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¥ Les Zcoulements rZactifs sont omniprZsents :
I Environnement :
¥ chimie de IOatmosphere,
¥ Zmissions polluantes,
¥ incendiesE
Production dOZnergie (combustion)

ProcZdZs de transformation (industrie, chimig
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Reactive flows

Large and small scale mixing
bring reactants into contact

AERO/HYDRO-DYNAMICS
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Reactive Rows are multi-scale and multi-physics

_ It is even worse in reactive flows
Length—scale ratio: PO featuring high Schmidt numbers

Largest scale ) )
Time-scale ratio: 10

vortices
cm & second

" Thin reaction zone:

Thermal thickness: 100 pum
Smallest scale VOI‘tICE! | Radical species thickness: 5 or 10 um

Characteristic time: 1 us <t < 100 ps
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LOexposZ dOaujourdOhui :

¥ Le mZcanicien dans tout cela ?

! Un exemple oe la manipulation dOEDP permet dOZluciderobgsrvations
expZrimentales rZcentes sur la relation entre I0Zpaisseur dOun front de rZaction et
vitesse de propagation.

Merging of flame
surface leadin

non-inertielles dans un Zcoulement rZactif :

Number density

I MZthode dOordre ZlevZe pour rZsoudre des Zquations de bilan de population. over M sections

¥ RZseaux de neurones pour rZduire le temps CPU :

| Entrainement de rZseaux de neurones pour coupler Zquation de bilan de population et
Zcoulement.

procZdZ .

| DeNOx sZlective non-catalytique, du super-calculateur au smartphone.




¥Partie 1 : Manipulation dOZquations de bilan pour te
dOZlucider la dZviation observZe entre la vitesse
front rZactif turbulent et |IOamplitude de son plissemel



Quand le mZcanicien se penche sur la relation vitesse de front vs plissementE
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¥ Avec un front de Ramme turbulent :
[kgés ]
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Flamme laminaire stabilisZe par un
Zcoulement incident

Flame
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Observations expZrimentales rZcentes :

Nivarti et al. JFM 858, 2019.
10

(st/s)/(A+/A)

Toronto (2013)
Michigan (2017)

10° 10t 10 10°
Ka Temps chimique/plus petit temps turbulent

¥ G.V. Nivarti, R.S. Cant, S. Hochgreb, Reconciling turbulent burning velocity with flame surface area in small-scale turbulence, J. Fluid Mech. 858 (2019).

¥ S. Mohammadnejad, P. Vena, S. Yun, S. Kheirkhah, Internal structure of hydrogen-enriched methane-air turbulent premixed flames: flamelet and non-flamelet behavior, Combust.
Flame 208 (2019) 139D157.

¥ A. Attili, S. Luca, D. Denker, F. Bisetti, H. Pitsch, Turbulent flame speed and reaction layer thickening in premixed jet flames at constant Karlovitz and increasing Reynolds
numbers, Proc. Combust. Inst. 38 (2) (2021) 2939D2947. 8



Turbulent burning velocity vs Rame brush thickness

t=Tu/T It
¥ Continuity and progress variable conservation: "_'
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Turbulent burning velocity vs 3ame brush thickness

¥ Subtracting these two relations:

!
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Turbulent burning velocity vs 3ame brush thickness

. d'r
ST:SC+I1T:SI(_)! + 14

dlr(t)
dt

¥ The turbulent Bame brush is known to evolve according to the integral turbulent scales:

12(1) = B2 (11 exp(l Cs(t! to)/#r))+ 12(to)exp(! Cs(t! to)#r)

e e
N. Peters, Turbulent Combustion, Cambridge Uriversiy Press, 2000.
¥ The same procedure applied from the cold edge-[3ame up to a point inside | %#% d("/") d%
mean 3ame brush returns a relation for the turbulent transport of scalars: $% %?g,% \
o= Tt e ol g (Le 1) o LS (1 1a() PO o

0 dt
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Ce quOil faut retenir (pas vraiment des bonnes nouvelles) :

¥ Le taux de variation de IOZpaisseur moyenne dOun front de rZaction, son plissement ¢ st \
propagation ne peuvent stre modZlisZs indZpendamment (IOun ne peut etre un simple par
dOentrZe dOun modele de IOautre, ce que nous faisons tousE).

