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What Is soot

Soot as air pollution

Carbon Black (CB)

 Released from industries and cars

« Around 10 mega tons per year

_ [2] e Exact structure as soot
* One of the main sources

: .  Industrially produced
of air pollution

 Various industrial applications:

A

CH

Lithium batteries, tire, paint, ink, etc.

4
(including O3)

« Most valuable flame-made nanoparticle ($ 17B / year)

[1] https://phys.org/news/2017-02-darkness-soot-air-pollution.html
[2] Soot and short-lived pollutants provide political opportunity [3] https://bonlineen.cloneheads.net/category?name=carbon%20black%20uses




Soot formation

In the presence of oxidative agents,  _____ao.____.

S~ S

particles undergo oxidation leading to n\i y W

IOQ -y * |

- - - - 1 1
size reduction and potential fragmentation : oﬁf& Ag;z Agglomeration happens and particles

OH
1 02 OH |

The size of particles increases by

) attached together. This makes
/ morphology of particles complex

two surface growth mechanisms: PAHs collide and premature soot

1) HACA, 2) PAH adsorption _ _
particles (dimmers) are formed.

The size range is 1-3 nm.

Soot precursors collide and PAHs ¥
P .\:— Formation of soot precursors (like

are formed. PAHs grow by HACA _
Methane, Acetylene, etc.) in the

gas phase via chemical reactions

[4] https://thomsonlab.mie.utoronto.ca/detailed-and-fundamental-modeling-of-soot-formation/



Soot Modelling

Modelling of soot

Carbon Black properties
Morphology of particles < <
Mitigating air pollution

__________________________

//  Tracking all individual
Discrete Element Modeling (DEM) , particle make it impossible
! for practical scenarios !
\\\
N

1
1
O U

 Considering PSD.
' Accurate and feasible

__________________________

Sectional Population Balance Model (SPBM)

Computational cost / accuracy

. . E Assuming all particles to be
Monodisperse Population Balance Model (MPBM) ' identical, not very accurate |




What is Population Balance Models

Eulerian description of particles:

Agglomerate number density
% (PNagg) + V- (puNagg) + V2 - (pDNggg)=p(Sagy)
Primary particle number density
52 (PNori) + V- (pulNpyi) + V2 - (0D Npyi)=p(S,r1)
Total carbon content

d
at (PCrot) + V- (puCror) + V? - (pDCror)=p(Sc)

Any properties of interest

Source terms <

Surface growth | Coagulation

1

d,

1/3 |
Npri d. = (E Ctotharbon> / :
P npsoothrLAv

______________________________________________

They all depend on the
particle morphology and the
gas phase properties



Sectional Population Balance Model (SPBM)
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Sectional Population Balance Model (SPBM)

Inception B ation

Coagulation & Surface groﬁ“
) 4

| 1 | [=m=mmmmmees | | Cibs — (Cigg + Cffgg) .
j
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agg  Cagg agg  CLagg =°F" " Lagg agg agg _w Mije = cigt - (Cégg + ngg)
-7 i1 _ i : if Cagg < Cégg + Cagg < Cagg
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- - MS
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What Is available: 1aminarSoot

MPBM library laminarSoot Removal/addition of the chemical
species due to soot formation
chemistryPtr->solve (dt)
Y
resetSR ()
reactingFoam i
updateMorphology ()
Qdot Equ’l () y
Pid updateInception ()
e T, Y
e ——— —>r I A —
N, \ 4
\.
R(Y?' updateGrowth ()

™ YEQn ()

|

updateOxidation ()

A 4

updateCoagulation ()

A 4

updateSoot ()

P P PP S I.



Modification needed for SPBM laminarSPBM

chemistryPtr->solve (dt)
laminarSoot 1
chemistryPtr->solve (dt) /,/v resetSR ()
v No change — v
/
resetSR () —1 updateMorphology ()
reactingFoam v - !
2 updatelInception ()
updateMorphology ()
ot. ou e
od 1; » EEgn () v S_h_ Idb K" updateGrowth ()
s T, Y updatelnception () modified to loop I
P T —> | —1 over all sections
| '\,\ v updateOxidation ()
I .
: R (Y) al YEQn ( ) updateG.rowth () i
| —
: i | L» updateCoagulation ()
: updateOxidation () Replaced with / v
! - -
5 I - sectional version o updateSourceTerns ()
[
E updateCoagulation () — Distributing / i
| source terms L updateSoot ()
i v ———""__‘_,_._—4
[
| updatesSoot () . — % v
i . Compute overall /-» updateSootVariables ()
N N O S ] Variab|eS
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Implementation—Defining Fields

laminarSPBM.H

L/ Seot txracked fields - sectional
:PtrList<volsca1arFie1d> N_agg_sec_;
IPtrList<volSca1arF:i.e1d> N_pri_sec_; :- ______ Nagg, Nprir CtOt For each Section

