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Pre-Exascale to Exascale Systems
Nek runs from laptop to large scale machines
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SUMMIT FRONTIER AURORA
TOP500 No. 1 (2012) No.1(2018) . No. 1 (2022) No. 3 (2025)
|
|
18,688 nodes 4,600 nodes : 9,408 nodes 10,624 nodes
X 1 MPI ranks X 6 MPI ranks : X 8 MPI ranks x 12 MPI ranks
P~ 18,000 P~27,600 ! P~ 75,000 P~120,000
NVIDIA Tesla K20X NVIDIA V100 GPU : AMD MI250X GCDs INTEL PVC Tiles
I
|
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J Nek5000/RS

d Governing Equations

1 Validation & Verification
J Large-Scale Simulations
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Spectral Element Discretization Background

Accurate fast simulations of physical systems governed by linear or nonlinear transport
Low-cost, stable, high-order spectral element discretizations

J Rapid convergence ~ eV, for local polynomial expansion order, N
(d Dominant (memory reference) cost is O(n), independent of N
d Performance enabled by fast, matrix-free operator evaluations via tensor contractions,
coupled with highly scalable multilevel solvers for elliptic problems. (e.g., pressure Poisson problem)

2D basis function, N=10 y‘ E=3 : N:4
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Spectral Element Discretization Background

* Cost dominated by iterative solver costs, proportional to

— iteration count

gt h o2l olalin — matrix-vector product + preconditioner cost
Brogdng Loy Qs N=4

* Locally-structured tensor-product forms:
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— minimal indirect addressing

Ul 0

— fast matrix-free operator evaluation

— low-cost local operator inversion via fast
diagonalization method (Lynch et al. '64)

N N N
3D representation: —u(x)lg. = u’(r)=) > > L(r)li(s)l(t)ug;
k=0 j=0 i=0
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Time Discretizations Background

Navier-Stokes + Energy Transport Nek5000/RS time advancement with semi-implicit scheme
ou 1 e kth-Order Time Advancement (k=1, 2, or 3)
— +u-Vu = -Vp+ —Vu+f ]
or VY P Re” ¥ — Advection step: 1 =advect(u"!,... u" ")
V-u = 0 — Pressure correction: 1 = i — AtVp”, where p" satisfies
oT I > m 1 )
EJru-VT—P—eVTJrq(X) Vop" = AtVu
op" n-u 1 i
_ _ , ]
5 = A7 Ren V XV x (;aju ) on 0f).
— Diffusion step: [—%VQu” -+ ﬁou”} = u (+ BCs).
e Pressure-Poisson step is intrinsically the stiffest substep—requires
multilevel preconditioning.
e Diffusion step yields 3 diagonally-dominant Helmholtz problems that are
readily solved with Jacobi-preconditioned CG.
U.S. DEPARTMENT OF OffICe Of
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Spectral Element Discretization Background

A For fixed cost (number of grid points, n), high-order methods minimize dispersion errors in
advection-dominated transport (e.g., turbulent flow, heat transfer, electromagnetics)

Gaussian pulse representing a wide range of -order compact
fi iff
wave lengths: ”ZI;eZg erenee

* Jlow-order approach can’t capture well the high - —_—

frequency modes and so there are wiggles after 0"-ord
long time traveling. jotiosd
spectral element
SE), n=120
* High-order approach can capture well and \ \t N

mitigated the dispersion error and no wiggles small problem

large problem

 For large (e.g., exascale) problems, dispersion error accumulates
- high spatial accuracy becomes important!
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High-Order is Good in Accuracy and Performance Background

[ Energy spectrum through extensive wall-modeled LES (Re=50M) for atmospheric boundary layer flows 12l
[ Performance comparisons: 2563 order-8 SE outperforms 5123 order-2 FV simulations
d 1/8 the number of gridpoints, 1/2 the number of timesteps, 2X performance per gridpoint =2 32X advantage

100 0 Strong Scaling on Summit
o 10° ¢ — T - —
“..Theory: k-5/3 Finite Volume (FV) 5123
1071 ., Spectral Element (SE) E) /
5123 2L, =5
£ 1024 § /
= 3 N
5 _ 2048 b :
g W 1077 Q10" 7
Q 3 @ _ SE: 2X faster
wn E = / _
> B = .
10— o
% L g —6— NekRS, n=512% |
S . ' —&— AMRWind, n=512° |]
10~° = —8— NekRS, n=1024°
o —8— AMRWind, n=1024>
= i —b— NekRS, n=2048° | |
1076 —b— AMRWind, n=2048" | ]
o 'si ulation using 60 GPUs/V100s on Summit Ideal i
Tracer particles: N. Lindquist (UTK), M. Min (ANL) i i i i il i i i
10~7 — — — 10° 10° 10
10 « {lf:rll?] 10 Number of Grid Points per GPU
low < Wave Number > high

