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High-Performance Biomass Furnace Simulation
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 CFD-DEM volume coupling

* Co-located partitioning

e Simulation approach and results
Cloud-based Workflow for the Industry

e Seamless integration in HPC
Coupling with more Flexibility

* Using the preCICE coupling library
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Parallel Coupling for
Biomass Furnace Simulation

* CFD-DEM Volume Coupling

* Co-located Partitioning

----------------------
___________________

41010 o

----------------------

UNIVERSITE DU
LUXEMBOURG

X. Besseron Toward HPC Multi-Physics Coupled Simulations for the Industry with XDEM M2P 2023 3



Combustion process in a biomass furnace

Biomass combustion (e.g. wood chips)
* widely used for generating electric and thermal energy .
* renewable and potentially carbon-neutral energy source %

Combustion chamber of a biomass furnace
« forward acting grate
* transports the fuel through the furnace

The fuel undergoes a number of steps
e drying, pyrolysis, char burning, cooling in which it
releases hydrocarbons
* hydrocarbons are burned in the gas phase

Use numerical simulations
» to study efficiency and performance
Primary Air (PA) W

* and reduce the costs of experiments
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Numerical Approach for Biomass Furnace:

Multi-Physics Simulation

Two-way coupling between Discrete Element Method (DEM)
and Computational Fluid Dynamics (CFD)

XDEM (Lagrangian) for:
* Motion and collisions of biomass particles
* Conversion of biomass particles
OpenFOAM (Eulerian) for:
* Flow of gas phase
* Reactions in the gas phase

N3Ad < d4dD

CFD-DEM coupling is required to capture the physics of
biomass furnaces and offers unprecedented insight.

Interactions

2articles
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CFD-DEM Parallel Coupling: Challenges

OpenFOAM XDEM
@@ Challenges in CFD-XDEM parallel coupling
% O e Combine different independent software
e * Volume coupling
__CFD Domain _ = Large amount of data to exchange
DEM Domain e Different distributions of computation and data
@ @ O e DEM data distribution is dynamic
AT S W e Data interpolation between meshes

Y @OQO

UNIVERSITE DU

The domains overlap in space
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CFD-DEM Parallel Coupling: Challenges

Classical Approach: the domains are partitioned independently

1' 3' ¢ —
CFD Domain ~“DEM Domain
2l 4I

Complex pattern and large volume of communication

X. Besseron

Toward HPC Multi-Physics Coupled Simulations for the Industry with XDEM

UNIVERSITE DU
LUXEMBOURG

M2P 2023

7



Co-located Partitioning Strategy
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High Performance
Biomass Furnace Simulation

Simulation approach and results
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Volume Coupling for Biomass Furnace Simulation
Momentum, Heat and Mass transfer

 CFDtoDEM

* Fluid velocity, density, dynamic viscosity
* Pressure Gradient
* Temperature
—— * Thermal conductivity
e * Specific heat
* Diffusivity

Species mass fraction (CH4, CO2, CO,
H2, H20, N2, O2, Tar)

* Porosity
* Momentum source

UNIVERSITE DU

Vit o 1750} 2 ‘ (acceleration, omega)
) . * Heat source . .
Fluid phase in OpenFOAM » Mass sources (CH4, CO2, Particles in XDEM
~ CO,H2,H20, N2, 02, Tar)
 DEMtoCFD ni.
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Parallelization approach for Biomass Furnace Simulation

XDEM parallelized with OpenMP

OpenFOAM parallelized with MPI

d —_ / R
Thread 0 Thread 2
Rank 3 <
Thread 1 Thread 3
Rank 2 |
k|
Rank 1 !
Rank O ' CFD.'DE“
Cpupling on &
~asingle proc

A >

Overlapping domains are co-located = No inter-partition inter-physics communication
= Fast intra-partition inter-physics data exchange

Solvers linked as one executable
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Biomass Furnace Setup

based on an experimental furnace at Enerstena UAB in Lithuania

Furnace
 Dimensions of 2.51m x 1.14m x 2.07m (Lx W x H)
* Top exhaust pipe of 0.6m diameter
* 6 primary air inlets from the bottom
* 11 secondary air inlets on each side
* 1 tertiary air inlet on the exhaust pipe