¥ Le plissement ne peut stre modZlisZ indZpendamment du transport des scalaires p:
Ructuations de vitesse.

¥ La dynamique est piIothpar des chhelles de temps courtes, qui sont reprZsentative de tmnel
du front rZactif vers les Zchelles intZgrales de la turbulence.

¥ Dans la mesure oe la turbulence impose une tres grande variabilitZ de ces temps de relaka
existe tres certainementune multitude de lois de comportemenen fonction des rZactifs, dt
systeme considZrZ et de son rZgime de fonctionnement !

¥ P. Domingo, L. Vervisch (2022) Revisiting the relation between premixed flame brush thickness and turbulent burning velocities from Ken Bray's notes, Combust. Flame. 239: 111706.
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¥Partie 2 : Une nouvelle approche pour rZsoudre
Zquations de bilan de population



Solving for particle size distributions

¥ The focus is on non-inertial particles generated and transported in Rames
(no feedback from particles on the [3ow dynamics):

- Optimising combustion systems to mitigate particulate and soot emission (Rigofziiles.

- Manufacture of carbon nanotubes, nanosilver and other advanced carbon-based materiatigKele
et al. 2017).

¥ These particles nucleate, grow, agglomerate and populate the Row featuring a layefrsizgs.

d=10"'°m d=10'3m

—
Many orders of magnitude

Thermochemical modeling is developed in the combustion community to understand and simulate t
dynamics of those particles.

These physical models enter a population balance equation (PBE) for their calibrationdattbwual

Because this equation is challenging to handle numerically, a risk exists to calibdete anonpensating
numerical errorskE

A novel approach is proposed to solve PBE minimising spurious numerical contributions.

¥ S. Rigopoulos. Modelling of soot aerosol dynamics in turbulent Bow. Flow Turbulence Com- bust., 103:565D604, 2019.
¥ G. A Kelesidis, E. Goudeli, and S. E. Pratsinis Flame synthesis of functional nanostructeredsraad devices: Surface growth and aggregation. Proc. Combust. Inst., 36(1):29D50, ~



Particle size distribution or number density function

¥ The number of particles per unit of volume and per unit of size debnes the Particle Size DistriR&D)
I!

Nt (x,t) = n(v;x,t)dv

> Nprim
E
. 3
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d [nm] ¥ N. J. Kempema, M. B. Long (2016) Combined optical and -

investigations for a detailed characterisation of soot aggr
properties in a laminar colRow diffusion Rame, Combustion
Flame 164: 373-385.



Population balance equation

Unsteadiness K Surface gross/loss \

2 ”(I"t; 5D 1y aCun(vix ) = ,'—V [G(vix, On(vix, O} " Atv;x, 1

Transport in n(v') | Source/sink
physical space N
Nucleation \ j
Vo Y

Alvix, 1) = Myixt) ,

5 ! (v v, v)n(v! vx, t)n(v' ;x,t)dv' | n(v;x,t) (v, v (V' ;x,t)dv’
0 0

Agglomeration - Gain

Agglomeration - Loss
I

¥ J. Solsvik and H. A. Jakobsen (2015) The foundation of the population balance equation: A review, Journal ohCBsjmrse and Technology 36:510D520.
¥ D. Ramkrishna (2000) Population balances. Theory and applications to particulate systems in engiAcagemic Press San Diego pp. 356.



Numerical issues: Surface growth/loss

¥Spurious numerical diffusion simulating surface growth/loss:

N G! n(v;t)

It iy O

What we should see
T 4

|

What return
sectional methods




Numerical issues: Smoluchowski integrals

¥ Computing agglomeration/breakage is also challenging:

- Particle size covers a very large range, up to six orders of magnitude (frommad@oto millimetre):
Non-uniform meshes are mandatory.

- Every size considered must interact with all the other size, propagating error indugenhdsh
distortion.

