SO OIETTCE
AT THE EXASCALE

Turbulence at the exascale: application to
wind energy, green aviation, air quality
and net-zero combustion

mm UNIVERSITYOF  IMPERIAL Newcastle
University

¥ CAMBRIDGE W
University of
Southampton WARWICK &

THE UNIVERSITY OF WARWICK

Science and
Technology
Facilities Council




AT THE EXASCALE

AKKURT Semih
BEMPEDELIS Nikos
CHAKRABORTY Nilanjan
EMERSON David
FLYNN Toby

LAIZET Sylvain
LEMAIRE Sebastien
LONDHE Ashutosh
MAGRI Luca
MAHFOZE Omar
MAJUMDAR Dipanjan
MOULINEC Charles
MUDALIGE Gihan
OWENS Sam

OZALP Elise

Project members

BARTHOLOMEW Paul
PUSHPENDER Sharma
REGULY Istvan

ROLFO Stefano
SANDHAM Neil

CANT Stewart

VAN REEUWIJK Maarten
VISHNU Mohan

+many collaborators
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job (minimal investments in people in
the UK, no ExCALIBUR?2 yet)
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in turbulence we trust

* Prepare four finite-difference Computational Fluid Dynamics solvers for exascale systems

 Exascale-ready multi-physics coupling interfaces, Uncertainty Quantification, I/0 & Machine Learning tools

* Use of the Domain Specific Language library OPS and the 2DECOMP&FFT library for CPU and GPU capabilities
* Four use cases for a greener UK society (wind energy, green aviation, air quality & net-zero combustion)
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"Turbulence is the most important unsolved problem of classical physics”
Richard Feynman
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2DECOMP&FFT is a software framework written in modern Fortran to build ' mcvma El::'-c maﬁem
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large-scale parallel applications. Designed for applications using 3D
structured mesh and spatially implicit numerical algorithms. Fast Fourier -' 3 ‘
2D Decomposition Kernel

Transforms available. >

o Upd?ted capabilities with.GPU porting and :: B FF':I' intetace ,
hybrid OpenMP/MPI porting Ba00 i i i

* Enhanced experience for users 2DECOMPEFFT ig'?ﬁfgry FFTW  fog e

(mﬁm\l OP-DSL OPS is an API with associated libraries and preprocessors to generate parallel executables for
\Wé{'ﬂ applications on mulit-block structured meshes.

API
Python/FParser2
generator —> clang and fparser2 + Python Python + FParser2
and Jinja2 templates : both C/C++ and

Fortran APIs. Language

» agnostic Jinja2
OPS CIC++
API

commonIR
C/C++

application ‘ \

MPI + (CUDA Fortran/
OpenMP offload/
OpenMP)

Parallelization Templates for Fortran

CUDA Fortran
OpenMP ofﬂoad
OpenMP l

Parallelization Templates for C/C++

Fortran elemental Kernel
transformation

* OPS DSL developments: new robust code-

Fortran
parallel code

MPI + (CUDA/HIP
OpenMP offload/SYCL/
OpenMP)

HIP

OpenMP offload |—
SYCL
OpenMP

* New parallelization backends = C/C++:
HIP,SYCL, OpenMP Offload + MPI | Fortran
: OpenMP Offload C/C++ elemental Kernel

* Heavy dev on multi-precision capabilities Clanglbtooiing

C/C++
parallel code

Python + Clang
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* Flow with shocks
* Transition laminar-turbulence

* High-speed flows
2.0

1.5¢
1.0

0.5¢

Python-based modelling framework for
the compressible Navier-Stokes
equations targeting high speed flows

b Generate a
C code from

Python with

OpenSBLI

&

y

Translate to

parallel code
with OPS

Compile the

parallel code

.

Execute
on a target

architecture

* OPS with specific hardware backends, such as MPI/OpenMP for
execution on CPUs, and CUDA/OpenCL for execution on GPUs

* It has been ready for exascale for few years

* Addition and testing of various new features such as extracting
data on 2D/3D sub-domain, random stochastic forcing generator on
CPU and GPUs, automatic code generation for various precision

* Quick and smooth installation on various multi-CPU/GPU machines
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| Multi-physics microscale

AT THE EXASCALE
DALES modelling framework for
U outdoor urban environments

* Improved scaling/performance using 2DECOMP&FFT

* Higher-fidelity geometry representation with new IBM

* Robust preprocessing script to interlink STL triangles and fluid mesh
* Capability of simulating indoor-outdoor flow interaction

