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The meiting toe of the Athabasca Glacker in Canada. Photo: Wing-Chi Poon
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How can we model soot? &

v

vvyyvyy

Multi-phase problem

Interactions between reacting gas phase and
particulate

Several thermo-physical processes involved:
» Turbulent mixing

» Chemical reactions

» Soot formation and growth processes
Large range of time scales

Detailed kinetic mechanism with PAH reactions
Proper turbulence-combustion model
Statistical models for soot particles evolution
Accurate coupling gas phase-soot phase

Residence Time in Flame

Gaseous

&b
HACA ’

Surface
# Growth

PAH Condensation
<oy
‘Lu.)

T B
Oxidation (02,0H)

.. Formation of Large Polycyclic
{8} w:w' Aromatic Hydrocarbons (PAHs)

o . Q First Aromatic Ring

s T ¢ # Acetylene CoH2

s | (STFS
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Modeling
Components

Turbulence Soot Statistics

Combustion LES/ Extended Split
Flamelet Progress P d Quad Method
Variable Model resure Hadrarre etho
Beta PDF of Moments
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Particle size distributions are described by
the population balance equation (PBE)

| f 'Lt;" | uf -Lt;" | n Local thermo-physical
— + - = |fU X, t:" p processes, as e.g.
It I'X — - -
AL particle nucleation,
coagulation, oxidation

HSVRH() -+, *-.

I'0 &) '"1- H'HSWE'(") +&Y%&)- -.$&(")  +- 2'%3-4 (J*&*567* 2"%3-*
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Method of Moments (MOM) &
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The k-th moment is
an integral property of the

distribution: Q¢

k
mg(z,t) = ffl

Transformation of PBE to transport equations for moments

Moment
equations

of (z,t;€)  Ouf (z,t;€)

T (z,t;¢)
\ 4
0 T ou x,t ,
mka(f ) + umgz(a: J mig| (2, ¢
\ 4
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¥ +.78(%6129:;

Closure:
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Quadrature-based Methods of Moments

QMOMI

m (2,1)) € EQMOME)

ESQMOMEE!

Quadrature based method of moments (QMOM)

unknown NDF

approximated NDF

>

Vi, w Vo, wo
1, W1

example: 2 quadrature nodes (N; = 2 )

[1] R. McGraw, Aerosol Sci. Technol. 27, 1997
[2] Yuan et al. 2012, J. of Aerosol Science, 51, 1-23.
[3] Salenbauch et al. 2019, J. of Aerosol Science 128, 34-49.

» Approximation of unknown NDF by weighted
sum of Dirac delta functions:

FV) = £1(V) = Y08V ~ Vi

» Algorithm based on Gaussian quadrature
theory to determine weights and node positions

» No pointwise NDF information

;;;;;;;

s \é /' \
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Quadrature-based Methods of Moments

QMOMI
omg (X,t)  dumyg (X, 1) ,
X umg (X, t) t
ot T ox My (X, 1) «¢ EQMOM2)
ESQMOMEE!

Extended QMOM (EQMOM)

JVIA Gnknown > "HH#S%&'()*'%+,%-,.+/+%0+,123,45,06'78*69,

approximated NDF (0 _ _
NDF )
: (e.g. log-normal --(, Y0-,,23.<

distributions) N

Vl'. " Vzl, w9 ‘7
> =06'+*0":6 123, '+-%$()*' %+

6&)(#?76<,A,;23:,B,.V;,75.,2C
. > 1.(63>)? .6 '+,%86'+@6$:'%¥?7%$*8(

Mg, = [m()aml) s 7m2N¢]
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QMOMI1]
omy (z,t)  Oumyg (z,t) ,
— 4 — — =|mp (z,1
5 o k(z,1)| EQMOM2)
ESQMOME] 1
Split-based Extended QMOM (ESQMOM)
f(V) A sub-NDF 1 » The first three moments are related to the KDFs
parameters as
sub-NDF 2 unknown S:
NDF ws, = g
. Sj
: H
> Ve, = —
Vs, ws, Vi, ws, V Ws;
2SI 72
example: 2 sub NDFs (Ns = 2) Oo = ) Ws; Si
Si — .
mii ' VSi’WSi’!Si Wlth k:O,1,2 wsl V’Si

