvtk out.3.0.vtk out.4.pvtk out.6.0.vtk out.7.pvtk README
out 2.0.vtk out.3.pvtk out 5.0.vtk out.6. pvtk out.8.0.vtk

o T =yt i."-v"i‘ Ol La TaTvrrsoTTenvet (9]

gomailn spectr

oy

.

Eh-ma
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Data analysis by Gnuplot CIG mcnin:

 Mean square data consists of time
series data

 Make a line plot and take a time average
by Gnuplot



Which column should be used? C|G e

o) Time is In the 2nd column
(%) Nu at ICB is in the 3rd column
(e Nu at CMB is in the 4th column

out.2.0.vtk

out.3.pvtk

out.5.0.vtk

out.6.pvtk

out.8.0.vtk

cig@cig-VirtualBox:~/tutorial/calypso/Convection_RaXXX$S more Nusselt.dat
# Inner_radius, Outer_radius

1.538461538461538E+000

.20000000000000E - 002 |
11.60000000000000E - 002 |
2..00000000000000E - 002 /

. 40000000000000E - 002

.00201594246366E+000
.00619668098559E+000
.01430018065005E+000
.02607049869886E+000
PA1O0BBKK627AA4A9F +0MNO

.05968146246822E+000

.00213480315182E+000
.00743933682635E+000
.01432829581630E+000
.02032185400044E+000
| LO2587679487352F+000

.03149275995523E+000




COMPUTATIONAL

Obtain time averaged Nusselt number C|G irasucrut:

for GEODYNAMICS

 Run Gnuplot with “average Nu.gnu”

cig@cig-VirtualBox:~/tutorial/calypso tutorial V1.4/Convection RaXXX$S gnuplot av

erage_Nu.gnu

e Averaged Nusselt number is displayed on Terminal

rel. change during last iterat @& & Gnuplot (window id : 0)

degrees of freedom (FIT_NDF N PEHEe@aeaQa 1\ ?
rms of residuals (FIT_STIL

. . . 1.3 T T T T T T T
variance of residuals (reducec Average Nu CMB
. ‘Nusselt.dat’ using 2:4
Final set of parameters
T G b I CED D GHD GHD GHD D GHD GHD GHD GED GHD D WD D GHD G G G G 125 B T o . m
Average_Nu_CMB 1.24922 1
T 1.2 - -
correlation matrix of the fit
1.15 .
Averag
Average Nu CMB 1.000
4
1.1 - -
1.05 -
1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.820218, 1.03242 |



Which column should be used? C|@ #sicui:

for GEODYNAMICS

. Time is in the 2nd column
o Kinetic energy is in the 5th column

cig@cig-VirtualBox:~/tutorial/calypso/Convection_RaXXX$
cig@cig-VirtualBox:~/tutorial/calypso/Convection_RaXXX$S more sph_pwr_volume.dat
radial_layers, truncation

49 23

ICB id, CMB id
1 49
number of components
3 7

temperature vorticity po

L vorticity_tor . _vorticity
20 _$4.00000000000000E-008 1.79583422259195E+000 3.36798559698955E+000

;V,g,ﬁﬂf;fj 8150E+000 8.35965158490096E-002 4.79449697263297E+002 3.22878754
242708E+002 8.02328451506006E+002
40 7.99999999999999E-003 3.03586924148587E+000 5.87318860233336E+000
8.90905784381922E+000 8.34712341521374E-002 9.18593101631710E+002 5.31664744
513151E+002 1.45025785014486E+003




COMPUTATIONAL

Obtain time averaged kinetic energy C|G ismicrs:

for GEODYNAMICS

 Run Gnuplot with “average KE.gnu”
out.2.0.vtk out.3.pvtk out.5.0.vtk out.6.pvtk out.8.0.vtk 4

cig@cig-VirtualBox:~/tutorial/calypso tutorial V1.4/Convection RaXXX$S gnuplot a
erage KE.gnu

e Averaged kinetic energy is displayed on Terminal

Final set of parameters Asvmptotic Standard Frror

|s==s======s====s=ss==== ‘ O Gnuplot (window id : 0)

. . T = =
L Average KE 58.4174 s dEHE@aeaa |\ 7?
| ——— 80 T T T T T

I I
Average KE —
correlation matrix of the fit p 70 'sph_pwr_volume.dat' using 2:5

Averag
‘Average_KE 1.000 60 |- - -

50 |- .
40 |- -
30 | i
20 | .