1 L (vl v, v )n(vl vox )n(vx, Hdv' ! n(v;x, t) .! (v,v' )n(V' ;x, t)dv'
A 2 0 0
n(v)
Li
/TA!\\
/] - Ty

¥ A Liu and S. Rigopoulos. A conservative method for numerical solution of the population balance equation, atidrafzpfioot forma- tion. Combust. Flame, 205:5060521, 2019.
¥ |. Pesmazoglou, A. M. Kempf, and S. Navarro- Martinez. Stochastic modelling of particle ag- gregati@tidné Journal of Multiphase Flow, 80:118 B 130, 2016.



1. Reorganise the population balance equation (PBE) to distinguish between:
(I) Lagrangian transport in size space (surface growth/loss)

(I) Relaxation of the distribution (non-uniform surface wwtb/loss and negative
contribution of collision integrals)

(111) Source/Sink (Nucleation and positive contribution of collision integrals)
2. Get from this decomposition a semi-analytical solution of the PBE for iteratitomen
3. Introduce a high-order modal approximation of the distribution in size:
- Accurately interpolate the root of the characteristics for Lagrangian transport;
- High-order quadrature for collision integrals.

4. Test against exact analytical solutions.



Reorganise the population balance equation (homogeneous in space to begin with)

Nucleation and positive contribution of collision integrals
) \

Lagrangian transport in size-space d(v;t) = ﬁl(v; t) + % I (v! V! ,V! yn(v! V' ;t)n(v! ;t)dV!
0

+ G(v;t)- - = Rv;t)n(v;t)+ l&(v;t)

1+ Characteristics

Lagrangian transport in size-space V= . Glvsndts vlto) ( 1! \
!n!(\:,t) N G(v;t)! n!(\\//,t) =0 ———— n(v;t+!1t)=n(v' ;t) v =v! G(v;t)!t &V, t) — M + " (V, V! )n(V! ,t)dVI
Relaxation of the particle density ' V
L IOV vt — nqvit+ 1) = n(v:texp(! By 0
n(v;t) It ’ ’ ' ' ' e Relaxation rate of the particle density "
! n(v; t) , Sources , k Non-uniform growth/loss and negative contribution of collision integrals
T = a(v;t) — In(v;t) = @(v;t)!'t

(¥Semi-analytical solutio

N
n(v;t+ 1t) = n(v! G(v;t)!t;t)exp-! lé(v;t)!t + t’:(i;u;met)!t

Transport along the

k characteristics Relaxation J




High-order polynomial interpolation of the PSD: In the following 5th order is used.

L®= P v

j=0 ¥Inside every section of size, the PSD is decomposec
. basis Legendre functions used for interpolating
n(t L= P! solution at Gauss-Lobatto quadrature points
k=0 Legendre
n(v;t) n(vb: 1) (1) . p=inc! 1 _ functions
2 (i) o n(vj;t) = L (OP((v))
3 ¥ k=0 Modes
n(vh: 1) n(vi;t) n(vs;t) o
3 ¥ The PSD at the root of the characteristics
1 interpolated at high-order:
| p=init 1
section 0i-10 i section Oi0 section Oi+10 n(V ! G(V)' t; t) = " L(t) Py (#ﬁ (V ! G(V)I t))
| k=0
e—e—o—& © e———vV . : :
v vio V2 V3 Vg Vi ¥ Collisions integrals are computed from high-orc
Vs 3 vp'! quadrature:
! :I 1 é ! =|+1 b !(Vjilv!)n(v!;t)dv! : NI Lmp! 1! (Vjilv!'()n(v!'(;t)""k
| ! ! i - L , Ve k=0 "=0 ¥~ Quadrature weights
=2(v bovg) (vg! vp)! 1 Vil vg ° omra |
Normalised element in every section L(vi 1V vh)n(y T vn(v s tay! = LV b v vin(v bovison(vi ) e
k=0 1=0

o !

v i
0 ko yi 0
Vit vilvg



Agglomeration: Golovin sum collision kerne!

