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) « there is a need for substantially improved
What is soot? . . .
» dny solidiparticles produced throughiincomplete instruments to quantlfy nanopartlcle

combustion of hydroecaroen fuels characteristics
= terminology varies by scientificifield

= elementalicanton; black caron; reliidclony carbon, ® |asel’-ind Uced incandescence iS a
carbon black .
Llifcan bereffective atimeasuring all oiithese teCthIU? fOI’ the measurement Of soot
1000rpm  50% lo nanoparticles

— concentration, active surface area, and
primary particle diameter
— species selective technique
— sensitivity
Sgg_gm g ;
?ﬂ'ﬁﬁl [ 70% load Objective
| P  enhance the state of measurements for
- 1  - } practical applications
o4 b » — nonvolatile particulate matter emissions
gt 3 — at or near ambient conditions
S00 nm L A _nm o . 5
T e ———— assess and address issues with LIl S
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i ’ Nanoparticles Sampled
From a Flame

in-flame
ethylene

soot

P R S [Schulz et al., Applied Physics B 83, 2006]
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v ..- ...1.' ‘ I
h : 100 nm _

[Lee al., SAE Paper No. 2003-01-3169, 2003]

Nanoparticles
Assumption:
in-flame in-flame post-flame oxidized
ethylene methane diesel ambient

soot = soot = soot = soot=...

« particulate matter properties of
interest:

concentration
active surface area

primary particle diameter
distribution

aggregate size distribution
optical properties

volatile fraction
composition
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i Emtonrons 9>  Auto-Compensating LIl
— = (AC-LII)

« traceable calibration procedure
— absolute intensity, based on spectral radiance

» two-color pyrometry to determine the time-resolved particle
temperature

— permits use of low-fluence
 particles are kept below the sublimation temperature

» top-hat profile ensures same fluence delivered to all particles

 this new technique is intended to automatically compensate for
any changes in the experimental conditions

— fluctuations in local ambient temperature

— variation in laser fluence

— laser beam attenuation by the particulate matter

— desorption of condensed volatile material
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bt Soot Concentration from

-

ecniogy ___ Two-Color Pyrometry

————

« temperature is determined from the spectral radiance signals at
two wavelengths

— varies with relative E(m) at the two wavelengths

- -1
V. A VAV
Tp:hCL 1 . 1] |n exp; 71 _In exp,” ~2
KA, A i TllE(mxl) an(mxz)

« soot volume fraction is determined from the temperature and the
spectral radiance signal at either one of the wavelengths

— depends upon absolute value of E(m) at the selected wavelength

hc

Kz
Yomw, 122r¢thE(m) T E(m,)

[Smallwood, Ph. D. Thesis, Cranfield University, 2009] © Greg Smallwood
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to/from photodetectors

Experiment:
Apparatus

LIl Optical

é‘ electrical and water I control and signal lines
to/from power supply /

optics, beam separation

Nd:YAG
laser head
(1064 nm)

= wave plate

film polarizer

> wave plate

detector track

vertical slit

measurement location

=l

detection package (collection

optics, and photodetectors)

2 mm
circular

aperture 40 mm

- circular
>/ aperture

collimating
lens

focusing lens

collection lens

\_ measurement
V location

pulsed laser beam

interference
filter #2

Incandescent radiation + Nd:YAG (1064 nm) scattered

radiation (both are incoherent, unpolarized, collimated)

dichroic #1 dichroic #2

long wavelength
1064 nm) detectol

interference
filter #3

¥ .
mirror

spherical lens

interference
filter #1

[Smallwood et al., SAE Paper No. 2001-01-3581, 2001]
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Signals
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[Smallwood, Ph. D. Thesis, Cranfield University, 2009]

Temperature (K)
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In-Flame — Soot Particle