10 -




Results CI@ i

ffffffffffffff

Ein = % (Nu—1) E*3Pr—2Ra 7’10 dj;;l;ff gifie;‘;i;
Ra E Nu £
7.0x10 15.9 .10 15.6
1.0x10 58.4 |.25 58.0
2.0x10 234.2 .57 266.2
4.0x10 820.5 2.24 1151.4

8.0xI0 26514 3.42 4483 .4

» Kinetic energy departs from the scaling
with the larger Ra.

e Need more resolution



Visualization by ParaView  CIG it

for GEODYNAMICS

Look a flow pattern aligned with rotation axis

» Open Parallel VTK data by paraview
out.[step#].pvtk
Field data for each subdomain are In
out.[step#].[domain#].vik

gen_sph grids sph 1m23t36r48c 1 time total. dat
cig@cig-VirtualBox: ~/tutorial/calypso/Conyecﬁlon RaxXx$ 1s field/
out.1.0.vtk out.2. ‘out.4.0.vtk }out.5.pvtk }out.7.0.vtk out.8.pvtk

out.1.pvtk out.3.0.vtk out“4ﬁpvtkf out.6.0.vtk out.7.pvtk README
out.2.0.vtk out.3.pvtk out.5.0.vtk out.6.pvtk out.8.0.vtk

cig@cig-vVirtualBox: ~/tutortal/calypso/Convectton Raxxxs l
num domailn spectr




Start ParaView CIG e

 Click ParaView Icon!!

6 1.18700172
82683872E+00
cig@cig-virt

sph_pwr_vol
cig@cig-virt




Open field data by Paraview C|G

- EEEIEECIE

K <l P

> P

e 5
——e

“* |

17|

" l'} {Representatnon

M

"
-

'
Pipclmej

builtin:

e —
-

Properties
propel

ApPY* || @ Res

l;;-‘ :1 re }\

== Properties

e —

= Display

Open File: (open multiple Files with <ctri><ey.)

Y 4 T »xa n-x
'-¢‘

'Y

Look in: | /home/cig/t"_torial/calypso

Grial_V1.4/Convection Raxxx/fidld/ |+ <

s 8

= orr

i Home

W putk
L out.1.pvtk
jout. 2.pvtk

| out.2.0.vtk
out.3.0.vtk
out.4.0.vtk
- out.5.0.vtk
out.6.0.vtk
out.7.0.vtk

File name: \ out.8.pvtk;

28 T

Files of type: LSupported Files (*.cml *.Flash *.flash *.boundary * hier | v J |

D) |

OK

Cancel

COMPUTATIONAL
INFRASTRUCTURE
for GEODYNAMICS

2 83

N '.'



COMPUTATIONAL

Choose z-component of vorticity CIG s

for GEODYNAMICS

B & & ovity MIE :- Surface - - D aﬂ 3 Gl ..(07 ..8 c;.. ';_‘? @ a
= . : e =
B900BVOEC 2O n R we s
Pipeline Browser @)X | Layout #1 X l + |
B builtin: AR ELR R E RS S S Y s mi8|0]Xx

!] Properties | Information |
Properties &)X

') Apply Reset & Delete ?

’ == Properties (out.8.pvtk) —
File Name |y ection_RaxXX/field/out.8.pvtk
= Display (UnstructuredGridRepresental
Representation syrface

Coloring
© vorticity v Z




COMPUTATIONAL

Look vorticity at a meridional section C|@G iwasmucrn

for GEODYNAMICS

V ' - PUSh “‘“Ce“ ‘ 2. PU"\ ux 'I P Iln 3 PUSh “ . pp.” '

' N W < “ 5 EL)-O c-(lg -8 b= = | & »
Pipeline Browser & X Layout #1 X l + ”
8 builtin: Bl [BTAl R ]E]E] =]D m|e|o]| x