10 exp(v(! +1) 7 )
. = | 1/2
n(v;t) 172 y |, 2V! L
=11 exp(!t)
I1 is the modibed Bessel function of the 0.1 p- 3
prst kind of order unity
0.01 | i
¥ 3 decades:0.067 <v<200 __ :
_ >
¥ 40 sections =
0.001 .
¥ Exponential grid:
. i Line: Simulation ".\Q\ (=20
; | ' ' 3 Symbol: Analytical solution \ Q
VI = 10 3 l + ] \Q
0 11 1 0.0001 ‘. ‘Qo -
| =1.17 5 . %
le-05 — T R R S
0.1 1 10 100

¥ William T. Scott. Analytic studies of cloud droplet coalescence I. Journal of the Atmde tiences, 25(1):54D65, 1968.



Surface growth loss

12 I L I T T T T ]

G=0.05fort<40 and G =-0.05fort> 40

0.8 |

¥ Length of 4
¥ 50 sections :
¥ Uniform grid 0.4

0.6 |

n(v)

0.2 |




Agglomeration and surface growtn
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¥ 8 decades of size: 0.001< v < 100000
¥ 40 sections

¥ Geometrical grid:
Vp = VoF.

vg=10'3and Fs =1.7

¥ T. E. Ramabhadran, T. W. Peterson, and J. H. Seinfeld. Dynamics of aerosol coagulation and condensatlmurA&CHE2(5):840D851, 1976.

Line: Simulation
Symbol: Analytical solution

=01
| 5
. o,
o1k Initial A =1
K4 /0—9‘
] o "9
- 8 iy
P B
> L I L
~ 0.01 | . g R
\>/ / Q’/ .
- 1 L b
-] P
0.001 | /@/ “
0.0001 < L L L l L
.001 0.01 0.1 10 100 1000 10000 100000
v
Mn = v"n(v)dv
Moments error Present | Sectional 2-point
M1 0.97% 5.4
M2 | 1.55% 48783#/0
M3 1.81#%0 N




Nucleation, surface growth and agglomeration: Towards bi-modal distribution

G(v)=1.2v 01
K(vo) = 1 | .
o
! (V,V!):1-5(V+ V!) A . ° O........tZS
0.01 | 8 . °0.
[ ([ J
> ..ﬁ Teet
S 9920 °
\E IOOO‘[:10
¥ 5 decades of sizes 0.01 < v < 1000 0.001 |- " %00
i . =
¥ 40 sections T e
¥ Exponential grid:
Vg):10!3 1+ :Iil| lll o e T T e T T e oo

| =1.1F y



Coupling with 3ow solution

¥ Once the PBE solved in size-space, transport with the Row only the information averagedhe
sections:

i
Vi 11

i — : — Vlnl_! 1! Vo i.
N'(x,1) = n(v; x,t)dv = > n(v;; X, Hw

i
Vo

¥ L. Vervisch, G. Lodato, P. Domingo (in press) High-order polynomial approximations for solving non-inertial particle size density in flames, Proc. Combust. Inst.



¥Partie 3 :Apprentissage machine pour rZsoudre I0Zquation de



Apprentissage machine ?

-

11 #r| 0
O =1 wy+ Wij Xj ~

biais . . Weight
Output of i-th \ ] =1 \
neuron

Activation

function Input

¥ Machine N supervised N learning (ANN): For a set of bxed values of the contrc
parameters, a neural network is built and optimised (trained) to approximate a giverf s
outputs values.

¥ Deep learning (CNN):Operations are applied to a database (mostly bltering and r
pooling) to extract features associated to control parameters. Neural networks are traime
recognise these features, which are associated to output values.

28



Machine learning ?

¥ Les rZseaux de neurones sont utilisZs pour construire des sous-modeles dan:
problemes multi-Zchelles

Modeled term
(unknown on the coarse mesh)

M (x,t) = F["(x;,1),aaa" (Xy,t)]

ANN
| Entrainement du rZseau :

Known on the coarse mesh

| Base de donnZes oe toutes les Zchelles sont rZsolues.

| Systeme diffZrentiel reprZsentatif des Zchelles non-rZsolues (PINN).



