A general theory of thermo-
tamtpus&mmat adiabatic and
Aiababtic convection

DRE/MDS: P. Tremblin, T. Padioleau, P. Kestener, £. Audit
DEN/DANS/STMF: S. Koikh

DRF/IRFU/DAP: S. Fromang, P.-0. Lagage

Exeter/Lyon: 1. Baraffe, G. Chabrier, M. Phillips




- Brown dwarfs spectral sequence:

— 1300 K; log g: 5.0; f_,=2 (iron/sil)
— 1300 K; log g: 5.0; cloudless (iron/sil)




- Brown dwarfs spectral sequence:

or reduced
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- Brown dwarfs spectral sequence:

or reduced
T gradient?
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- What is in common bebween:

~

v | e
Convective svsﬁems but not adiaba
sub ject to:
- Energy exchange (latent heat, thermal diffusion,
radiative transfer)
- and/or compositional source terms (chemical
reactions, aamdemsa&iom/evaparaﬁmm, compositional
diffusion’

S

tic, Ehé’j are all




-~ What is adiabatic convection?
- Thermal adiabakic case

dlnd
ot

g = T(P,../P)7~Vr

-7V (Ing) =0



-~ What is adiabatic convection?
- Thermal adiabakic case
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-~ What is adiabatic convection?

- Tkermawtampas&wmat adiababiec case
0ln @

ot
1),4

ot

VV (hl 9) = 0 0 = T(Pref/P)(;/—l)/y
P = plk, T/ u(X)

- TV (X) =0



-~ What is adiabatic convection?

- Tkermcw&ampc}si%mmat adiababiec case
0ln @
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~ What is adiabatic convection?

- Tkermawtampas&mmat diabakic case
dlng e = H(X. T)
=— (Ing) = §= 7(P_ /P~

I
P = plk, T/ u(X)

X e 18
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~ What is adiabatic convection?

- Tkermowtampos%mmal diabaltic case

oln @ |
ot

b F (X

T
OX. el P = pk,T1u(X)
E + u VIX)=R(X,T)

- Unstable if: v, - v,,-v, >0
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or
(Vp= Voy—V,05 <0
with  wy = Ry + R (T;,01n py/0X)
and wj = Hy + Hy(Ty0n py/0X)™
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fingering convection
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and simulations from
Traxler ek al. 2011, Browi ek al, 2013

8 B e Garaud et al, 2015, Sev\gup&a &
Skerin 1960 Ulrich 1972 Craraud 201%




- Skeam/Liguid or moisk convection

Radiative
= Radiative-convective (adinbatic)

= Radiative-convective (moist)
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- Skeam/Liguid or moisk convection

(V= Voog — V05 <0
with R=Ra X T) andSiX =X )

con

0X,
V=V, 4 5 > 0
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oT Cp
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- S%e&m/&n u.ui or mons& aamva&%mm

(V= Va)og — V,05 < 0

with R =R X, T) and X=X (P,T)
=R condL/ ¢y
1 — py a;iiqL
V=V, 4 aX > 0
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= Thermoﬂeampasﬁamai diabakic
__colvection = | TR

Fingering Thermohaline

(Vs " V., )05 — Vﬂa)’T <3 1¥3
and a)é, — HT -+ HX(TOG In //tO/aX)—l

and probabiv Many More....



- CO/CH4 radiakive cownvecktion

(Vp— Va)oxy—V,0r <0
with R=-—(X— Xeg)!7

chem

and H = 4nk/ C, (J — 0T4)

Moist convecktion CO/CH4 radiative convection



- Greneralisation of mixing length theory

olnd _ — oT
- u V(lné’) = Wp——
ot Ty
-7V (X) = 00X

" (X) = wx

5X01n py/0X = 8T/T,



- Greneralisation of mixing length theory

olng _ . — 6T
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- Generalisation of mixing length theory

olnd _ — 5T
- u V(lné’) = Wp——
% I #pmol s
b 'V (Ing) =0
m:ﬁwm=%ﬂ ot

5X01n py/0X = 8T/T,

dln uy w;
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with Infd'=Inf-X

In0'=1n6 — XL/c,T for moist convection



- Generalisation of mixing length theory

Can define an adiabatic convective flux:

Fad o pcpwadTO( VT = Vad)

or
Can define a diabatic convective flux:

