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Magnetohydrodynamics of extreme parameters

MHD dynamo MHD turbulence

MHD technology




Space battle - “Solar-Dynamo" VS "Earth-Dynamo"




[locTpoeHne mogenn ConNHEYHOro u
NPOrHO3MpPOBaHME CONMHEYHOMN aKTUBHOCTU

Llenb paboTbl — BepuurumpoBatb
MOENN 3aMblKaHNSA YpaBHEHUN
cpenHero nons ana TypbyneHTHON
KOHBEKLMWN C UCMOSIb30BaHNEM JAaHHbIX
NPSIMOro YNCrIEHHOro MOAENUPOBAHNS
N 9KCNEPUMEHTA.

Radiative
Zone

[Mpoekt PH® OWN-21-72-20067 - AHann3 MeXaHM3MOB HEPEryNapHOro noBeaeHms
LMKNA MarHUTHOM akTMBHOCTM COMIHUA Ha OCHOBE YMCNEHHOIO M NabopaToOpPHOro
MOAENMPOBaHUS aHU30TPOMHOM KOHBEKTUBHOM TYpOYNEHTHOCTU 1 00paboTKu
HabnaeHUM

PacueTtbl Ha cynepkoMnbloTepax: «JloMmoHocoB-2» HUBL, MIY, «Ypau» UMM YpO PAH



Turbulent convection in horizontally extended cell

Evolution in time

Velocity streamlines in vertical plain
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Governing equations of MHD

KU+U-VU = pY(=VP+jxB)+rAU,

0B =V x (U x B) +nAB.
vV-U = 0.
vV-B = 0.

Dimensionless form

OU+U-VU-B-VB = —V(P+ B?/2)+Re AU,

B+U-VB—-B-VU = Rm 'AB,
Re = LU /v - Reynolds number
Rm = LU /n - magnetic Reynolds number

Pm = Rm/Re = v/n - magnetic Prandtl number



Conservation laws

npu v = 1 =0, ELH,.H, 10

H = / u-wdV - hydrodynamic helicity

H, = A -BdV - magnetic helicity (A is the
JV vector potential of the
magnetic field)
Hc — / u-BdV - Cross helicity
JV

E = / pu2/2+ B2/(2,u,)dV - Total energy
JV



Concepts of turbulence o
Richardson 1926
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Joint injection of energy, helicities
Ep
«— << H

c
Hb \E

E(k)

Stepanov R., Frick P., Mizeva l. /| Magnetohydrodynamics, 2013. V.49. N.1-2. P.15-21.



Separate injections of energy and magnetic
helicity

E(k)

E

K

«Magnetic bottleneck effect»

R. Stepanov, P. Frick, and |. Mizeva Joint inverse cascade of magnetic
energy and magnetic helicity in MHD turbulence // Astrophysical Journal
Letters, 798:L35, 2015.



http://en.lab4.icmm.ru/team-view/rodion/
http://en.lab4.icmm.ru/team-view/frick/
http://en.lab4.icmm.ru/team-view/mizeva/

Solving 2D MHD turbulence using TARANG (grid 40962)

Real space distributions of vorticity and current density
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«[arang» - psudo-spectral solver

C++ (Tarang'-?) [CPU]
C++ (Cuda) |[GPU]

Python (CuPy) [GPU]

« Object-oriented design

e General PDE solver ——» Fluid, MHD, Convection etc.

http://turbulencehub.org
WVerma et al., Pramana-J. Phys., 81, 617 (2013)
2Chatterjee et al., J. Parallel Distrib. Comput., 113, 77 (2018)



Incompressible Egns

velocity
folg Pressure Ext. Force

| |

du+(u-Vu=-Vp+vwWu+F

\ \dissipation

Non-linearity
V-u=0
Incompressibility



Nonlinear term computation:

iy (k)

IFFT
»

w ()

Ty

Mﬂlt ul(r)uj (r)
+ E
<« uju;

(pseudo-spectral)

Fourier transforms take around 80 % of total time.

Scalable Multi-node Fast Fourier Transform on GPUs
Manthan Verma et al., arXiv:2202.12756 (2022)

}

ported to GPU =




Classes ——\Vector field Scalar_field Pressure

l l l

Objects =—> U, W T P
P

Variables =—>VKk, nlin, force .. fk, nlin, force ..

l

GPU-FFT =——compute_nlin compute_force

Vo

compute_rhs

}

time_advance




SLAB decomposition

f(xy,2)

Grid: [le Ny, Nz] [(a)] Grid: [Nx' Ny/p'Nz /2 + 1])[(f)]

A
l Slab decompc()b.?ltlon Chunk transpose
&
f(x;}’; Z) Nx/P{ 1D FFT
N L : i i
Grid: [N /p, Ny, N,] [(b)] S _
x P ek
2D FFT I<§ y M Grid: [Ny, N, /p, N,/2 + 1])[(e)]
fx,k,, k) Cwg, g0 |
y Ry bz e N,/p P
Grid: [N, /p,N,,, N,/ 2 + 1] N %
E } . MPI Alltoall
|
l Slab transpose , -~ y r‘..’r MPI_Isend
z . s +
i) -l k)| MeT_Trecy

Grid: [N,, N, /p, N2 +1])()] ~ Packets/Chunlsforcomm gy [y /p,N, /p, N,/2 + 1])[(d)]



Codes Grid sizes Time

FFTK (Shaheen II) 15363,30723 42ms, 179 ms

GPU-FFT (128 GPU) 20483 74 ms

« For a pair of double-precision forward and backward transforms.
o FFTK runs using12288 processors on Cray XC 40 (Shaheen ).

e GPU-FFT runs on 128 A100 GPUs on Selene.

Selene supercomputer:
e 540 DGX boxes x 8 A100 GPU Shaheen |l, Cray XC40

cards/box,

« NVSwitch and NVLink « 196608 cores




Strong scaling

T_l p— pr

p = no. of GPUs,

o T e 10T a-- T = total time in ms for
O 20483 B 20483
i_ 40963 A 4096°

a pair of transforms

0.35+£0.05 0.34 +0.07

0.4940.06 0.48 +0.05

0.75+0.13 0.71 £0.11



Weak scaling

O 10243[SP]
O 20483[SP]

A 4096°[SP] E

® 10243[DP]
B 20483[DP]
A 40963[DP]

(p/N?) % 40963




1 CAl LAl Iv

timings
CPU

Grid size Single Core] Cuda-solver Cupy-solver

5123 ~ 3 days ~ 5 mins ~15 mins

1300 X 500 X

« 1000 time steps of hydro solver on single core CPU (Rome
Processor) and a single A100 GPU.



Scaling of TARANG on single GPU:
the timings (in secs) per step per grid point

(Grid sizel on A100 on V100 | on K40s |on RTX 309071

10242 134 x 1073149 x 107813 x 1077 53 x 1078

20482 |18 x 1078126 x 10°8[1.0x 1077 33 x 1078
4096° |1.47 x 107%]2.6 x 107°|1.1 x 1077 3.2x 107"
81922 [1.43 x 107%(3.0 x 1078 _ % 1078

Avallability NVLink and NVSwitch are
crucially important for multi-GPUs



Conclusions

« GPUs are key accelerators.

« They accelerate spectral solver many folds
(~1000).

« Welcome to use open-source code «TARANG»

http://turbulencehub.org