@ ) out.8.pvtk

Properties | Infg |

s*Propediies

r_{- AD ,""v“ .'.!,7' “ Qe'ete

= Propertieg (Slicel)
J

Slice Type ¢ Plane .v|
% Show Pl
Origin .‘" 0 0
Normaill 0 0

} Jormal | Reset Bounds

Y Normal

Z Normal

Camera Normal I Center on Bounds

Crinkle slice




Choose vorticity-z (Again!l)  CI@ i

for GEODYNAMICS

ad L1l
Pipeline Browser @/X) | Layout #1x | +
B builtin: FIAEAERRIGIEY IS 3 rE A m, miB|0O| x
» ) out.8.pvtk
» IEEN

Properties I Information |

Properties & X
% Delete| 2
== Properties (Slicel) li
Slice Type Plane v |
% Show Plane
Origin |0 0 0
Normal |0.9150263 -0.402865./0.0206491
X Normal Reset Bounds

Y Normal




To look a different section... CIG s

for GEODYNAMICS

2. Pu‘h qu.Yn

l.nghere

B & & ovorticity MIE \v| | Surface D3 i3 28 & & a2 28z ’;@ >
ﬁ @ 6: C@j tﬂ 3 ‘Q) @ L/) \f)o .,,b"' = Q sk
Pipeline Browser NEX| | Layout #1 x P L
@ builtin: A FleEpAB AL R KRB =]2] mje|0|x

» P out.8.pvtk

ed - Slicel

Properties | Infop Ation |
o Froperties &)X
A leset ||| Delete| 2
= Properties (Slicel) |i
Slice Type Plane 1 v |

% Show Plane

Origin |0 0 0

Normal 0.9150263\-0.4028655 0.0206491
X Normal | Reset Bounds

v

Y Normal




If screen becomes white... C|@ esima

for GEODYNAMICS

\K )V .

i 9 W W R &= _
Pipeline Browser & X Layout #1 X

B builtin: B30 @A R R E] R E LWERE=RES
» ) out.8.pvtk

» EES

Properties | IpfSrmation
#  Properties & X

@ Reset | 3 Delete  ?

= Properties (Slicel)

Slice Type Plane |~

% Show Plane

gh«
4<{NSF$-

Virtualbox’s graphic emulation makes this problem:+



Pick z-component of vorticity CJG i

for GEODYNAMICS

B 2 o g ?2 8 KA>DPMEB W

- @ Solid Color | |~ |~ x C

~

Pipeline Browser &)%) | Layout #1 X l + |
builtin: CAESERR LGB a L3y

' . | @ B out.8.pvtk

R

' 2.Input name “w_z" . ‘

Properties | Information [

Properties

V 3. Select “VORTICITY-Z” N ] .

Result Array Naffie® o 2

vorticity Z

f ! M | Clear ( ) iHat | jHat
! ““ ”» _‘
f 4' Push APP.Y N sin cos tan abs sqrt

a3gin | acos | atan | ceil | floor

sin h | cosh | tanh | x"y exp

viv2 \ pag | norm | In | logl0

Cand - Vectors
4] <




Generate Isosurfaces CIG st

for GEODYNAMICS

|. Push contour - Pipeline Browser @)X | Lay

B builtin: E3
@ @ out.8.pvtk
@ B Calculatorl

4
Properties [ Information 1

™ Properties &X]
" Ap Reset || 3¢ Delete | 2
‘ Sea W

— proé ties (Contourl)

Contour By [ o 2

% Compute Normals




Set Isosurface parameteres  CI@ e

for GEODYNAMICS

|. Push “Add value” | | . 3 PushAppoy
2OQTD PO . Suggested values:

e Browser VIS’I‘-" L

B builtin: \ |'e ¢ Ra:lOO"' _501 50

» Pout8pvtk 1
» B Calculatorl

g Contourl

Properties #Information |
" Properties

PIST—. . . W———

Add Value

Add Range | L.