Grates
e 8 static grates and
* 6 moving grates with an
* average slope of 7.5 degrees

00e+00 0001 0002  00035H
|

Fuel bed
e Initial fuel bed heigh is 10cm
*  Wood particles of 3cm diameter with 40% humidity  CFD mesh with 60,001 cells

* Injected at the top side of the grates at a rate of 439kg/h * 9,141 particles initially

UNIVERSITE DU
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Performance measurements were performed on the Barbora cluster of the IT4Innovations HPC platform.
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Biomass Furnace simulation using XDEM+OpenFOAM
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. . Simulation Progress
Simulation progress Computation Type (right axis)
(left axis) — Progress

[s] owi] pereinwis

200 -
- T - 1500
)
[b] -
2e 150
8 -1000
Sh
£%
23 -500
o £ °0-
Ow
0- -0
0 50000 100000 150000 200000
Wall Time [s]

» At 445s of simulated time, lighting-up of the furnace
* Around 1125s, furnace reaches the steady state (all hot gases are burning)

= Dynamics and coupling-aware load-balancing approaches required . |
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Cloud-based Workflow for the Industry

Seamless integration in HPC

Average particle composition over the bed length

3519 ! === Organic matter
h Water
== Ash
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Obijective: a simple user workflow
) P C|oudiQ'Q'
Facturing {}

https://www.cloudifacturing.eu

From the spreadsheet
to the report
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How to much input is required? i :
Furnace and grate design . | % )
* parametrised with a few numbers S
* geometry is generated automatically hi e
Fuel / Wood chip g e

* characterised by ultimate analysis
* thermo-physical values obtained from standard experiments

Air inlets
* can be placed at any position
* require the full composition when recirculation is used

— A few hundred degrees of freedom!
* Designing and implementing a web interface was out of scope

o
=3
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Spreadsheet Input File
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Job submission

Biomass Furnace Simulation Workflow

Welcome! This workflow takes an Excel file that contains the input parameters of a
bio mass furnace simulation. The simulation uses XDEM (discrete particles) and
foam-extend (computational fluid dynamics). It automatically generates all necessary
inputs (geometry, mesh, input files) and returns a report for download.

Workflow steps

1. Select input Excel file
2. Perform simulation
3. Download results

Step 1: Excel-file selection

Select the Excel file that contains the inputs for the furnace simulation.

\: Choose selected file \ | Resettree |

4 |, IT4l storage (Anselm cluster)
» |J} scratch
4 || home
4 |, cfg-bioopt-input
[ [ prurr
> Aehrus
i | J dd-18-13-01
& )i hpc_logs
&} -config
|| exp15testapp.simg
& J) xdem
|| cfg-xdem-bioopt.simg
|| openfoam3.simg
> [ Mk

Submission Web Portal

xisx

HPC Simulation
with Singularity
on IT4T HPC cluster

national

center

HPC job running

The job is running but didn't set its own status yet. Please wait ...

IT4Innovations

supercomputing

-4

seeenuee r _ - -
’’ (- _g_) (_N_)(_NT) (L))

Execution of the

workflow is delegated to
the SemWES engine

T
em

- (=)
’/ () (- (-) -
’’ - {0 N U - - -
(L) () (L))
ri eXtended Discrete Element Method (XDEM)
I http://luxdem.uni.lu/

[P ———
| |
—

Versions
XDEM version: heads/cfg-bioopt-NEW-0-97al0873
BioOpt version: heads/master_WR30800-0-gl1299e4

Input File
File path: /scratch/FurnaceInputs.xlsx

SRR R R R R R R AR R R R R R R R AR A R AR AR AR AR AR AR AR AR R AR AR AR AR AR AR AR AR

I
/f
I
i
I

o
e e o s s s e

P e

Execution Progress
Step: 1/3 Pre-processing started at Sat Oct 9 23:57:14 CEST 2821
- parse -> done
render_controlDict -> done
grateGeometry -> done
preparefFuel -> done
mappingRegion -> done
geometry -> done
renderMeshDict -> done
surfaceFeatureEdges -> done
cartesianMesh -> done
prepareFoam -=> done
cellSet -= done
adjustFurnaceGeometry -> done
prepareXDEMPackedBed -> done
BedPackingInput -> done
runXDEMBedPacking -> done
preparexXDEM -= done
BioOptInput -> done
checkBioOptInput -> done
renderDecomposeParDict -> done
- decomposePar -> done
Step: 2/3 Simulation started at Sun Oct 1@ 00:02:44 CEST 2021
- runXDEM -> done

