COMBUSTION WEBINAR

Carbonaceous nanoparticle formation in flames

Speaker: Prof. Markus Kraft, University of Cambridge

Time: August 29,2020
/ |0 am EST; 4 pm Paris; 10 pm Beijing.
. Meeting: Zoom

Registration (required):
Check https://sun:ae.gatech.edu/combustion-webinar/
for details or directly contact wenting.sun@aerospace.gatech.edu
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Biography: Prof Markus Kraft is a Fellow of Churchill College Cambridge and Professor in the
Department of Chemical Engineering and Biotechnology. He is the director of CARES, the
Singapore-Cambridge CREATE Research Centre, and Principle Investigator of C4T the “Cambridge
Centre for Carbon Reduction in Chemical Technology”, which is a CARES research programme.
Professor Kraft obtained the academic degree 'Diplom Technomathematiker' at the University of
Kaiserslautern in 1992 and completed his Doctor rerum naturalium in Chemistry at the same
University in 1997. Subsequently, he worked at the University of Karlsruhe and the Weierstrass
Institute for Applied Analysis and Stochastics in Berlin. In 1999 he became a lecturer in the
Department of Chemical Engineering, University of Cambridge. In 2012 he obtained a ScD form
the same University He has a strong interest in the area of computational modelling and
optimisation targeted towards developing CO; abatement and emissions reduction technologies for
the automotive, power and chemical industries. More recently he takes interest in the application of
dynamic knowledge graphs to above mentioned areas.

Abstract: Carbonaceous nanoparticles formed in flames play an important role in materials synthesis as carbon
blacks. They also pose risks as unwanted combustion emissions in the form of soot. Understanding and modelling
the formation and evolution of these nanoparticles is still a major challenge. Significant advances in experimental
techniques in the last decade have allowed the gas phase precursors and the transformation from molecule to
nanoparticle to be observed. With the assistance of computational techniques, various mechanisms can now be
compared and explored. Questions remain surrounding the various mechanisms that lead to nanoparticle
formation and the internal structure of these particles is still not fully understood. In this talk, some recent findings
and computational techniques in this exciting area will be presented.
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Carbonaceous nanoparticle formation
In flames

Jacob Martin, Gustavo Leon, Kimberly Bowal, Angiras Menon,
Laura Pascazio, Maurin Salamanca and Markus Kraft

XGAGK O2yUGNROdzGA2Yya FTNRY YSYOSNER 2F (GKS /

-~

Combustion Webinar | 29t August 2020



BB CAMBRIDGE CAMBRIDGE CENTRE
CARES FOR ADVANCED RESEARCH AND
EDUCATION IN SINGAPORE LTD.

|

g

BB UNIVERSITY OF % CoMo
% CAMBRIDGE & group




2

i
LT

5 C o> | 10

= - O =
v & O = n
580 & &
0 E : = 2
- T =
%UC ‘ml“-
O O &% i= =
O O — &= um
w@ﬂC s am =
5 0 ¢ g =
3 £ Ha. iE. ia-
5 2 =8

am

OO0 =

- I=

uE =

T

L
R EREERESEREdass

T
LL
<
o
A4
0
S
=
(1]
=

Singapore

CoMo
@ﬁ GROUP

N In Imy i

I in Imi in
(=01

Iy . idf AN
(L] (] |
I8 IV 1.y 18
[/ S (R P [ (AN |
g8y I8 I ImIN) IR I e im

g§7 I8 IN0 1§D IR0 M) UEECIND 0N
e

mk306@cam.ac.uk




Motivations
Problem
Precursor

Nanoparticle
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Motivation T climate change
Climate effects of black carbon emissions

The impact of BC on snow and ice causes additional warming BC in northern hemisphere mid-latitude snow leads to
in the Arctic region and contributes to snow/ice melting. earlier springtime melt and reduces snow cover in some
VERY LIKELY BUT MAGNITUDE UNCERTAIN regions. LIKELY BUT MAGNITUDE UNCERTAIN

The warmmg caused by | BC>
is concentrated in the northern hemnsphere

N\
L
Absorbing aerosols may have
caused changes in precipitation .
" patterns with largest effects likely

tobeinSouthAsia. ___—~__,
! | | ] ] ! \
The hemispheric nature of the BC forcing Absorbing aerosols may cause circulation changes
— causes a northward shift in the ITCZ. over the Tibetan Plateau and darkening of the snow.
LIKELY. The importance of this for glacier melting is unknown.
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Motivation T climate change

Components of Radiative Forcing

Internal combustion engines and
furnaces produce black carbon.

Agricultural fires also produce
brown/organic carbon.