[11 R. McGraw, Aerosol Sci. Technol. 27, 1997

[2] Yuan et al. 2012, J. of Aerosol Science, 51, 1-23. /
[3] Salenbauch et al. 2019, J. of Aerosol Science 128, 34-49. 9 | STI"S
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Turbulence and Combustion Modeling approach

R[LGLIHU

UDPH ;5 I;

" #2Y,

Thermo-chemical state

tabulation
+3-pdf integration

10

00

1D Flamelet

Full Thermochemical State
U =[TY,Ys, .. Y,

coupling

\ 2.2100+03

1731.1

1252.4

773.7

A

=2.950e+02

Database

[1] N. Peters. Symp. (Int.) Combust. 21 (1988)

Reduced-order Model
U =U(Z,2",Yc)

CFD
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Solve control variables
Z, Z”2, YC

| (STFS
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Coupling combustion-soot model &

» Following Mueller and Pitsch (2012)!Y], an additional transport equation
for a lumped PAH species is solved

(9?)713,4]{ 8ﬁﬂj?PAH o |_ (N 8{/PAH —
-2 5(D+D ) gipAH
(‘975 + 8333' (9$j P + t 8$j + WPAH

» The source term is determined as

~ ~ 2
o _ prFLUT +|T—FLUT Yp aH JFITFLUT Yp aH

P AH P AH
Chemical Chemical Destruction due
Production Destruction to soot nucleation

» Extended table including PAH reacting rates and soot nucleation rate

[1] Mueller M. E., Pitsch H., Combustion and Flame , 159, 2012. 12 | /CSTI:S



Numerical Framework: Solver *

STFS in-house
Universal Laminar Flame
solver

)
ulf

» Flexible, robust framework for
reactive and multi-phase systems

» Object-oriented C/C++ code with
multiple compiler support

» Run-time configurable adaptable

» Multiple functions: stand-alone
software or coupled library

» Includes QMOM library

<

>

CFD solver

Open\VFOAM

ROLLS

IR

ROYCE

PRECISE CFX"

Three-dimensional Navier-Stokes
and transport scalar equations
solvers on complex meshes

q
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Large Eddy Simulation of the Delft Adelaide Flame llI

Target case of the International sooting flame (ISF) Workshop!'!
Main jet: 81% CH,, 14% N,

Pilot: CoHo/Ho/Air

Experimental data available for gas and soot phasel?

vvyyvyy

Simulation framework: OpenFOAM coupled with in-house QMOM library
Combustion model: tabulated Flamelet-Progress variable approach
Kinetic mechanism: Caltech3 mech., 174 species +1896 reactions

Soot model: Split-based EQMOM approach with 2 sub-NDFs

Soot physical-chemical processes: nucleation, coagulation,
condensation, HACA, oxidation

vvyvyyvyy

[1] ISF workshop, ,Other Flame 1 www.adelaide.edu.au/cet/isfworkshop/data-sets/turbulent /
[2] Qamar et al., 2009, Combustion and Flame, 156. 15 | STI"S
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Large Eddy Simulation of the Delft Adelaide Flame