Real-time
progress
report

“42836cf5a7cOfe2s
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Internal workflow
(spreadsheet > (spreadsheet
g / / expressions)
my - + * — *
. . N o
runningon HPC ina f s \ £ Particle BCs Geometry Fluid BC
. . . ] (coordinates)
Singularity container L
(" [ _~prepare XDEM gmsh Validator
] (Python) ~ (Python) (Python)
g XDEI\Y Input ‘L
£ u Geometry N
@ (HDF5 file (STL pmpare(,fyct)&%emnd
User Input 2
g~ I
o prepare initial bed
é (XDEM) cfMesh
& : v y v 2
H XDEM Input FOAM-extend Input i
; (HDF5) (case directory) Validator
; (Python)
g (R S AEGEICES ) R — » Progress Report
= Furnace Simulaton | '} X
H P-C FU I’I:lace < (FOAM-extend + XDEM) » (Log parser in shell)
Sl mu Iatl on £ a XDEM results OAM-extend results
n (HDF5) (case directory)
o U
£ - |
% A 4 ¢ ¢ A 4
8 post-pro FOAM-extend post-pro XDEM Data Analysis & Plots
[<] ), (Paral;.riew) (Paraview) - *(Python +R)
- - o
' - - A 4 A
Sl mu Iatl on § i5+i§ P('gt“’Ge)S | Summary extraction
"] + Report (Python)
Output = L
v v v
Results for download Machine readable Execution status for Report for download
(zip) summary SemWES Ul (PDF)
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Simulation Results

(s

:
29e+02 1000 1500 2000 2500 3000 3500 4000 4500 5.0e+03
SemWES .

This workflow has finished Down ioad i i n k -

The execution of this workflow is done. You may now inspect the results.

Results

OUTPUT
it4i anselm://scratch/CFG-XDEM-BioOpt 2020-09-15 16-03-18/XDEM output 2020-09-15 16-03-18.zip

Average bed surface temperature temperature over time

Average particle composition over the bed length
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In
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Out
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Extracts of the Simulation Reports
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I/ () (_}_ (_l_ ) () () () /i
/ () () (0 (000 () () /I
/ /!
i eXtended Discrete Element Method (XDEM) 17
I http://luxdem.uni.lu/ /!
/ /i

R L L e L Ly

Versions
XDEM version:
BioOpt version:

heads/cfg-bioopt-NEW-0-gfbec735
heads/master-8-g91cd409

Input File
File path: /scratch/FurnaceInputs.xlsx
sha256sum: c27d9bc300b2eb8e333884a1724cdal@c444399f%a0d693b46d27992bbbcdObd

Output Files
Results report: /scratch/CFG-XDEM-BioOpt/526544.1isrv1/CFG-XDEM-BioOpt Report 2021-09-27 09-00-04.zip
Execution Log file: /scratch/CFG-XDEM-BioOpt/526544.1srv1/XDEM output RANKG.log

Header of the report with software versions and checksum of the input file
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Extracts of the Simulation Reports

Average
Average
Average
Average
Average
Average
Average
Average
Average

of
of
of
of
of
of
of
of
of

Average properties at the outlet

T over patch outlet[3] = 1422.4505
rho over patch outlet[3] = 0.23866349
CH4 over patch outlet[3] = 0.0002149707

CO over patch outlet[3] = 0.023597323

C02 over patch outlet[3] = 0.12360054

H2 over patch outlet[3] = 0.00014842204

H20 over patch outlet[3] = 0.18191674

02 over patch outlet[3] = 0.078764601
TarLithuania 1 over patch outlet[3] = 0.029753928

Average properties at exit of the exhaust pipe
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Extracts of the Simulation Reports

Surface Temperature of the Particles
8642 particles on the grate at the end of the simulation at t=600 s

2000~ Temperature [K]

1500

1000

lII 500

1500~

{

& o Poswltli?m on Grate [m] s &
Surface temperature along the grate
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Extracts of the Simulation Reports