[1] M. Min, M. Brazell, A. Tomboulides, M. Churchfield, P. Fischer, and M. Sprague. Towards exascale for wind energy simulations. Int. J. High Perf. Comp. Appl., 2024
[2] A. Tomboulides, M. Churchfield, P. Fischer, M. Sprague, and M. Min. Simulating Atmospheric Boundary Layer Turbulence, J. Atm. Science, in preparation.
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High-Order CFD Solver Nek5000/RS

d ASCR Applied Math Research supports algorithmic development deployed in the open-source
spectral element codes:

= Nek5000 - thermal fluids, CPU-based (Gordon Bell winner)
* NekRS - GPU-based follow-on to Nek5000, developed under ECP (Gordon Bell finalist)

 These codes are designed to run on the world’s fastest computers and have run on all of Mira
(> 1 M ranks), all of Summit ( > 27000 GPUs), all of Frontier ( > 70,000 GPUs), and most of
Aurora ( > 90,000 GPUs)

1 Algorithmic objective:
= Develop simulation codes that deliver accuracy, scalability, and speed

= Support > trillion grid point problems for multiphysics in complex domains

Office of
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Large-Scale NekRS Simulations Nek5000/RS

d Small modular reactor

J Molten salt reactor

d CHIMERA fusion systems

o

B
-
~

Small Modular Reactor (SMR):
61-pin wire wrap bundle with blockage
(E=4.4M, N=7, n=1.5B, P=480 V100s,
n/P=3.2M), 36K steps, Re=15000, 6hrs,
NekRS run, Elia Merzari (PSU/ANL)

UKAEA (UK Atomic Energy Authority) CHIMERA fusion system
conjugate heat transfer simulation

Turbulent flow in cooling system

NekRS runs on 72000 ranks on Frontier
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Large-Scale NekRS Simulations Nek5000/RS

Pebble-Bed Reactor Full-Core

1 Only 6 hours to compute a single flow-through on all of Summit

Q In Situ visualization by NekRS + ASCENT - 0.233 seconds per Navier-Stokes time step
n=98 billion grid points

4608 nodes 27648 V100 GPUs

E=98,782,067 elements, N=8
352,625 pebbles

u.s. DEPARTMENT OF | Office of [1] Min et al., Optimization of Full-core Reactor Simulations on Summit, SC22 (https://ieeexplore.ieee.org/document/10046048)
ENERGY | science [2] Lan et al., All-Hex Meshing Strategies For Densely Packed Spheres, The 29t International Meshing Roundtable, 2021 Argggﬂgﬁ



High-Order Simulations at Exascale Nek5000/RS

Full Core, Small Modular Reactor (SMR)
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17 x 17 rod bundle Ginainain
assembly '

Full Core

consisting of 37 of 17 x 17 rod buddle assembly

Example of fuel (mesh by E. Merzari and P. Fischer)
assembly

Example of Integral
Pressurized Water
Reactor

(8 BRSARTURIN BF Office of 1] Exascale Multiphysics Nuclear Reactor Simulations for Advanced Designs, 2023 ACM Gordon Bell Finalist Paper
ENERGY  scionce [1] Ex uitiphyst . imutat v 'ens, inat P Argﬂﬂﬂffﬂ&



High-Order Simulations at Exascale Nek5000/RS

E. Merzari, P. Fischer, Y. Lan, M. Min
Full Core, Small Modular Reactor (SMR)

2 1 1 1 ! E T T T T T T T T T
 Time per-step, 300B points, on bl ] o _

full Frontier with 72,000 GCDs 1! " ool |

O ~0.3-0.4 sec/step. 10} ¢ | | |
S { &

O With no GPU-direct, significant g %300 1
. . . @

reduction in network noise. a = . _ =il

O 390 GFLOPS/rank
— 28 PFLOPS total

100 -

10-—1 1 1 1 1 0 1 1 1 1 1
0 200 400 600 800 1000 0 1 2 3 4 5 6 7 8

Timestep Time per timestep (sec)