PtrList<volScalarField> C_tot_sec_; |

// Morphology - sectional
" pPtrList<volScalarField> n_p_sec_; |
PtrList<volScalarField> m_agg_sec_;]| . .
PtrList<volScalarField> d_p_sec_; | Morphological variables
I PtrL%st<volScalarF%eld> dmsec_; I~~~ 7= 7° For eaCh SeCtion
IPtrLlst<volSca1arF1eld> d_g_sec_; |

|PtrList<v018calarField> A_tot_sec_;|

// Source Terms - sectional
J/_Inception  _ _ _ _ _ _ _ _ . .
IvolScalarField I_inc_C_tot_;  ,——————- Inception

PtrList<volScalarField> I_grow_C_tot_sec_;
// Oxidation
PtrList<volScalarField> I_ox_C_tot_sec_;

Surface growth and oxidation
for each section

PtrList<volScalarField> I_coag_N_agg_sec_; | 2 =
iots RSSO B SRR S Se e el e e e o o o o o

jPtrList<volScalarField> I_coag_N_pri_sec_; 1 Coagl'"atlon for eaCh section
VolIScaTarField sumi_imside_j 7/for coagulation calculations

volScalarField sum2_all_; //for coagulation calculations

// Source terms
PtrList<volScalarField> S_N_agg_sec_; o
PtrList<volScalarField> S_N_pri_sec_; Source terms for eaCh SeCtlon
// Total variables
volScalarField N_agg_;
volScalarField N_pri_;
volScalarField C_tot_;
volScalarField d_m_;

Overall variables

laminarSPBM.C

C_agg_seckn_secs_.value()
secNum(n_secs_.value()),

// Fields for tracked variables
N_agg_sec(n_secs_.value()),

laminarSPBM.H

N_pri_sec(n_secs_.value()),
C_tot_sec(n_secs_.value()),

// Number of sections
Foam: :dimensionedScalar n_secs_; By user
// Spacing factor of sections

// Fields for soot morphology Foam: :dimensionedScalar spacing_; By user
// Carbon per agglomerate in mole/#

n_p_sec (n_secs_ .value () ) ’ PtrList<volScalarField> C_agg_sec_;

m_agg_sec(n_secs_.value()),

d_p_sec(n_secs_.value()),

d_m_sec(n_secs_.value()),

d_g_sec(n_secs_.value()),

A_tot_sec(n_secs_.value()),

// Fields for source terms
I_grow_C_tot_sec(n_secs_.value()),
I_ox_C_tot_sec(n_secs_.value()),
I_coag_N_agg_sec(n_secs_.value()),
I_coag N_pri_sec(n_secs_.value()),

// Fields for overall source terms
S_N_agg_sec(n_secs_.value()),
S_N_pri_sec(n_secs_.value()),

laminarSPBM.C

529| // Building sections
530| template<class ReactionThermo>
531| void Foam::combustionModels: :laminarSPBM<ReactionThermo>::build_C_agg_sec()

532 {

533 forAll (secNum_, sec)

534 {

535 C_agg_sec_[sec] = C_min_ / Av_ * pow(spacing_, sec);




Implementation—Defining Fields

createSectionalFields.H

39 tmp<vclScalarF%eld> tNPridefault;

1 Creating a series of a fields that do not need B.C.

.:{E-E; ---, __ -~ Looping over all sections The name of the fieldsis C_agg sec i, where i is the section index

as l.f - ___;_ - f-

ol 1 CneEseco.set Creating a series of a fields that need B.C. (they are computed by solving the
o 2o volScalazField ~ = ™ transport equations)

51 ( - . - - .
Tosbject By defining a group name, there will be no need to specify B.C. for that field
4 "C_agg_sec" + std::to_string(sec), in each Section_

this=>mesh().time().timeName (),

‘ N It works in a same way as mass fraction fields:
7 IDobject: :NO_READ,
58 I0cbject:: AUTO_WRITE
50 e
60 this->mesh() ,dimensionedScalar("C_agg_sec" + std::to_string(sec), dimensionSet
(0,0,0,0,1,0,0),0.0)
61 )

src/thermophysicalModels/reactionThermo/mixtures/basicMultiComponentMixture.C

I0cbject timeOAgglD
(

if (!t¥default.valid())
{

I0object: :groupName ("N_agg", ""),
this->mesh().time() .timeName (0),
this->mesh(),