Radiative Forcing (W m™2)
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Health impact of air pollution

How fine particles affect the body

=200 ¢ Increase in strokes, brain ischemia

:

» Worsening of chronic

obstructive
pulmonary disease

* Reductionin lung
function

» Passage of particles
through walls
of blood vessels

* Blood flow problems

* Peripheral vessel
disease/thrombosis

VASCULAR SYSTEM

* Atherosclerosis

* Reduction in diameter
of blood vessels,
high blood pressure

Sources: French national health agency, inVS
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» Cognitive disorders
» Neuro-degenerative illnesses

» Changes
in heart
function

* Increase
in heart
rhythm
problems

REPRODUCTION

* Fertility problems
» Miscarriage

* Foetal growth problems

* Premature birth
* Low birth weight

Markus KRAFT

Fine particles
PM = particulate matter

PM,

@ <10 microns
(0.01 mm)

Pr42.5 ;
(the smallest and most
dangerous) /

@ <2.5 microns /

'f Human
hair
@ 50-70 microns

OAFP
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Motivation T health impact

N
o

N
o

A SARS correlation with air pollution
index in China (Cui et al. 2003)

A Preprint from Harvard shows 1 & ¢gm?
in PM, ¢ is associated with an 2-15%

Mortality Rate Ratios
o

Wu et al. medRxiv 2020 |

|
e

increase in COVID-19 death rate? (Wu
et al. medRxiv 2020)
A Particulates as carrier of the virus? As
with influenza and measles (Setti et al.
2020) e
A Is it due to copollutant NOx? PM10 . g
(Ogen 2020, Martelletti et al. 2020) # |

From 66 administrative regions in Italy,
Spain, France and Germany, 78% of
COVID-19 deaths occurred in the five

Q1(0-5.79)

ommEEDO0O0 £

most polluted regions. (Ogen 2020) Martelletti et - -

al. 2020
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Q2 (5.79-8.06) Q3 (8.06-9.54) Q4(9.54-10.74) QS5 (10.74+)

Troposphiens NO;
{puncd ')
- o
1450
- 0

0 Y0 Lm

Ogen 2020
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Space, the final f

The Largest Interstellar Molecules...

energetic particles
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Ames Research Centre
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Carbon black... Applications

Pigment blacks

wUsed forprinting inks¢ particle
size and surface determine
colourand viscosity

wThe coating sector uses jet black
¢ oxidised fine particles

wPlastic industny fine particles
for UV resistance and for anti
static, e.g. power cables, carbon
brushes and electrodes

wPaper industryg medium size
particlesc decoration

wConstruction industryc coarse
particles

» CoMo
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Carbon black... Applications

=
v ;:,‘__}ju—-u\

Reinforcing and rubber blacks

wDiscovered by accident in the®9
century

wReplaced zinc oxide

wEliminates the stickiness of rubber

wActive blacks

wE.qg tires¢ size: 20 nm
wSemiactive

wE.g. floomats¢ size 50 nm

wCharacterisedby size, surface area
and after treatment

wMore than90% of carbon blactor
the rubber industry

(5% CAMBRIDGE
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Problem statement

AA major Dbreakthrough 1 n rstandir
[soot] formation will have been achieved when it
becomes possible in at least one case to account
for the entire course of nucleation and growth
of carbon on the basis of a fundamental

knowledge of reaction rates and mechanismso

Palmer and Cullis, 1965
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50 nm
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@ CO 4 Hy =
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. _ Bockhorn 1994
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aggregates

ws Nanoparticles

W A PIMS, Half-mini DMA, Nano-SMPS
N (Grotheer, Wang, D 6 A n Bisavas)
SAXS, WAXS (di Saito)

AFM (D 6 A n Miautolo, Wang)

LIl (Michelsen, Desgroux)

aggregate
formation

primary
particles
formation

nanoparticle
formation

Helium ion microscopy (Wang,
Kohse-Hohinghaus)

In-situ TEM; oxidation (Thompson,
Toth), nanoindentation (Biswas,
Dassenoy)

Polycyclic aromatic hydrocarbon
A HRTEM (vander Wals, Kraft,
Niessner, Mathews).

precursor
formation

Time resolved LIF, Band gap,
Raman , micro-FT-IR (Desgroux,
Miller, D6 Al eB&A MmN a
Thompson, Minutolo, Wang)

HR-AFM (IBM, Wornat, D6 A n ¢
STM (Thurmer)

Tunable PI-MS, i2PEPICO (Fei Qi,
Michelsen, Hansen, Desgroux)
atmospheric (Carbone) HR-MS
(Miller, Sarathy), SI-MS (Desgroux,
Focsa)

fuel
pyrolysis

Courtesy of J. W. Martin
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Sootingpropensityof fuels
€ —

depth =130 mm

' Sooting Wings Sooting Wings (into page)
- breadth =120 mm
A\ / I >
N\ Housng [ e
\ Sheath
| (taken from
ASTM lamp)
height =
500 mm
Logitech
Fuel tube 9000
from ASTM s webcam
burner — |
Wick —
Mettler-Toledo EL204-IC Retort
Analytical Balance Stand
FURTI: Fuel |
uptake rate An improved methodoloqgy for

determining threshold sooting

m.easurement indices from smoke point
with lamps
threshold Roger Watson, Maria Botero,

Christopher Ness, Neal M.