Temperature Decays

4500
——Fluence 2.12 mJ/mm2
——Fluence 1.65 mJ/mm2
4000 - ——Fluence 1.30 mJ/mm2 | |
Fluence 0.95 mJ/mm2
——Fluence 0.35 mJ/mm2
& 3500 -
> J
=1
=)
© J
o
8 3000 -
£ J
(7}
|—
e )
8 -
2000 -
laminar diffusion flame, HAB = 42 mm
] laser = 1064 nm
1500 T+l rrr v rrrr rrrrrrrrryrrrrrryrryrrrrryr vy
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Time After Peak of Laser Pulse (ns)

[Smallwood, Ph. D. Thesis, Cranfield University, 2009]

Fluence

high
moderate
low

low
ultralow
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Volume Fraction

4.0
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sublimation
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Soot Volume Fraction (ppm)

laser = 1064 nm

—a— Fluence 2.12 mJ/mm2
—— Fluence 1.65 mJ/mm2
—4— Fluence 1.30 mJ/mm2

Fluence 0.95 mJ/mm2
—— Fluence 0.35 mJ/mm2

1
2.0
1.5
1.0
0.5
laminar diffusion flame, HAB = 42 mm
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[Smallwood, Ph. D. Thesis, Cranfield University, 2009]
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o Enronmona > In- and Post-Flame — Soot
= Absorption Function

« AC-LII does not always agree with gravimetric

— need improved knowledge of E(m) as a function of temperature
and wavelength
[ N | Krisr;nan etal. (in Sitl.l)

 impact of uncertainty in " = Kt
. oylu .ae
E(m) on soot volume fraction Bruce (Diesel soot)

Schnaiter et al. (Diesel soot)
Dobbins et al.
0.5|— Loess fit to above data
@ & NRC Data (absorption)
HHE Bond (black carbon)

@ This Work (LII)

0.6

7bIow ﬂ

E(m)klow1 Mhigh —Mow E(m)khighl Mhigh —Mow

f

Vi

1:Vo E(m)xlowo E(m)XhighO

Absorption function - E(m)
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[Smallwood, Ph. D. Thesis, Cranfield University, 2009]  © creg smaliwood
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McKenna Flame

HAB

@16 mm
®-14mm ||
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In-Flame — Soot
Absorption Function
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« data acquired with spectral line-of-sight attenuation (Spec-LOSA)
» these results suggest a strong variation of E(m), with A
» could indicate strong variation of soot optical properties with soot age
» could also be absorption of gas or liquid phase species
« if from soot, has significant implications for LlII

[Migliorini et al., in preparation, 2009]
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100 -

20 1 expected behaviour — in-flame results %

80 1

{1

60

+

40 A

|
.

10

Mass Concentration (mg/m 3’)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Fluence (mJ/mm?)

[Smallwood, Ph. D. Thesis, Cranfield University, 2009]
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2400

2200

2000

Final Temperature (K)

1800

1600
0]

In-Flame — LIl is not
Noninstrusive

l l l

® ® ® Experimental data
Linear fit to exp. data
Calculated gas heating ®

K, 6nE(m) f,

o laminar diffusion flame, HAB = 42 mm
laser = 1064 nm

| | |

0.5 1 1.5

Fluence (mJ/mm?2)

[Smallwood, Ph. D. Thesis, Cranfield University, 2009] © Greg Smallwood
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Cooling rate K/nsec

— Expt. 0.78 mJ/mmA2

— Expt. 0.65 mJ/mm~"2

— Expt. 0.26 mJ/mm~"2
Expt. 0.234 mJ/mmA2
Expt. 0.206 mJ/mmA2
Expt. 0.182 mJ/mm*2

— Expt. 0.156 mJ/mm*2

— Expt. 0.13 mJ/mm*2

== Model 0.13 mJ/mm”*2 Ac=0.45

== Model 0.26 mJ/mm”"2 Ac=0.42

== Model 0.52 mJ/mm”2 Ac=0.36 0.96%

== Model 0.78 mJ/mm”2 Ac=0.36 8.6%

100 300 500 700 900 1100

1300 1500 1700 1900 2100

Tsoot-Tgas K

[Snelling et al., Applied Physics B 96, 2009]