/ /

similar to the mass/flux convection
parametrization used for moist convection
ii (Arakawa & Lamb 19%1)



= Biﬁ?ur@a&am bebtween adiabatic and
diabakiec convection
- Boiling crisis in s%eam/tiqu&d conveckion

{ Nukiyama 1934




- Bifurcation between adiabakic and
diabakiec convection
- Boiling crisis i steam/liguid convection
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- Bifurcation between adiabakic and
diabatic convection

- L/T bransition in browvxmc&warnf spectra?
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- Bifurcation between adiabakic and
diabatic convection

- L/T tronsition it brown-dwarf

- Fyq = pegwaTo(Vp = Vag — Vi /wy)

- o= - F,,,J - pc,,wao(VT — V,d}

Convective Heat flux




= B%ur@a&om bebtween adiabatic and
diabatic convection

- L/T Eransition in browvxmc&waﬂ: spe&%ra?

- = Fq = peywaTo(Vr — Vag — Vywp/wy)

- o= - Fud - pc;,w,dTo(VT — V,_.,,J}
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- bebween adiabakic and
diabaltic convection

¥ bifurcation: thermohaline staircase

Fd — pCdeTo( VT T Vad = V,MKT/K,M)
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- Stratified compressible hydrodynamics

Numerical scheme, simulations and HPC
impi.emem&a&am
->» Thomas Padicleau

wikth S. Kolkkh CEA/DEN: numerical scheme
wilth P, Kestener CEA/MALs: HPC



- Stratified compressible hydrodynamics

(Z -V (W) =
@g? - V(puw W +P)=pg
agt% FV (W(pE + P)) = pe,HX, T)
i V (pXW) =pRX,T) |
> % — e+5bt2+¢



- Stratified compressible hydrodynamics

. Compressibdi@v/&Qmsarva%wm
© ﬁmi&e volume scheme
¢ co-localised variables

- Problems
¢ pOOT accuracy abt Llow Mach
o small timestep (dkt=dx/c)

¢ poor kjdras%a&t‘: balance



- Stratified compressible hydrodynamics

- Problems
¢ poor &tﬂuraaj ab Llow Mach

¢ poor kjdras%a&a atav\te



- Stratified compressible hydrodynamics
- All-regime solver: full scheme

4 d(pu,)
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- Stratified compressible hydrodynamics
- All-reqgime solver: full scheme

0 ou 0
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- Stratified compressible hydrodynamics
- All-regime solver: acoustic s{erp

op - ou, L
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- Stratified compressible hydrodynamics
- All-regime solver: acoustic s{ep
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- Stratified compressible hydrodynamics
- All-regime solver: acoustic s%ep
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- Stratified compressible hydrodynamics
- All-regime solver: acoustic s%ep

u,.+ u., .
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- Stratified compressible hvcirad%mamﬁas
—- All-reqgime solver: acoustic s ep
g TR
* et x,i+1
Uin = 5 2 (Miyy — 1T;)
II. + 11, a
* % il i+1
in = 5 5 (Ueis1 = Us)
foe * *
o Uiiin — YiZip “
At Am
1— * *
CA G -, =0
AV Am
1 *  TT* e
Rl Ui, = UZpl s g

AV Am



- Stratified compressible hydrodynamics
- All-regime solver: transport step

op op
— [t =
ot 0x
dpu dpu
i +u, g =i
ot 0x
0p& 0p&
i +u '0 = ()

ot *oox



- Stratified compressible hydrodynamics
- All-regime solver: transport step

op opu, ou,
il . — ()
ot 0x 0x
opu, opu? ou,
pPU, = ()
ot 0x 0x
0p& op&u ou
: i pE— =)

ot ox ox



- Stratified compressible hydrodynamics
- All-regime solver: transport step

pn+1 _pn+1— [pn+1—U*] o2 [U*] i

" . 0
At Ax Ax

u)™ — ()™ | Wow™ U U
At Ax 3 AXx
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- Stratified compressible hydrodynamics
- All-reqgime solver: full scheme

pn+1 o pn | [pn+1—U*] 410
e O
(pu)™ = (pu)" | [(u™*"U* + 7] _
AV | AXx
(B = (o) [&) 0 +TIEE
AV | Ax
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iil/z o 5 20 (Hi+1 i Hi)
Hi + Hi+1 d
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- Stratified compressible hydrodynamics
- All-reqgime solver: full scheme
- Exptiai&/ﬁxptw& scheme
- Impli&:i&/axpuu& scheme
- Low Mach correction