IDobject: :MUST_READ,

IDobject: :NO_WRITE

word YdefaultName(IOobject::groupName("Ydefault", phaseName));

1

.set
tNAggdefault = new volScalarField(timeOAggIO, this->mesh(});
i,

new volScalarField

(

|
|
|
|
|
|
|
|
|
|
62 N 1
|
|
|
|
|
|
|
|
|
L]

N_agg_sec_.set
(

sec,
new volScalarField

( IDobject

(

I0object
( ’ I0object: :grouvpName(species_[i], phaseMame),
mesh.time () .timeName(),

mesh,

I0object: :NO_READ,

I0object: :AUTO_WRITE

I0object: :groupName( "N_agg_sec" + std::to_string(sec), ""),
this->mesh().time() .timeName(},
this->mesh(),
I0object: :NO_READ,
IDobject: : AUTO_WRITE
)

; ),
tNAggdefault ()

t¥default()

| e e e |
S R e e e e e e
1




Implementation—updateMorphology () function

laminarSPEM.C

ga1| // Updating morphology - Sectional
ta2| template<class ReactionThermo> ;
G43| void Foam::combustionMedels: :laminarSPEM<ReacticnThermo>: :updateMorphology () d ___,
G| o———— == - 0 c \
sin|  lforAll(secum , 1) - - —— > Looping over all sections
e H-======-
GaT // Mobility diameter 0.45
G48 d_m_sec_[i] = max(d_p_sec_[il, d_p_sec_[i]l # pow(n_p_sec_[il, 0.45)); > dm = dpnp'
Lan
£ // Gyration Diameter
651 volScalarField n_p_lowerlimit (n_p_sec_[i]l#0.0+1.5); dm
G52 d_g sec_[i] = (n_p_sec_[i] <= n_p_ lowerlimit) * (d_m_sec_[i] / 1.29) + > d., =
G (n_p_sec_[i] > n_p lowerlimit) * (d_m_sec_[i] / (pow(n_p_sec_[i], -0.2)+0.4)); 9 Tl;o'z + 0.4
Lned
Gt // Burface area of each primary particle 2
G A tot_sec_[i] = N_pri_sec_[i] # Av_ % pi_ #* d_p_sec_[i]l * d_p_sec_[il; > Atot == p-,-l'AUTl.' dp
LnT
G // Primary particle diameter 6 Ctotharbon 1/3
G5 d_p_sec_[i] = pow ((6.0 / pi_} * (C_agg sec_[il * W_carbon_) / (rho_scot_ * n_p sec_[il), —L _ dp =—
1.0/3.0); T Psoot N pri AV
(LB N
G631 // number of primary particles _ pri
Gtz n_p_sec_[i] = min(max(N_pri_sec_[i] / N_agg sec_[il, 1.0), C_agg sec_[i] / C_agg_sec_[0]); —T—> np =
FLER]
fitid // mass of ecach agglomerate pSOOtin[dg
Gt m_agg sec_[i] = rho_scot_ * n_p_sec_[i] #* (pi_ / 6.0) * pow{d_p_sec_[il, 3.0}; :ma =
Gt } 99 6
(Hiry
na| }




Implementation—Make functions size dependent

Class functions to be size dependent

laminarSPBM.C

template<class ReactionThermo>

void Foam::combustionModels::laminarSPBM<ReactionThermo>: :updateOxidation()

- - - =» Looping over all sections

I_ox_C_tot_sec_[sec] *= 0.0;

if (HACA_oxidation_enabled_){

volScalarField rho(this->thermo().rho());

volScalarFleld HACADQDxldat1onRateFleld(HACAOQDxldatlonRate(sec))

if (scrubbing_enabled_){

// 02

label 02_id = specieslds_["02"];

label 02_index = speciesIndicies_["02"];

R_[02_id] -= 0.5 * HACAO20xidationRateField #* W(02_index);
// co2

label CO_id = specieslds_["CO"];

label CO_index = speciesIndicies_["C0"];
R_[CO_id] += (HACAO20xidationRateField + HACAOHOxidationRateField) * W(CO_index);

// OH

label OH_id = specieslds_["OH"];

label OH_index = speciesIndicies_["OH"];

R_[0H_id] HACADHOxidationRateField * W(OH_index) ;