Delete



Set color for Isosurface CI@ et

for GEODYNAMICS

wa .. | © vorticity Surface Color Scale Editor

@ C‘: '@: ‘\Q e bo [:E O: Interpret values as: @ |Interval: atios| () Categories

Pipeline Browser 7 Log Scaling 1 _| Automatic Color Scaling

PX | Layout #1x | + |

R i P s - - Ll e . T
$ @ builtin: &% |30 |8 A ] < Jf Minimum |-100 Maximum | 100

> ; . G FREIrIerY

> 1 Choose Preset

@

Close

-~




Delete boundary layer CI@ e

for GEODYNAMICS

. |.Select “Contourl™ |

<7 | o vorticity

i' z |v| | Surface |~ X DJ e ;xx ﬁ-} [f;_‘ ‘_8
)‘ Cﬁ: tﬂ @ @ ;/) (;O [__j']‘t o® f“‘s" O S

v,

Pipeline Browser 8/ | Layout #1x | +

(B[R]0 [BIA] R B[]

. 4.5etr=143 |
TSP O——— roperties formation |

~ 5.Check “Inside | oy o spsee 2

Yip Aype -

™ /M sho phere

' 6. Push w ’;'t"-'(‘ Ce‘er » 0 0

wessmmnssmme?®  Radids [1.43

Reset Bou

|% Inside Out

1 »




COMPUTATIONAL
INFRASTRUCTURE
for GEODYNAMICS

MHD
?




Example for MHD dynamo  C|G s

for GEODYNAMICS

Go to MHD _example folder

cig@cig-VirtualBox:~/tutorial/calypso$ 1s
Convection_RaXXX MHD_example e
cig@cig- -VirtualBox: ~/tutorial/calypsoS$: cd MHD example/
cia@cia-VirtualBox:~/tutorial/calypso/MHAD exampLes LS

control_ MHD =control _sph_shell field README restart sph 1m31rd48rd48c_2
CLgECitg=vittualBox:~/tutorial/calypso/MHD_example$ I

|Example of control file|



ou

ot

oT

ot

(u-V)T

0B

Ot
V- -u

Governing Equations

COMPUTATIONAL
» INFRASTRUCTURE
for GEODYNAMICS

1 1
-=VP+ Vau — 2+ (2 x u)
Ra r 1
F—FE T — 4 B) x B,
E - " EPm (VX B) x
| ;, |
VT
Pr ’
1

%V2B VX(’UJXB),

V-BF0



49:
50:
51:
52:
53:
54:
55:
56:
57:
58:

Data definition
phys values ctl

begin phys_values_ctl
array nod_value_ctl

6

nod_value_ctl velocCity

nod_value_ctl temperature

nod_value_ctl pressure

nod value ctl vorticity

nod_value_ctl magnetic_field

nod value ctl current _density
end array nod_value_ctl

end phys _values_ctl

Field name

field data
output flag

Viz_0On
Viz_On
Viz_On
Viz_0On
Viz_0On
Viz On

COMPUTATIONAL
» INFRASTRUCTURE
for GEODYNAMICS

Monitor_On
Monitor_On
Monitor_On
Monitor _On
Monitor_On
Monitor On

?

Monitoring data
output flag



64 :
65:
60:
b/:
68:
69:
710:

Choose of time integration
time _evo_ctli

begin time_evolution_ctl
array time_evo _ctl 3
time_evo_ctl temperature
time_evo_ctl velocity
time_evo_ctl magnetic_tield

end array time_evo ctl ¢
end time_evolution ctl

Field for time integration

COMPUTATIONAL
» INFRASTRUCTURE
for GEODYNAMICS

label field name Description
velocity Velocity Uu
temperature Temperature T
composition | Composition variation C
magnetic_field Magnetic field B




Boundary conditions
boundary condition

COMPUTATIONAL
INFRASTRUCTURE
for GEODYNAMICS

74: begin boundary_condition
75: array bc_temperat

76 bc_temperature ICB

717: bc_temperature CMB

78: end array bc_tempe e

79:!

80: array bc_veloci

81: bc_velocity ICB 0.000
82: bc_velocity CMB 0.000
83: end array bc_ve

34: !