ENERGY Office of [1] Exascale Multiphysics Nuclear Reactor Simulations for Advanced Designs, 2023 ACM Gordon Bell Finalist Paper Argonne S
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High-Order Simulations at Exascale Nek5000/RS

Yu-Hsiang Lan (UIUC/ANL)

In-Situ Visualization!1]
M. Min, P. Fischer

d Elements in z: ~100 layers
E=10M, N=7, n=3.4B

Standard output: 944GB or 1.4TB
1200 nodes on Frontier, 4 hours

4 sets x 286 images, 100 steps

[ I e A

Each image: 9.5MB
100,000x reduction with in-situ

[1] V. Mateevitsi, M. Bode, N. Ferrier, P. Fischer, J. Henrik G obbert, J. A. Insley, Y. H. Lan, M. Min, et. al, Scaling Computational Fluid Dynamics: In Situ Visualization of NekRS using
SENSEI, Proceedings of the SC’'23 Workshops of The International Conference for High Performance Computing, Networking, Storage, and Analysis, 2023.
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Inductionless MHD Equations

magnetic field domain {2, = {2y U §2,

solid domain () ou )
> p(—+u.‘7u)=—Vp+pV2u+J><Bg+f in Qy,
(), fiuid domain ot
JxByg=0s(—Vo¢+uxBy) xBy inQy,
V-u=0 in Qy,
-V - (6"V¢) = -V - (u x Bp) in Qpp,
4
——— 2
Tw, X € s
Solid domain : £, o*(x) =
Fluid domain : Qy, 1, X € Q’f
Magnetic domain : £, = QpUQ,
o(x) = Ts, X € P = ﬁ‘ Here, u, p, and ¢ denote the velocity, pressure, and electric potential, respectively; p and p are the
o, xE€Q af fluid density and dynamic viscosity; and f represents a body force of non-electromagnetic origin.

U.S. DEPARTMENT OF Offlce Of
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Inductionless MHD in Nondimensional Form

Equations

magnetic field domain {2, = {2y U §2,

solid domain ().

{1 fluid domain

of, XEQf
Os
Top = —
af
Tw, X €
o*(x) =
1, XEQf

U.S. DEPARTMENT OF Office of

ENERGY Science

au* * %k * ok 1 * * * * *
o TW VW ==Vt 4 (V) U+ N (37 x Bj) + £,
J* x By = (—V*¢* + u* x Bfj) x B,
V*.-u" =0,
V" (0"V$") = —V" - (u” x BY),
V*-By=0
I T T T T T T T T T T T T T |
| UL o Ha? U‘BQL=
iRe = —, Ha = ByL,/—, N = = 91
: v pv Re pU |
|

Computational procedure

e Initialize the velocity and magnetic fields as (u*)? = (0,0,1) and (B*)? = (0,1,0) at

to = 0.

e Given the velocity field (u*)" at time ¢, = nAt, solve the Poisson equation for the electric

potential (¢*)".
e Compute the electric current density (J*)".
e Evaluate the Lorentz force (J*)™ x B}.

e Advance the Navier-Stokes equations to obtain (u*)"1.

All forcing terms are extrapolated in time for O(dt) accuracy.

Argonne &
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Full MHD Equations

ou

i vV2u + Vp = B- VB —1u- Vu, O Net result is two linear Stokes subproblems per timestep
V-u = 0, .v O Plus coupling by “advection-like” terms on right-hand-side
6B "Q 0..A
o V2B + Vg = B-Vu—u-VB O Domain for B is larger than domain for u
t ?
V-B = 0,

U.S. DEPARTMENT OF Office of
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Full MHD in Nondimensional Form

Equations

ou

E—szu-i-Vp = B-VB-—u-Vu,
V-u = 0,
E;—]?— ViB+Vqg = B-Vu—u-VB,
V-B = 0,
811* 1 2 *
——(V V*p* = rhs",
ot* Re( Jut VP =rhs
V*-u* =0,
oB* 1 .
ot — EV* . (O'*)_lv*B* + V*q* = ?"hSB y
V*.B* =
T oI |
: Re = — Rm = pugoUL, :
i o Ha? JBSL:
:Ha=BOL o N =" pUE

U.S. DEPARTMENT OF Office of

ENERGY Science

o O 0O DO

Net result is two linear Stokes subproblems per timestep

Plus coupling by “advection-like” terms on right-hand-side

Domain for B is larger than domain for u

Introduce the Elsasser variables to reduce computation
zt = u* + B*

The right-hand-side convection terms reduce to only two
nonlinear evaluations, rather than four:

u* = (2"+27)/2, B*=(z"-27)/2
rhs® = (rhs™ +rhs™)/2
rhs® = (rhs™ —rhs™)/2

rhst = —2z7 - V*zT,

rhs” = —2T - V*z2~,

Argonne &



MHD Parameters Equations

d Dimensional Quantities Applied magnetic field @ = 5T = 5kg/(A.s*) = 5(V.s/m?)
Duct half-width S5em = .056m
Mean velocity lm/s
Kinematic viscosity v 1.5e —Tm?/s |

Density p = 9300kg/m?