Morgan, and Markus Kraft,

Fuel 111, 120-130, (2013).

Reproduced and extended by

Smoke point lamp (ASTM D1322) researchers at Aachen 2018
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Flame height, mm

Appearance of Flickering
Stable, sooting wings flame and
clearly (ASTM D1322 appearance  Flame tip
defined and Olson & of soot trail  not clearly
flame tip Pickens) (our method)  defined

100
No Onset -
visible of -
t
80| S00! soot .
- r-
"
60 |
'\--
40 - o Smoke Point = 38.1 mm |
20 i
N
¥
‘6
O N — 1 —J
0 0.001 0.002 0.003 0.004
Fuel uptake rate, g/s
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https://como.ceb.cam.ac.uk/publications/F-111-120-130/
https://como.ceb.cam.ac.uk/people/rw406/
https://como.ceb.cam.ac.uk/people/mlb42/
https://como.ceb.cam.ac.uk/people/cjn34/
https://como.ceb.cam.ac.uk/people/nmm22/
https://como.ceb.cam.ac.uk/people/mk306/

Sootingpropensity of fuels

Yale co-flow diffusion
doped-heptane flame

Colour ratio pyrometry

Camera lens
/Ovo\/o\/o\ @ O O/Fiﬁiﬁi:ﬁ)
1.8
0% 5% 10% 20% ®
A SOOTVF | W's00TVF aes 35 i 15
- 2.00 o
1.75 '
40 1.50 Ezs 1.0
530 e i i 1%
% 1.00:> 15
20 0.75 ol , PR T i
https://como.ceb.cam.ac.uk/resources/flpyro/ o s |z s s [ 1.,
2 4 2 4 2 4 2 4
E- 5 (b) 0 40 4 -40 4 -40 4 -40 4 o Radial distance (mm)
& | Radial distance (mm)
= 4- FLiPPID for ) .
= Inverse Abel Yield sooting index (YSI) doped
o . . .
= 34 .
g 3] transform from methane dlffgsmn flgme Provides
E ) colour ratio comprehensive unified scale.
2 2
5 pyrometry (Drever, (McEnally, Pfefferle et al. 2018)
> 14
s Kraft et al. 2019).
8 o

T

25 30 35 40
Height above burner (z) [mm]

Improved methodology for performing the inverse Abel transform of flame images for color ratio
. pyrometry Jochen Dreyer, Radomir I. Slavchov, Eric J. Rees, Jethro Akroyd, Maurin Salamanca,
Sebastian Mosbach, and Markus Kraft, Applied Optics 58(10), 2662-2670, (2019).
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https://como.ceb.cam.ac.uk/resources/flpyro/
https://como.ceb.cam.ac.uk/publications/AO-58-2662-2670/
https://como.ceb.cam.ac.uk/people/jd766/
https://como.ceb.cam.ac.uk/people/ris26/
https://como.ceb.cam.ac.uk/people/jwja2/
https://como.ceb.cam.ac.uk/people/ms2506/
https://como.ceb.cam.ac.uk/people/sm453/
https://como.ceb.cam.ac.uk/people/mk306/

Modelling

A
(~years) 10°
Chemical Kinetic Accelerated MD Computational
6 kinetic Monte (SEMC, REMD) fluid dynamics
(~days) 10 models  Carlo (SRM, KIWA, ADMS
(kinetics, (KMC-ARS) EPISODE, OpenFoam)
o 3 VTST,
(~mins) 10 TsT)
(s) 10° |
3 ' (PAH-PP, MOPS)
(ms) 10° :
Non-reactive molecular dynamics
(us) 10°® (isoPAHAP, OPLS, curPAHIP)
(ns) 10°°
(ps)1072
Courtesy of J. W. Martin
(fs) 107"°
' -¢
(pm) (nm) (Hm) (mm) (m) (km)
1072 10°° 10° 1073 10° 103
@ﬁ CoMo B8 CAMBRIDGE
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Stochastic Particle Method (SPM)
- Typespace

-

. Aggregate particle

. P, =P C !
-\\\ q q (pl; neny pnP(PQ), ) / : \ \\
' Molecule ) . ) ‘ |

f N\

i N\
m; | T\ AR
» I ! r \
p3 I 4 / p6 5 V!
I 7= ! —~ !
(B v N
Y W 4 v v
, . pl p2 p4 p5

Primary particle
= pi(Ma, e, Moy o), 7o X )

Aggregates are formed by primary particles that are formed by molecules (PAHS).