. 86: bc_magnetic_field ICB 0.000
- 87: bc_magnetic_field CMB 0.000
.88: __end array bc_magnetic_field |
89: end boundary_condition

Place to be defined




97/:
08:
99:
100:
101:
102:
103:

Forcing terms
forces define

begin forces_define

array force_ctl 3
force_ctl gravity
force ctl Coriolis
force ctl Lorentz

end array force ctl
end forces_define

List for forces

COMPUTATIONAL
» INFRASTRUCTURE
for GEODYNAMICS

Label Field name Equation
Coriolis Coriolis force —2002 X u
Lorentz Lorentz force J x B
gravity Thermal buoyancy —arlg

Composite_gravity | Compositional buoyancy | —acCg




ou

ot

oT

ot

(u-V)T

0B

Ot
V- -u

Governing Equations

COMPUTATIONAL
» INFRASTRUCTURE
for GEODYNAMICS

1 1
-=VP+ Vau — 2+ (2 x u)
Ra r 1
iy ) s B) x B,
E r " EPm (VX B) x
1
VT
Pr ’
1

%V2B VX(’UJXB),

V-BF0



Scaling for momentum equation Cle
momentum (Cont’d) '

for GEODYNAMICS

ou

e (u-V)u = —E 'VP+Viu—-2E""1(2xu)
Ra 1

| T'r - V xB)Xx B
- Erg | JDW@EC(: ) ’

170: array coef_4 Coriolis_ctl 2

171: coef_4 Coriolis ctl Two 1.0

172: coef_4 Coriolis ctl E -1.0

173: end array coef_4 Coriolis ctl

174: !

175: array coef_4 lLorentz_ctl 2

176: coef_4 Lorentz _ctl Pm -1.0

177 : coef_4 Lorentz _ctl E -1.0

178: end array coef_4 Lorentz_ctl
179: end momentum



COMPUTATIONAL

Scaling for magnetic induction C|G s

OB 1,

182: begin induction
183: array coef_4 magnetic_ctl 1

184: coef_4 magnetic_ctl One 1.0
185: end array coef_4 magnetic_ctl

186.: !

187: array coef_4 m diffuse ctl 1

188: coef_4 m _diffuse_ctl Pm -1.0
189: end array coef_4 m diffuse_ctl

190: !

191: array coef_4 induction_ctl 1

192: coef 4 induction_ctl One -1.0
193: end array coef_4 induction_ctl

194: end 1nduction



Dimensionless numbers C| f::.::‘;laa'at::z
dimensionless ctli '

for GEODYNAMICS

106: begin dimensionless_ctl
107 : array dimless _ctl 5
108: dimless _ctl Pr 1.0e-0
109: cimless_ctl mod_Ra 1.0E+2
110: dimless ctl E 1.0e-3
111: dimless ctl ,Pm 5.0e+0
112: dimless ctl/ r_o 1.53846154e+0
113: end array dimless_ctl
114: end dimensionl ss_ctl

Name of parameters Values

* Name of parameters are arbitrary.

 Same parameter names are used Iin
coefficients_citl



COMPUTATIONAL
» INFRASTRUCTURE
for GEODYNAMICS

Enjoy!!



Delete header and insert space In
the beginning of label

* % tail -n +8 sph_pwr_volume.dat |
sed -e 's/t_step/ t_step/g’ >
sph_pwr_volume.csv

t step time K ene pol K _ene tor K _ene temperature pressure
vorticity pol vorticity tor vorticity M ene pol M ene tor M ene
current density pol current density tor current density Lorentz work

buoyancy flux

= 0 DN O

A

5 2.50000000000000E-004 1.26868799936036E-001 3.89151176117312E-001

.16019976053348E-001 8.37240378379609E-002 2.87882823435135E+000 9.86686975519297E+001
.78615124115976E+001 1.26530209963527E+002 2.88644913094851E+000 3.17830080113554E+000
.06474993208405E+000 1.02956456982691E+002 3.74881891640869E+001 1.40444646146778E+002
.61481885954648E+007 9.01911785957379E+005

10 5.00000000000000E-004 6.08060955924017E-001 1.34833005116663E+000

.95639100709064E+000 8.37155261627966E-002 3.08165583167533E+000 2.64575310917710E+002
.00469814016078E+002 3.65045124933788E+002 2.88536695611089E+000 3.16660213693698E+000
.05196909304787E+000 1.03024858411853E+002 3.75526416948364E+001 1.40577500106689E+002
.58027270251743E+008 3.74865939636243E+006