Gas-phase results: Velocity field

x=250mm x=250mm
T T T T T 5
25 F B
4 + _
_ 20 . E
£ 15t 1 £ 37 A
D 10+ oo°oo _ jE' 2 r %o T
5 2 4 1F 2 i
0 0
01 2 3 4 5 6 0 1 2 3 4 5 6
r/D (-) r/iD (-)
x=150mm x=150mm
T T T T T 5 T
25 F -
4+ |
UX o 20r B -
2.688e+01 % 15 | E 3L i
E > 10t 1 £2 i
-20.161 s L ] 1 L i
F 0 0
113441 01 2 3 4 5 6 01 2 3 4 5 8
E r/D (-) r/D (-)
6.7204 Xx=50mm Xx=50mm
. 5
~0.000e+00 | a4t -
> #$%08&'($%)&*$+$&$,$-.$/.)&0'&+1&2348&55& > 1 £ I
i 1+ -
> 6+1-7(-15)+8-7&5-9+08)&:8$7+-1;&71;+1UB&/4&A4>2&8&7?]. $T@&.-))A NS

> B)$,&C)17'+<&')*&7188)7+<&|8)*'7+)*& 0 1 Zr/DB(_)4 5 6 0 1 2r/D3(_)4 5 6 iy |/<STF5




Large Eddy Simulation of the Delft Adelaide Flame

Z()

Z()

Z()
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0.2

I I ) &

o

1 2 3 4 5 6
r/D (-)

x=150mm

1 2 3 4 5 6
r/D (-)

» Mean mixture fraction and temperature fields correctly predicted

Zrms (-)

Zrms (-)

Zrms (-)

Gas-phase results: Mixture fraction and Temperature
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» Remaining difference in temperature profiles due to neglected radiation effects
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Large Eddy Simulation of the Delft Adelaide Flame: soot properties

Z T (K) Ypa fv PND

08

0.7

06

05

04

1.000e+00 2.210e+03 2.744e-05 1.135e-08 1.6060+12
0.3 I

0.7 17311 2.0584e-5 8.509e-9 | oades 12
02

l 0.5 1252.4 l 1.3722e-5 I 5.6726e-9 . 8.0295e+11

o l 025 7737 . 6.86126-6 2836369 I 401476411

0.000e+00 2.950e+02 - 0.000e+00 0.000e+00 0.000e+00
° 0.1 0.1 o1 ¢ ol 0.1 c 0.1 0.1 c 0.1

0.1

» PAH and soot formation confined to the fuel-rich region
» QObservable soot volume fraction downstream x=0.3 m
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Large Eddy Simulation of the Delft Adelaide Flame f

Soot particle number density

Particle Number density (1/cm3) Time evolution of the Particle
Size distribution (1/cm?3)
0.5,0,0
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:
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3
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LES Delft Adelaide Flame: soot phase 0 o

Soot Source Terms

£'0
S0
80
S80

zo
sz0
€0
€0
| vo
0

L'o
SL'o

S00

Y_PAH
2.607e-05y

1.3034e-53

O.CIDe+[IJ-]

nucleation
2.756e-03
1

0.0013783

0.000e+00-

condensation
2.151e-03
|

0.0010755%

0.000e+00-

haca
1.601e-02
1

0.00800673

0.000e+00»]

oxidation
0.000e+00-]

-0.0318367%
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Conclusions and Outlook &~

Integrated OF numerical framework including flamelet
combustion model and QMOM based methods

» The numerical framework is promising for simulations of sooting reacting
flows in more complex configurations

> Further investigations of bi-component spray at engine condition, from

Modeling
Components
Combustion Turbulence Soot Statistics
Flamelet Progress LES/ Extended Split
Variable Model Presumed Quadrature Method
ﬁ Beta PDF of Moments
Outlook:

injection to soot formation

>

Ypean €quation to account for slow PAH reactions

Extended Split QMOM: robust approach for a pointwise
distribution of the particle size

LES of the Adelaide Delft flame (ISF target)
Gas-phase flow field correctly predicted

TECHNISCHE
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DARMSTADT

Soot properties qualitative agreement with the experiments

Soot volume fraction source terms active in different positions
of the flame

2 | (STFS



Thank you for your attention!
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Calculations for this research were conducted on the Lichtenberg high performance
computer of the TU Darmstadt within the computing project 973 and 1154.

24 | (STES