===

virtual tmp<volScalarField> HACAO20xidationRate(label sec)
{

label 02_i speciesIndicies_["02"];
volScalarField rho (this->thermo().rho());
return tmp<volScalarField>
(
new volScalarField
(
max
(
2 * alpha(sec) * k_B6_HACA() * C(02_i) * C_soot_0(sec),
dimensionedScalar(dimensionSet(0,-3,-1,0,1,0,0), scalar(0.0))

virtual tmp<volScalarField> HACAOHOxidationRate(label sec)
{

label OH_i speciesIndicies_["OH"];
volScalarField rho (this->thermo().rho());
return tmp<volScalarField>
(
new volScalarField
(
max
(
k_6_HACA() * C(OH_i) * N_agg_sec_[sec] * rho, // Mo
dimensionedScalar(dimensionSet(0,-3,-1,0,1,0,0), scalar(0.0))

No modifications for scrubbing part of the functions
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Implementation—updateCoagulation () function

= ok Addition=of particles sa-secaleq
| for (int k = 0; k <= sec; k++)
|4 L _ - - -+ Forall pairs of sections

| for (int j = k; j <= sec; j++) |

volScalarField C_agg_sec_jk (C_agg sec_[j] + C_agg_sec_[k]);
if (C_agg_sec_prev <= C_agg _sec_jk && C_agg _sec_jk <= C_agg_sec_next)
{
// Calculating eth_ijk
if (C_agg_sec_curr < C_agg_sec_jk && C_agg_sec_jk < C_agg_sec_next)
{
eta_ijk = (C_agg_sec_next-C_agg_sec_jk)/(C_agg_sec_next-C_agg sec_curr);
}
else if (C_agg _sec_prev < C_agg _sec_jk && C_agg sec_jk < C_agg _sec_curr)
{
eta_ijk = (C_agg_sec_prev-C_agg_sec_jk)/(C_agg_sec_prev-C_agg_sec_curr);
1,

// Calculation eta_p_ijk (NO MERGING)
eta_p_ijk = C_agg_sec_curr / C_agg_sec_jk * (n_p_sec_[j] * n_p_sec_[k]);

// Corresponds to 1-delta(j,k)/2
if (j==k)
{

coag_prefactor = 0.5;

else
{
coag_prefactor = 1.0;

suml_inside_ = coag_prefactor * eta_ijk * beta * N_agg sec_[j] * N_agg _sec_[k

suml_N_agg += suml_inside_;
suml_N_pri += suml_inside_ * eta_p_ijk;

MPBM

Coagulation doesn’t impact NV,,,;!
(Spri)coag - 0

The source term for due to coagulation is:

( agg)coag :8 299

SPBM

The source term for /V,,,; due to coagulation is:

ZZ(

_E X an Z Blm’flm agg

(Spri)coag )np l]knl]kﬂ]kgjkNaggNagg

The source term for due to coagulation is:

APIDNE

_A_U X Nagg z ﬁlmélm agg

_ agyg yagg
(S&gg)coag >nl]kﬁ]k€]k1v Ny




Implementation—updateSourceTerms () function

911

Almost similar piece of code for other sections:

912

913 S_N_agg_sec_[sec] *= 0.0; Reset both source terms at each time step

911 S_N_pri_sec_[sec] *= 0.0; // Middle sections

- else if (sec > 0 & sec < (this->n_sees_.value() - 1))
016 // First section L

017 if (sec==0)

918 { // Last section

ko // Inception ;{alse if (sec == this=>n_secs_.value() = 1)

920 S_N_agg_sec_[sec] += I_inc_C_tot_ / C_agg _sec_[0] / Av_; Only for the first section
921 S_N_pri_sec_[sec] += I_inc_C_tot_ / C_agg _sec_[0] / Av_;

022

921 // PAH adsorption & surface growth _ _ _ _ I | | incudes both HACA and PAH
921 N_agg_sec_[sec] +4 - I_grow_C_tot_sec_[0], 7 (C agg_sec_[1] - C_agg_sec_[0]) / Av_
925 N_pri_sec_[sec] += - I_grow_C_tot_sec_[0] / (C_agg_sec_[1] - C_agg_sec_[0]) / Av_;

026
027 // Oxidation

928 S_N_agg_sec_[sec] += (I_ox_C_tot_sec_[1] / (C_agg_sec_[1] - C_agg_sec_[0]) \

920 - I_ox_C_tot_sec_[0] / C_agg sec_[0]) / Av_;

9:30 S_N_pri_sec_[sec] += (I_ox_C_tot_sec_[1] / (C_agg_sec_[1] - C_agg_sec_[0]) * n_p_sec_[1] \
931 - I_ox_C_tot_sec_[0] / C_agg_sec_[0]) / Av_;