Magnetic permeability u =~ po=4710""Vs/(Am)
Electrical conductivity o 0.e5A4/Vm

Magnetic diffusivity  n (no)~ m?/s

(] Dimensionless Parameters
Hartmann number Ha = Re Ny
. L BE
Interaction parameter Ny = }TE‘-
Reynolds number Re = TL
Magnetic Reynolds number Rm = % = puoLU

U.S. DEPARTMENT OF Office of
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Shercliff Flows Validation & Verification

: - Analytic Solution |
10_1 | I"‘,:’!’-’;: I e, RSB R B VA LA ol ) ) : *N,l:'.m,,j ,Ell _Sgl—?lt\!gﬁfl f
. LS N S 4 - \ T 1
=
(]
e
a5} s
> 1073 |
S
. u
3]
=
@ 107"
8
3
10—7 -— ! | [
2 4 6 8
Polynomial degree NV
: oo * B (e - - — TN
— ; " Analytic Solution | {0 S = =~~~ Analytic Solution  {
10~ 4 o— Ha =10 HHAL S22 Numerical Solution | A~ ni
o : A R = e e 7 7 S W R 1§11 o
.4,3 i Ha _— 100 “‘.\‘..\\ \t \\» =4 - »v i ,, |' .,l
15 (V3 S PR !
&b
2] ;
§ 1073 |
3 B ‘ s
8
i
8 1075 ] \
8 \
. |
| ':I"[; i \
1(]—7 I | | W (L I

2 4 6 8
Polynomial degree N

A [1] Y. Guo, P. Fischer, M. Min, Spectral element simulation of liquid metal magnetohydrodynamics, arxiv-2410.00202, 2024
U.S. DEPARTMENT OF C o)
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Hunt Flows Validation & Verification

A —eo— Ha =10
= ) 0.08 - L8
g 102
_g 0.02 | 3
qa o -3 7 5 A
0.01 14 AR
E‘ 10_4 — f{ ‘ :~:~‘1
E u 0 0 :;-_,TI‘\ .. ;'«" :
8 1 . 1 e ‘L: | 1
=
107° |- | | |
2 4 6 8
Polynomial degree N
0.1 0.015
A —eo— Ha =10 0.01
- 0.05 - e 2 \
E + Ha =100 Q
)
= -3 = B
éo 10 @
- B
§ 107° 01 . 1 0015~ 1
3 o ¢ o5 T ¥ o O BE T :
J v * v x
1077+ | | = (a) Ha = 10 (b) Ha = 100

2 4 6 8
Polynomial degree N

A [1] Y. Guo, P. Fischer, M. Min, Spectral element simulation of liquid metal magnetohydrodynamics, arxiv-2410.00202, 2024
U.S. DEPARTMENT OF C o)
ENERGY scioroo [2] Y. Guo, P. Fischer, M. Min, Development of MHD for NekRS, ANL-23/62, 2023. Argggﬂg 6



Hartmann Flows Validation & Verification

 Velocity and magnetic field distribution for Hartmann flows strongly dependent on solid material properties

3 New feature is that NekRS- | — — —
I\'/IHD. supports m.agnetl.c . . |
field in surrounding solid ( )
J Subtle changes in material = — | :
. . . rw=1 rw=1 —
properties for solid give ‘ | .
dramatic changes in D - — s
solution (compare rows in =——— | ————— L =
the figures) e i — =1 = = ‘ =
(b) Ha =50 (c) Ha =100 (a) Ha =10 (b) Ha = 50 (¢) Ha =100
[1] Y. Guo, P. Fischer, M. Min, Spectral element simulation of liquid metal magnetohydrodynamics, arxiv-2410.00202, 2024
[2] Y. Guo, P. Fischer, M. Min, Development of MHD for NekRS, ANL-23/62, 2023.
EEEEEEEEEEEE Office of A rggﬂﬂﬁ,ﬁ
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Validation & Verification

Hartmann Flows

 Velocity and magnetic field distribution for Hartmann flows strongly dependent on solid material properties

J New feature is that NekRS-
MHD supports magnetic Vi N T AT
field in surrounding solid -1 @ @ w= 10°

1 Subtle changes in material

properties for solid give wel AN
dramatic changes in Q

solution (compare rows in

the figures) s | @ - .