* Synthetic inflow turbulence generator

* Moving towards GPU capabilities via 2DECOMP&FFT

Flow over staggered array of cubes

Indoor-outdoor flow interaction

Determination of drag coefficient of trees

Air quality in urban street canyon

Flow over realistic urban-like obstacles

Diurnal cycle microclimate simulation - urban area
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Xcompact3d

in turbulence we trust

* New multi-backend approach
* NVIDIA GPUs and CPUs capabilities
* New tri-diagonal solver
* 1/0O via ADIOS2

speedup

ARCHER2 scaling results
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Modelling framework for
incompressible flows with a
wind farm simulator

ortran

Programming language

* Magnetohydrodynamic turbulence
Currently “playing”

with
Isambard 3 & * Turbulent wall-bounded flows

Marenostrum * Viscoelastic turbulence

* Turbulence with particles




| Modelling framework for

S EN GA+ compressible single and multi-

phase turbulent reacting flows

AT THE EXASCALE

* New approach based on OPS

* New version is ready with CPU and GPU
capabilities

* Performance optimisation

* Implementation of digital filtering method
for turbulent inflow generation [

* Chemistry pre-processing

* Combustion-based technologies (towards net zero)
* Turbulent reacting flows with chemical reactions

* Hydrogen-based simulations
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Xcompact3d

in turbulence we trust

S Transverse activities

The Askervein Hill project

BC from WRF
n /

Global Weather Effects
(1,000 km or more)

Mesoscale Processes
(~100 to 1,000 km)

Intraplant Flows
(~1 to 100 km)

“.. Turbine Dynamics
Y (~1mto1km)

Electric Systems
Dynamics




S Transverse activities

Quantum Information Processing (2024) 23325 PHYSICAL REVIEW A1 ]'n’ 012430 {2{:24]
https:/fdoiorg/10.1007/511128-024-04537-0

L Quantum algorithm for solving the advection equation using Hamiltonian simulation
Unsupervised random quantum networks for PDEs
Peter Brearley @ and Sylvain Laizet

Josh Dees'? . Antoine Jacquierz i Sylva in Laizet! Department of Aeronautics, Imperial College London, London SW7 2BX, United Kingdom

A New Variational Quantum Algorithm Based on
Lagrange Polynomial Encoding to Solve Partial SRR
Differential Equations

Computers & Fluids

Volume 268, 15 January 2024, 106108

Quantifying uncertainties in direct
numerical simulations of a turbulent
channel flow

Josephine Hunout!", , Sylvain Laizet!, and Lorenzo Iannuceil

Joseph O'Connor ® 2 B, Sylvain Laizet ®, Andrew Wynn °, Wouter Edeling ®, Peter V. Coveney ©

Consistent reduced-order modeling of turbulent flows

Problems \ International Journal of Heat and Fluid Flow
* System evolves in a high-dimensional space, but long-term dynamics converge to a lower-dimensional attractor. St volume 102, October 2023, 109155
¢ Traditional (=equation-based) stability analysis is not applicable to observations
e Computation involves sequential operations using large matrices FR3D: Three-dimensional flow
reconstruction and force estimation for
Encoder £ Latent I\Iumfold M Decoder D Unsteady ﬂOWS around extruded bluff
\ - Network Architecture bodies via conformal mapping aided
b ¢ Convolutional autoencoders (CAE) for convolutional autoencoders
', ) dimensionality reduction
i Girayhan Ozbay & ®, Sylvain Laize
v/ * Echo state networks (ESNs) for time series forecast LSty 28, hen i
RESEARCH ARTICLE | SEPTEMBER 06 2023
Outcomes

Libraries Reconstruction, forecasting, and stability of chaotic dynamics

* Methodology development (CAE-ESN) to analyse the stability of turbulent flows O h from partial data @&
in reduced models PYTO rC P

* Computational efficiency and scalability through GPU acceleration .
Available on GitHub: github.com/MagriLab/LatentStability

Elise Ozalp ©®: Georgios Margazoglou ® ; Luca Magri &
High-performance numerical computing and
large-scale machine learning on GPUs




What’s next

* We recently secured some funding: AT THE EXASCALE

* UKRI Grant: Towards a more sustainable High Performance Computing
sector: a hardware/software co-design proof-of-concept

* UKRI Grant: Real-time digital optimisation and decision making for energy
and transport systems

* ARCHER2 eCSE: Porting Xcompact3d to AMD GPUs

We are playing with EuroHPC supercomputers

We are waiting for the outcome of the UKRI CCP call

We are waiting for an EXCALIBUR 2 initiative

* We are waiting for a proper HPC infrastructure in the UK, investments in
people and a UK 10-year rolling strategy for large-scale compute (not Al
focused)
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Credits: Sebastien LEMAIRE & Andrew MOLE
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