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® Why Ammonia?
® Challenges of Ammonia combustion
® Porous media burner
@ CFD approach
® Machine learning approach

® NOXx emissions
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Motivation

Why ammonia?
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® Carbon free fuel
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® Easy to transport in the liquified form using
the existing infrastructure

® High energy density

1. Service et al., Ammonia—a renewable fuel made from sun, air, and water—could power the globe without carbon,
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Motivation

300
Challenges of ammonia =
combustion O I s
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® Poor flame stability 00
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® High NOx formation T
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® High toxicity at trace levels 0

Experimental measurements

Krejci et al. https://doi.org/10.1115/1.4007737

Vagelopoulos et al. https://doi.org/10.1016/S0082-0784(98)80441-4
Mei et al. https://doi.org/10.1016/j.combustflame.2019.08.033
Kobayashi et al. https://doi.org/10.1016/].proci.2018.09.029
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® Ammonia = Methane

Mole fractions x 1

No, emissions from 1D premixed free-flame
simulations
(Reproduced from Kobayashi et al.)
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Porous Inert Media (PIM) Burner i ﬂ(".

1.

® Preliminary work on NH; and NH;/H, Exhaust gas
combustion in porous inert media 037 <o L 2N
(PIM) at Stanford University?! P

® Result: Using the PIM combustion

concept, ammonia can be stably ,

burnt with low NOx formation. S ~
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1. T. Zirwes. et al. https://doi.org/10.1016/j.combustflame.2023.113020
Puri, Rishabh Engler-Bunte-Institute — Combustion Technology

35" ParCFD, 2-4 September 2024, Bonn, Germany Simulation of Reacting Thermo-Fluid Systems (EBI-TFS)


https://doi.org/10.1016/j.combustflame.2023.113020

wee SNCIT

Stuttgart Karlsruhe Institute of Technology

CFD approach
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Simulation approach | | S(IT

® In-house OpenFOAM extension with

@ Detailed chemical reaction mechanisms
(finite rate chemistry)

® Coupled with open source chemical library
“Cantera”

® Detailed molecular diffusion for each
species

® Fully-resolved reaction zones m —
3>

® Fully-resolved flow field inside the porous Air —
structures NH, —»

® Excellent parallel scalability for use on Air —
modern Supel’computers ) 0 0001 0.002 0003 0.004 0.005

® Currently radiation and Conjugate Heat e————
Transfer (CHT) not considered

® 2D combustion simulations in regular porous
structures
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2D — Simulations with PIM

® PIM 1D temperature profile obtained from
1D-VAS and enforced as BC for 2D
simulations

® Mechanism:

® PoliMi (Stagni)t — 2020
Usyeir 0.3 M/s

Tihers 200 K

Ignition with initial hot gases

Premixed burner: Initial species mole
fractions taken from 1D free-flame

® $:09,09511

1. A. Stagni et al. doi:10.1039/c9re00429qg
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2D — Simulations with PIM

Multi-channel geometry
Strut size: 1x1 mm
Pore size: 2x1 mm

Solid structures defined by white
squares

Air  —»
Free flame thickness: 0.6 mm "~
(Cantera, ®=0.95, 0.7 NH; + 0.3 H,) NH, -
Smallest cell size: A

® Smaller than 10% of free flame
thickness

® Ax=41pum
® Ay =12.5um
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Machine learning approach

Input Graph convolution neural network Output

Solved ficlds

Adjacency List & Features Matrix

y

a( Taoh)

-

Peng et al. https://doi.org/10.1016/j.ijheatmasstransfer.2023.124593
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Machine Learning approach
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® Graph Convolutional Neural Networks (GCNN o il
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@ Coordinates, Dirichlet boundary conditions
‘—‘ Adjacency list, neighbors, edges (Xi-X;.3,Yi"Y;-1)

Domain and PIM boundaries as indices
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Machine Learning approach
® Data-driven GNN
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loss.backward()

Stuttgart Karlsruhe Institute of Technology
Nn=Ngrid 1
— E * | 2
grid ne1

|

ADAM
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* Ground truth from DNS/Experiment
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Machine Learning approach i A\‘(IT
® Simplified governing equations

® Mass conservation 5 3
5, (P +5-(pv) =0

® Momentum conservation

) + (o) = 5 () — 5 () oo =0 2 (pun) + 32 (o) = 3 (1y) = 50 (1) + 50 = 0
ax P dy PUR) = Gy Nt dy tyx) Ty T ax P dy PUV) = Gy \txy tyy dy
® Energy conservation (Temperature based)
a( ™+ a(T) aAaT aAaT_I_._O
% gy PUD) g (VD) =5\ 45x ) “ay\tay) T O T
® Species mass conservation
2 2 a (. a /. :
ax (PuYi) + - (pvYy) + — Ukx) + a(fk,y) —w, =0
® For unity Lewis number
- A
Jie =~ VY
p
® Equation of state
_ pM
P= ar
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Machine Learning approach
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® Physics-Informed GNN -<— 1D-VAS
| Normalization ~ Edge pooling layer $
Boundary ; layer | | u ‘ 0.1 Lc
conditions |\ ! ; V i AN !
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Machine Learning approach
® DNS data

Variation in inlet conditions
and PIM temperature profiles

I 0.9 NH;+ 0.1 H, 11 1377.3
Il 0.7 NH;+ 0.3 H, 11 1377.3
1] NH, 11 1591.15
A\ NH, 0.95 1591.15
Vv 0.9 NH;+ 0.1 H, 0.95 1591.15
VI NH, 0.9 1767
15 Puri, Rishabh
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Variation in PIM structures

PIM A

PIM B
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Initial results
® Data-driven model

® Model architecture

7 GraphConv layers with 3 EdgePooling and 3
un-pooling layers

® Activation: Hyperbolic Tangent (Tanh)

® Epochs: 5000
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0.008 4

0.006

Loss

0.004

0.002 - oty
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e “M
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0.000
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I DNS == ML
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Blend2;¢

Blend1: 0.9NH;+ 0.1 H,,
Blend2: 0.7NH; + 0.3 H, by mol
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Outlook and conclusions ‘(IT

® Challenges associated with combustion of ammonia

® Porous burners provide a potential solution to overcome the
challenges

® High-fidelity reactive flow simulations in porous structures are
computationally extensive

® Graph convolution neural networks (GCNN) provide a cost effective
method to predict a solution

® Physics-Informed GCNN implemented for data-driven and data-free
training
@ Data-free PI-GCNN to be optimised for further PIM configurations
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Thank you for your

attention!
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