(a) Ha =10 (b) Ha =50 (¢) Ha =100

(a) Ha =10 (b) Ha =50 (c) Ha =100

[1] Y. Guo, P. Fischer, M. Min, Spectral element simulation of liquid metal magnetohydrodynamics, arxiv-2410.00202, 2024
[2] Y. Guo, P. Fischer, M. Min, Development of MHD for NekRS, ANL-23/62, 2023.

Argonne &

EEEEEEEEEEEE Offlce Of
MATIONAL LABORATORY

EN ERGY Science



Square Duct with Constant B Validation & Verification
M. Min, P. Fischer, E. Cervi, T. Hua

1 Collaboration with NSE team (NekRS vs SAM) 1 Resolution: E=1024, N=6, n=EN3 = 221K
 Pressure drop profile in good agreement (E: # of elements, N: approximation order, n: total # of grid points)
1 0.2 seconds per timestep on Mac M1, 5000 steps

Pressure Gradient - Conducting Duct

8 . .
-@- Analytical B0
-8 NekRS P » —1* 1 1“'
7 # Periodic 18] (15
y s / EEN '
\ . : X
#
Applied magnetie field By = 5T = 5kg/(As%) = 5(V.a/m?) r 4 ]/
6 | Duct halt-widih L = Gem = 05m / 5
Mean velocity U = 1m/fs P
Kinematic viscosity ¥ = Lie—Tmi/s (p181) 7
_— p = 9300kg/m® (p.191) 7
E 5 ity g = o =4r10 TVs/(4Am) (p.13) 7
| nductivity & — 9.e54/Vin (p.101)
E netic diffusivity 5 = (pa)tmis 4 P "
o 7’
= y
/
N / U(m/s) B(T) Ha N
LS A 05 1 1076 94
0 3 3 7 0.5 3 3227 843
© & 05 5 5376 2341
3 1 1 1076 4.7
2 7.4 1 3 3227 421
> 1 5 5376 1171
. 3 1 1076 1.6
1] "4 3 3 3227 140
'5/ 3 5 5376 39.0
o® !
0 10 20 30 40 50 60 70

sigma*U*B? (MPa/m)

velocity field | Magnetic field magnitude
U=1m/s, B=1T
Ha= 1076, Re= 247,256
ENERGY Cfceo Argonne &

Science MATIONAL LABORATORY



Round Duct with Varying B Validation & Verification

T M. Min, P. Fischer, E. Cervi, T. Hua

ISR R RV

M In the fringing region, velocity accelerates near the side
wall, core velocity towards to zero

1 Velocity and pressure profiles with a cross section on x-
z; X isin [-15,10]

velocity

z_velocity
-9.8e-02 2 3 4 5 67.1e+00
oo

pressure
pressure
-7.5e+01 200 400 600 8001.0e+03
| o——

EEEEEEEEEEEE Offlce Of
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Round Duct with Varying B

Validation & Verification

Flound Duct: T1 & T2 (data + fitted functiona)

(|
o

y SEM mesh
E = 3648 (B), 2496 (u)
z'\ / X N=6
n=787,968
Parameter Round
a (cm) 5.41 (radius)
c 0.03
B (T) 2.08/0.97
U (cm/s) 27.9/7.0
Ha 6640 / 3070
N 1.1E4 / 606

U.S. DEPARTMENT OF Office of

ENERGY Science

Velgcity (Ha=6200, N=10400)
]

0

® experiment
——SAM
——Nek L3

Velocity (bottom), z

Axial Pressure Gradient, z = -1, dp/dx

' . -{-#- e -c_ I-'I.'I"O_I'I‘i". o

® experiment
O SAM
—— ek "

-0.01
-15

-10 -5 0 5 10

=0.9

Velocity (top), z

M. Min, P. Fischer, E. Cervi, T. Hua

Pressure
D.B‘ 1 1 1 1 1
——Nek: p=(x, z=0)
0.5 1 - = Nek: p=(x, z=-1)| L
0.4+ &
0.34 E
=]
0.2+ &
0.1 E
0 el
'0.1 I L 1 T 1
-20 -15 -10 -5 0 5 10
X
5 al'gaverse Pressure Difference, p(x,z=-1)-p(x,z=0)
® experiment
O SAM '.%
——Nek

o

A

0 5 10
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Transitional MHD Flow Validation & Verification
P. Fischer, R. Eardley-Brunt, Y.H. Lan, M. Min

 Ting-Walker vortices in transient Hunt flow at Re=500,
Ha=100, per [Braiden et al., 2016].