4 i ux,i + ux,i+1 | I nl
LT ) 24 ( i+1 i)
II. + 11 )
* i i+1
Hi+1/2 i ) ) (”x,i+1 %Y ”x,i)



Stratified compressible hydrodynamics

- conservakbive scheme: Sod best




- Stratified compressible hydrodynamics
- All-reqgime solver: full scheme
- Low Mach correction: Gresho vortex

Error in function of Ma (nx=256)
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- Stratified compressible hydrodynamics
- All-regime solver with gr&v&v
@ kj&ras%aéw balance ot cell cenkre

(puy™' = (pu) [y '~U* +I1*]
AV | AXx

— P

if there is initially no velocity
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- Stratified compressible hydrodynamics
- All-regime solver with gravity
- kjdrcws%a\&& balance ab interface

(pu)"* = (pu,)" | [(pu)"™'~U* + T*] R x| (Pi TPiy1 | Pit P ) g
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- Stratified compressible hydrodynamics

- hydrostatic balance ot interface




- Stratified compressible hydrodynamics
~ All-regime solver with gr&viﬁv
- Cohvective simulation
- Llow Mach correction

)
ShvphVecior Mognirude



- Stratified compressible hydrodynamics
~ All-regime solver with 91’&\/&&3
- Compressibm convective simulakion
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- Stratified compressible hydrodynamics
- All-regime solver with gr{wiﬁv
- Parallel HPC Imytemem&aﬁmm

Problem of For%ab&ti&v and Fe@.rﬁformav\te
Fra—babdi&j. 8!



- Stratified compressible hydrodynamics
- All-regime solver with gr{w&%v
- Parallel HPC Imgtemem&aﬁmm

Kokikos Library:
- Gt Li,grcw for per‘f. PorEo\de%j
- extracted ?rom Trilinos (Sandia)
- backend: OPQMM‘P, Pthreads, CUDA
- abstraction of memory space and
execution space



- Stratified compressible hydrodynamics
- All-regime solver with gr{wiﬁv
- Memory Laou&:

SOA: AOS:
Structures of Arrays Arrays of Structures

// 0Old matrix type:
- // typedef View<doublexx,Device> my_matrix ;

// Change matrix type to an 8x8 tiled layout.
typedef View< doublexx ,
' LayoutTileLeft<8,8> ,

Device > my_matrix ;




- Stratified compressible hydrodynamics

- Kolklkos kernel

struct InitView

{ 1 int main (int argc, char* argv[])
InitView(Kokkos: :View<double*[3]> a) b g

: m_a(a)

{} e
Kokkos::initialize(argc, argv);

KOKKOS_INLINE FUNCTION

void operator () (const int i) const

{
a(i, 0) = 1.0%i;
a(i, 1) = 1.0%ix*i;
a(i, 2) = 1.0*i*ixi;

}

Kokkos::View<double*[3]> view("View, name", 15);
Kokkos: :parallel_for(15, InitView(view));

Kokkos::finalize();

Kokkos: :View<double*[3]> m_a;

_ X




- Stratified compressible hydrodynamics

- Kolklkos kernel

Kokkos GPU performance
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- Stratified compressible hydrodynamics
~ All-regime solver with grav&j
- 3D cownvection

-




Stratified compressible hydrodynamics

- 2D conveckion: power spe&:&rum
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- Stratified compressible hydrodynamics
- All-regime solver with gravity
- 2D diabatic convection

dp =
E + V (pu) =)
agtu -—V(p?@ U+ P) = ) g
()gt% | V( u>(p%+P)) = pc,HX, T)

-V (pXW) = pRX, T)

opX
ot



- Stratified compressible hydrodynamics

- 2D diabatic convection
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- Cownclusions:

Convection theory can be extended bto include
any bype of source terms: diabalic convection
Mixing length theory can be extended to
describe the diabatic branch

Thermohaline, fingering, moist, steam/Lliquid,
CO/CH4 radiative convection all derive from
this diabatic brawnch

spatial and temporal bifurcations exist
bebween diabatic/adiabatic and nown-
convective &ramspor&s

Stratified all-regime compressible
hydrodynamic solvers can be developed with
HPC su,ppar?: to s&u,ci:j these cownvective
inskabilities