0.0100-

0.0075-

0.0050 -

Mass [kq]

0.0025-

0.0000 -

Average Composition of Particles at the end of the grate (x>=2.03)

r \

il 200 400
Time [s]

Species
— Char
= Water
— Wood

600

Evolution of particle composition at the exit of the grate
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Extracts of the Simulation Reports

Y

o > TarLithuania_1 (kg)
0.0e+00 5e-7 le-6 1.5e-6 2e-6 2.5e-6

- ‘

3.2e-06

O —

3.9e-01
[ 0.35
0.3

—0.25
—0.2

—0.15

0.1
[ 0.05
0.0e+00

TarLithuania_1

Tar content of the particles and in the gas

X. Besseron

Toward HPC Multi-Physics Coupled Simulations for the Industry with XDEM

UNIVERSITE DU
LUXEMBOURG

M2P 2023

27



Extracts of the Simulation Reports

and many more...

Y

o > TarLithuania_1 (kg)
0.0e+00 5e-7 le-6 1.5e-6 2e-6 2.5e-6

- ‘
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TarLithuania_1

Tar content of the particles and in the gas
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Toward more flexibility
for the Industry

Coupling using the preCICE library

Z preCICE




Replacing ad-hoc coupling in XDEM — Using preCICE coupling library

oy

s aﬁ’&\&‘&&/ "preCICE\

3 D

< A Coupling Library for Partitioned
\ Multi-Physics Simulations

OpenFOAM A

Su2 @B

_ ==

communication

4

data mapping

solver

®---@-- o -~
v / /
in-house “ K

coupling schemes
APl in: C++ Python Matlab

C Fortran Julia

®0-0-0-6-0-~

A S .

deal.ll

FEniCS

Nutils Black-box approach

CalculixX

o » Solver can be replaced ‘easily’

* Require an adapter

« Compatible with closed-
source solvers

time interpolation

/

Homepage: https://precice.org/

Particle solver

= more flexibility

MercuryDPM
XDEM
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XDEM-OpenFOAM coupling with preCICE

adapter Physical libprecice

properties, C O
flow conditions >

a Momentum source
e  Add momentum source (—p—p—)‘Pe;(m“S(i:,lt + implicit e Compute Drag & Buoyancy force on
with fvOptions/fvModels y particles

e Compute momentum source terms [2]

[2] Xiao H, Sun J. Algorithms in a robust hybrid CFD-DEM solver for particle-laden flows. Communications in Computational
Physics. 2011;9(2):297-323.
[-] preCICE 2021, Momentum coupling: https://youtu.be/7fpRsB550ss

UNIVERSITE DU
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XDEM-OpenFOAM coupling with preCICE

Development OpenFOAM adapter New XDEM adapter

* Volume coupling
e Mass transfer (source terms, mass fractions, ...)

adapter Physical
properties,
flow conditions '

a Momentum source
e  Add momentum source (_p—p_LPec;(ro“s(i:’lt + implicit ompute Drag & Buoyancy force on
with fvOptions/fvModels y particles

e Compute momentum source terms [2]

[2] Xiao H, Sun J. Algorithms in a robust hybrid CFD-DEM solver for particle-laden flows. Communications in Computational
Physics. 2011;9(2):297-323. .
[-] preCICE 2021, Momentum coupling: https://youtu.be/7fpRsB550ss “I" I“
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Going further: 6-way coupling DEM-CFD-FEM

XDEM (Discrete Element Method)

- " i
X
preCICE library Ia I

CalculiX OF (CFD)

CCX (FEM)
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. . AWJC Nozzle set
Abrasive Water Jet Cutting Nozzle 0ezie Siiduﬂ.e

with preCICE coupling
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Summary: HPC Multi-Physics Coupled Cloudi{¥

Facturing (X

Simulations for the Industry

Multi-Physics Biomass Furnace Simulation
* Two-way ‘in-memory’ coupling CFD -~ DEM
* Hybrid parallelization scheme: MPI + OpenMP

Cloud-based workflow
* From input to simulation report

* Portable execution using Singularity
* Job submission and execution on HPC platform

— Application as a Service (AaaS)

Toward more flexibility
e preCICE coupling library
* coupling-aware load-balancing
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