= Periodic domain [-1,1] x [-1,1] x [0,87x], (L=1)

= |nitial condition u, = ¢ (1-x°)(1-y®) such that mean
axial velocity is U=1 (perturbation from truncation
error)

= Applied field in the vertical y-direction

= E=16x16x 128 elements of order N=6 or 8

J Weak TW vortices form on the side walls at time
t ~ 20 L/ U using inductionless formulation

 Similar forms appear for the full induction equations,
but are unstable around t=50 (under investigation).

U.S. DEPARTMENT OF Office Of
ENERGY JMeco Argonne &



ITER Fusion System, WCLL TBM Design Large-Scale MHD

ITER (International Thermonuclear Experimental Reactor)
WCLL (Water-Cooled Lithium-Lead)
TBM (Test Blanket Module)

UKAEA geometry, _
CAD image by Victor Mateevitsi, ANL

Breeding blanket unit (liquid metal + water pipes components)

Blanket cover the core plasma

Facilitate heat transfer and thermal insulation

Convert heat into usable energy

Protect structural components from neutron irradiation

Breed tritium

DOoO000

U.S. DEPARTMENT OF Office Of
ENERGY SMeee Argonne &



Fusion Blanket Components Large-Scale MHD

Q Breeding blanket with two components
L Nek5000/RS MHD solver for the study of the behavior of conducting fluids in the presence of magnetic fields
L The interaction between magnetic field and the fluid: impact heat transfer rates, flow patterns and thermal efficiency

~_first wall

outlet ﬂc;;rv v water cooling pipes

inl:tb:l'oi; (a) Liguid metal manifolds (b) water pipes
Nek5000/RS simulations Nek5000/RS simulations
Fluid + Heat + MHD Fluid-only
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Fusion Blanket Components (Water Cooling) Large-Scale MHD

d Blankets: water simulations (Re=1,000,000) on complex geometries
J E=669,035,904 elements for piping systems and E= 1,262,774,048 in the solid, (total E=1.9B), N=7, n=661B

(d Aurora 8000 nodes (8000x12= 96000 tiles), Frontier 9000 nodes (9000x8=72000 GCDs)
J First demonstration of scalable high-order MHD
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NekRS MHD Solver, Simulation Capabilities Large-Scale MHD

O PbLi simulation (volume rendering), velocity throughout the WCLL TBM
O Velocity profiles in cross-sections
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vertical
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NekRS MHD Solver, Simulation Capabilities Large-Scale MHD

O PbLi simulation (volume rendering), velocity throughout the WCLL TBM
O Velocity profiles in cross-sections
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NekRS MHD Simulation on Frontier/Aurora Large-Scale MHD

MHD Off

When the external magnetic field is turned on at time zero the flow in this complex domain quickly laminarizes
(Ha= 5200 and Re=6000 ).




NekRS Scaling on Frontier & Aurora

10

timings per step (sec)

10"

U.S. DEPARTMENT OF

10°

4
p

2

4

e B

pa—

3

2 NekRS on Aurora vs. Frontier, E=1.9B, N=7, n=661B

\
" . »
’N—"‘W.*w'—vw- A P ———
»

f ; | .
?", g;p'«' N~~~ mﬁw ' e — —

Frontier 9000 nodes, n/P= 9.1M |
Aurora 6000 nodes, n/P=9.1M |]
Aurora 8000 nodes, n/P= 6.8M

!

T B e e ey

~

L ' A

Office of

ENERGY Science

100 200 300 400
timesteps

(a)

[1] M. Min, et.al, Exascale MHD Simulations for Liquid Metal Fusion Blankets, under revision, 2026.
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Conclusions

1 Ongoing work effort to extend NekRS high-order convergence and scalable functionality to MHD

Currently support both full MHD and inductionless MHD

=  Supporting fluid and solid domains

= Validation & Verification effort in progress

= Developing and testing on boundary conditions for full MHD

= Scalability inherited from NekRS framework
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