F & CAMBRIDGE
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SPM- Typespace

Molecule (PAH)

6 & (OBRD (i BH (AN ))
Composed of

¢ (& ) carbon atoms,

¢ (& )sites &

Edgeconnectivity matrixA(d )
(where reactions happen)

___________ i Atom (Carbon)
® o(ohh {5 )
Prlmary partlcle _ . _
n o n(a B yA) @ A atom coordinates

‘ OAKSUSNRIFG2Y
| A primary radius e oh for edge atoms
0 A primary coordinates h mh otherwise

) CoMo B CAMBRIDGE
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SPM- Type space

The model is based on reactisges, each witlspecific reaction rates.
Site
L R R
w ho A first and last carbon atoms of a site
typically where reaction starts (H abstraction)

— A site type
Armchair Embedded
: S-member
Z'&f ring (ACR5)

- i ~ Partially
9-member embedded
ring (RS) S5-member

' i ring (ZZR5)
Free-edge
(FE)

F 3 CAMBRIDGE
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SPWV- Particleeo\golution

| Exp.
- Comp.
e . B
- 5 0 7 5
c YYr
o Comp. =,
g_ Fitted norm. dist.
9 02+ u (nm) o (nm)
L Exp. 10.44 1.77
\ Comp. 9.71 1.88
01F | N
Z
0.0== -
4 6 8 10 12 14 16 18 20

Numerical simulations of soot aggregation in

PP diameter (nm)

Simulation of primary particle size distributions in a

premixed laminar flames

premixed ethylene stagnation flame

Neal M. Morgan, Markus Kraft, Michael
Balthasar, David Wong, Michael Frenklach,
and Pablo Mitchell, Proceedings of the ‘

Combustion Institute 31(1), 693-700, (2007).
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Dingyu Hou, Casper Lindberg, Mengda Wang,
Manoel Y. Manuputty, Xiaoging You, and Markus
Kraft, Combustion and Flame 216, 126-135, (2020).

25


https://como.ceb.cam.ac.uk/publications/PotCI-31-693-700/
https://como.ceb.cam.ac.uk/people/nmm22/
https://como.ceb.cam.ac.uk/people/mk306/
https://como.ceb.cam.ac.uk/people/mb404/
https://como.ceb.cam.ac.uk/publications/CaF-216-126-135/
https://como.ceb.cam.ac.uk/people/csl37/
https://como.ceb.cam.ac.uk/people/mym24/
https://como.ceb.cam.ac.uk/people/mk306/

SPM- Particleevolution

1 . _ . 13 S R
Lattracti s LT 10 i
- \attractive = $~ 1012/ H =055cm ~7 this work
= 508 | p ——p=1
2 o o 10" i a Exp., 'Sl'singf]hlila 1
() = &n, © Exp., Stanfor
0 = Q 9
B = 0.4 5 1 i
© © O g | Premixed flame A
15 = — T=500 K S 10° 163%CH, kY
c 0.2 -=T=1000K | Z 47/137%0, Y
1 ' repulsive | | 8 . | -—T=1500K © e 60.0% AR : R) -
0.1 0.2 0.3 0.4 0.5 1 2 3 4 5 6 7 8 34 6 10 20 30 50
Separation, d (nm) Reduced collision diameter, D (hnm) Mobility diameter, D_ (nm)

A Theinteraction energy between two spherical particlasasderived from the LJ potentials of the
constituent atoms of the two particles

A A coagulation efficiency model for soot was proposed based on the interaction energy between
colliding partners and their kinetic energy.

On the coaqulation efficiency of carbonaceous nanoparticles
Dingyu Hou, Diyuan Zong, Casper Lindberg, Markus Kraft, and Xiaoqing You, Journal of
Aerosol Science 140, 105478, (2019).
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p CARES 26

@ﬁ CoMo
mk306@cam.ac.uk ” GROUP Markus KRAFT


https://como.ceb.cam.ac.uk/publications/JoAS-140-105478-/
https://como.ceb.cam.ac.uk/people/csl37/
https://como.ceb.cam.ac.uk/people/mk306/

SPM- Aromaticsite modelling

<---> highly reversible reactions
(partial equilibrium)
A forward reaction faster
than reverse (steady state)

Soot Soot
island island

Leon, Gustavo, et al. "A new methodology to calculate process rates
in a kinetic Monte Carlo model of PAH growth." Combustion and
Flame 209 (2019): 133-143.
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