042
033 // Coagulation

934 S_N_agg_sec_[sec] += I_coag N_agg_sec_[0];
945 S_N_pri_sec_[sec] += I_coag N_pri_sec_[0];
036 }




Implementation—updateSoot () function

oss| | forAll(secum_, sec)- -~~~ » Looping over all sections
. t T T N (e e Function updateSootVariables () determines overall values:
DES // N_apg_ uation . . . ) ) ]
- { ge- Fq *  Number-based arithmetic averaging for intensive properties
Do) Info<< "N_agg Equation for section " << sec << endl; * Summation for extensive variables
991 volScalarField& N_agg = N_agg_sec_[sec];
92 fvScalarMatrix N_aggEqn
99 { laminarSPBM.C
291 fvm: :ddt (rho '] H_agg} POInter to a VOlSC&larFleld ::::: z:];lgl:i:;(::T:::bﬁ:::zi;:::i:?;aminarSPBM<ReactionThermo>::updateSootVatiables()
995 + fvm::div(phi, N_agg) -
996 - fvm::laplacian(D*rho, N_agg) oo = i o
99T L] 1042 volScalarField d_m_sum (d_m_#N_agg_*0.0);
998 rho * S_N_agg_sec_[sec] s iMMJGuMmH sec)
Lt ) ' ::::‘ll: N_agg_ += N_agg_sec_[sec];
1000 o I s i s
1001 H_aggEqn+ relu{} l iz:: , d_m_sum += N_agg_sec_[sec] * d_m_sec_[sec];
1002 fvOptions.constrain(N_aggEqn) ; e - doaem / oagas
Hous N_aggEqn.solve(this->mesh() .solver("N_agg")); woss| o
1004 fvOptions.correct(N_agg);
10005 }
100 g o -
Similar equation for /V,,,;! Despite MPBM, in SPBM (,,; is computed using an algebraic equation:
1026 // C_tot Equation /
1027 { —
1028 Info<< "C_tot Equation for section " << sec << endl; (:tOt - 1417(&1957

1029 C_tot_sec_[sec] = N_agg_sec_[sec] * Av_ * C_agg_sec_[sec];

1030 }



Tutorial case

Constant volume reactor | class dictionary;
Reaction mechanism: Combustion model: |, et seotproperties:
| | | I | Walls . . ) 16| // % % * % % % % % %k k % %k ¥ % k ¥ %k * Kk %k ¥ @
| .- - ‘ - _ - i _i_ - / [5] ABF: 101 species, 544 reactions laminarSPBM T oas (a2 A3 A)S
: : : : : ;z number0fSections 40;
i e S Tt R " - - . 21| spacingFactor 1.5;
| ‘ ‘ ! ! OpenFOAM SO|VeI’ Slze sections: - pactng
| I I | | 23| scrubbing_enabled  true;
L 1 . 24| PAH_growth_enabled true;
L e reactingFOAM Number of sections: 40 2| RACA.grovth enabled trus;
L - -+ - — 4 — — _1% - . 26 inceptiﬁm_er'labled true; )
0 | | [ uiforn mesn Progression factor, SF: 1.5 uey iyt e
I [ \ [ | *
Preprocessing Python script for setting up the probe function object
Initial/boundary conditions ol
- — — 21 type probes;
Field Initial value Boundary condition 2| 1ibs (oompl tng);
23 name probes;
U (0 O O) zeroGradient 24 writeControl outputTime;
25 writelnterval 2 K5
P 1.0e5 zeroGradient 26 interpolationScheme cellPoint;
27 sampleOnExecute yes;
T 1800 zeroGradient 2 : e
. 29 ields (N_a _pri C_to _agg_sec _agg_sec _agg_sec _agg_sec _agg_sec
N2 O * 7 zeroGra‘dlent fN_I::i_secO N_pr?_segc;gl NI‘If)pri_cs:c2t I?_prgig_sec;) bll‘l_pfig_sectll):q = & faks B *
CH4 0.3 zeroGradient o
. 32 (
Ydefault 0 zeroGradient (005 5.J06 06053
34 ) I

[5] Appel, J., Bockhorn, H. and Frenklach, M., 2000. Kinetic modeling of soot formation with detailed chemistry and physics: laminar premixed flames of C2 hydrocarbons. Combust. Flame



Tutorial case—results
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Future projects

* Implementing commonly used sub-models to provide a more flexibility for the user
 Validating the solver in 2D cases like flames and sprays

* Implementing various collision kernel formulations

* Implementing moving sectional model
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