ORCh N Reducing chemistry & A.I. training under realistic conditions

https://orch.coria-cfd.fr

¥ Study chemistry under aerothermochemical conditions representative of the studied burner:

Set of stochastic particles undergoing turbulent mixing and reaction
Soot PBE solving for every particle

Characteristic mixing time distribution versus residence time from CFD
Euclidian Minimum Spanning Tree mixing modeling

1
) - -

Liquid jet fuel

A
— 1 =(MIX) “+ 0k
t

ar - d K=1,a44Np
| . ,
nvit) _ I Hv;t)n(v;t) + a(v;t)

v 30

I n(v;t)
It

+ G(v;t)



Machine learning to mitigate CPU cost

¥ Train a neural network for solving PBE

Keep 5 iterations in memory"
(Long Short Term Memory

Time step PSD!
n n | H e
neural networks) wo Og(xt) v ' 5 iterations kept glyer?tﬁfrsgggggg
INPUT INPUT ‘ (x,t)=n  OH(t) » |
Thermochemical Particle size B # CaHa(x.) & ( ANN ) .
variables at Ot' distribution at Ot' - —
—_— — T(x.t) Ni(x,t)~
: a
Thermochemical ! Neen=. b ﬁ
?“ variables ' -’ op-‘v‘p (X3 o?o X TXYY] N (x,1)
f5 ke in mind 5 previ im k d 5
Neura| netWOl’kS s eep 5 previous time steps eep in mind 5 previous time steps 15 layers of
concatenation M M /X?\N M N /X?\N convolutional blters
with a dropout rate of
10%
Thermochemical ' ’ 3 '
variables and 2
PSD at Ot+delta tO Dense layer ! Concatenation pense layer ! N ]
(non-linear activation function) (non-linear activation function) i El
° - ‘u‘!n‘mlml‘o ‘
=l  NiCel 1,
NS " a g
_ . g
&(lvt + ! t) =" a ({\
# a &
Nm (l,t + ! t)
Neural network 10 sections 6.05
(Trained with the 30 section ref. sol) :

A. Seltz, P. Domingo, L. Vervisch (2021) Solving the population balance equation for non-inertial particles dynamics using PDF and neural networks: Application to a sooting 3ame,
Phys. Fluids. 33, 013311.



DNS of combustion and Machine Learning: chemistry reduction

Simulate the 3D syngas oxy-Rame with side-wall effects: CNN versus ANN, a postesisri

10 (a) GOz CO 02 Hz20 H2020 U | ) O OH H*10 HO2*10° H202*10° T s000
Reduced Reduced
ANN -0- -0- -0- ANN -0- -0 - -0- - 2700
0.8 % 8E-3 |
4 120
e - 0= O 3 2400
= 06 ~ 6E-3 - / 3 <
E .5 / O—0- v\& = o
2 5 4 2100 2
e 8 4 2
‘0 04 o 4E- / g
1% (2] £
© m 1800 &
= = [t
0.2
1500
0.0 Eﬁj’ 1200
0 20 40 60 80 100 0
X (mm)
- — I Storing the species increments, the neural networks reduces

CO2 CO 02 H220 H20*20 U

aris0 "o 5 o o and pre-integrate the stiff chemical systems.

A posteriori PEREW - e S 25 faster than detailed chemistry.

test of the T 3 times faster than the reduced scheme for the same number
CNN on DNS : of species.

Model assessment with DNS excludes the risk of multiple
interferences between numerics and sub-grid scale models,
which could potentially interact with the method under
evaluation.

K. Wan, C. Barnaud, L. Vervisch, P. Domingo, Machine learning for detailed chemistry reduction in DNS of a syngas turbulent oxy-Bame with side wall effects, Proci 2020 32



Results: PSD prediction compared against reference Monte Carlo
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n N M. Balthasar, M. Kraft (2003) OMeasurement and numerical simulation of C ]
1e+08; ] soot particle size distribution functions in laminar premixed ethylene- 1e+08; [
d [nm] oxygen-argon Rame, Combust. Flame 133(1): 173-188. dloml

. . . R . - @ Training solving for 30 sections
¥ A. Bouaniche, J. Yon, P. Domingo, and L. Vervisch, OAnalysis of the soot pamtcle

distribution in a laminar premixed Rame: A hybrid stochastic/Pxed-sectippabach,O Flow
Turbulence and Combust. 104, 753D775 (2020).

¥ A. Seltz, P. Domingo, L. Vervisch (2021) Solving the population balance equation for nfn-— ANN-CNN prediction 30 sections
inertial particles dynamics using PDF and neural networks: Applicationstwoting Rame,
Phys. Fluids. 33, 013311.




Application to a combustion chamber

Number density Volume fraction

Total mean soot density [mg/cm 3] 1.15e-6 1.57e-6

Mean soot density of the mean diameter [1/cm 3] 1.26+7 2.43e+7

34



The environmental cost of supercomputing

The estimation of the carbon footprint is inBuenced by numerous parameters: "
- CPU time used,"”

- Type of processors,"

- Mesh size and complexity of the thermochemical model ( Keil et al 2021 )"
- Overhead of the computational facility; "

- How the electricity was produced (hydropower or coal?) "

- E

CO»2 emission/year by a European citizen: ~ 6 100 kg

Target to mitigate climate change: ~ 1 400 kg / human

Using Lannelongue et al (2021) and their web-tool:

2 billions of mesh cells / 1 week on 10 000 cores / low-Mach solver and tabulated chemistry/ location: France/
Type of processor: Xeon platinum 9282

=l 776 kg of CO2 = 6 000 km in a passenger car = 70 years of sequestration by a tree

I If the location is changed to Vancouver: 225 kg of CO»
| If coal is used to generate electricity: 11 000 kg of CO2 = 1 000 years of sequestration by a tree

Less optimistic estimation including the manufacturing of the computer, the storage, the manpower necessary to run the center:

=l [N France: 5000 kg of CO2 ~ 500 years of sequestration by a tree (Berthoud et al 2020 ).

F. B. Keil, M. Amzehnhoff, U. Ahmed, N. Chakraborty, M. Klein, Comparison of Rame propagation statistics extracted from direct numerical simulation based on simple and detailed chemistry- part 1: Fundamental RBame
turbulence interaction, Energies (2021).

L.Lannelongue, J.Grealey, M. Inouye, Green algorithms: Quantifying the carbon footprint of computation, Advance Sciences 8 (12) (2021).
How green are your computations? http://www.green-algorithms.org (2021).
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F.Berthoud, et al, Estimation de IOempreinte carbone dOune heure.coeur de calcul., Tech. rep., INRIA (2020).



¥Partie IV : From HPC to mobile computing for process control



SNCR control(selective non-catalytic NOx reduction)

SNCR DeNOx
Mixing & Reaction

Injection zone
"#$"%&' ()& Urea-> Ammonia

NO production

Injection zone
Water & Ef3uents
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Analysis of a DeNOx process

The challenge iIs the accurate control of the temperature
[Buctuations, within the furnace featuring multiple gaseous
and liquid injections.

With detailed chemistry 33 species 207 reactions
1.1
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Farcy et al. (2014) Fuel, 118: 291-299.



Analysis of a DeNOXx process

Multicomponent spray evaporation + DeNOXx

A .
Water spray o mmonia spray

\ LES'{ = 150 pm)

Q-criterion colored by
Temperature RMS

Nitric spray

AN
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Analysis of the DeNOXx process

From the simulations, it is seen that the 3ow conbguration can be improved for
SNCR efbciency:

I Very strong mixing in the core of the system where spray impact
| Hot gases are left unaffected by water spray cooling

Injection zone

Pownsiream 1200 K
> 1200 K

DeNOx SNCR



Reduced-order model for SNCR - Mobile computing

Control loop:

I +5% of variation of the burner temperaturel = +100jK.

I Adjustment of air injected at stage OCO and return to nominal.
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¥ Farcy et al. (2014) Fuel, 118: 291-299.

¥ Farcy et al. (2016) Chem. Eng. Sci., 139:285-303.
¥ Farcy et al. (2016) AIChE, 62(3): 928-938.

¥ Locci et al. (2018) FTaC, 100(2):301-340.
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Reduced-order model for SNCR - Mobile computing

Control loop:

+5% of variation of the burner temperatureT = +100jK.

Adjustment of air injected at stage OCO and return to nominal.
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