2300

In-Flame — Anomalous
Initial Cooling

model seriously
underestimates
initial cooling rate
at low to moderate
fluences

model overpredicts
cooling due to
sublimation at high
fluences

© Greg Smallwood
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Sizes — In-Flame

 under flame conditions

— peak particle 21993
. 3000 1 — Polydisp. Np and dp
temperature IS 2900_2 ——— Polydisp. Np, monodisp. dp=29.5 nm
essentially unaffected 2600 1 — mOHOZiSP- Ezg pc;llvjisp-z f{’s
] ——— Monodisp. N, =63 and d, = 29.5 nm
— the decay of the X 2700
. . o ]
effective temperature is 5 2600 ]
only slightly affected by 2 25001
the N, distribution 2 2400
— the dj distribution has a Z’gz
significant influence on 100 -
the effective O
temperature 0 250 500 750 1000 1250 1500
— primary particle Time, ns

diameter can be [Liu et al., Applied Physics B 83, 2006]

determined

© Greg Smallwood
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at room temperature

— peak particle 40
temperature unaffected 3200 1

— temperature decay is 3000
strongly dependenton < ]
both the primary 5 28001
particle diameter and & 540 |
the aggregate size e ]
distribution function 24997

— primary particle 2200 1
diameter cannot be 2000 .
adequately retrieved
without detailed a priori
knowledge of the [HUEsE

aggregate size
distribution

Polydisperse Primary Particle
Diameters and Aggregate
Sizes — Post-Flame

Polydisp. N, and d,
——— Polydisp. Np, monodisp. dp =29.5nm
Monodisp. Np = 63, polydisp. dp

——— Monodisp. N, =63 and d, =29.5 nm

0 250 500 750

Time, ns
Applied Physics B 83, 2006]

© Greg Smallwood
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Polydisperse Primary Particle

Diameters — In-Flame

0.26|
0.25F
0.24

0.23
0.22
0.21

0.20

0.19

0.07
% /— (b)
0.06 / Y
(6)—\_ . )
0.05 £ K \-.N
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[ T
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/ ! ™,
ol \)
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1
35

25

dpg [NM]
[Daun et al., Applied Physics B 87, 2007]

inverse analysis

demonstrates
range of solutions

orthogonal data
could narrow
range of solutions

© Greg Smallwood
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@ Ssizes with Elastic Light
—— i
Scattering

T%/ o | | * similar approach to that for
primary particle diameter
2o fe distribution
% oo assume k; = 2.3, d; = 30nm
o o P fit Ny, Dy, 0

.
]
4

apply Rayleigh-Debye-Gans
Polydisperse Fractal
Aggregate (RDG-PFA)
theory for scattering to
experimental data

o * both scattering and LIl may
= =— be required to assess d,;

R 3' ‘* ; and N, distributions
Oq [Link et al., in preparation, 2009] © Greg Smallwood
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8.1
1.0 ] - Experiment

c 1 -
S 7 8.0 \ Fit
E=3 4
13}
‘g 0.8j
£

b —

797

3 o6 ] n
S 0.6+ . Model - Ng 100; sigma 2.5 [
5 1 " — Mode! - Ng 100; sigma 4.0 r=4
o ) —Model - Ng 50; sigma 2.5 - |
& ) - = Experiment - Carbon Black 7.8
T 041 .
N 1
= ]
E | 7.71 Nl e
g 0.2 " |Anomalous| Linear Polydispersity

] cooling range effects

0.0 T T T T T T T 7.6 T T T T T
0 200 400 600 800 1000 1200 1400 0 50 100 150 200 250 300 350 400
time (ns) t (ns)

[Smallwood, Ph. D. Thesis, Cranfield University, 2009]

« for AC-LIl measurements the recommended analysis interval is
approximately 50-100 ns after the peak of the laser pulse

— maximum soot volume fraction and single exponential
temperature decay

— Interval is dependent upon experimental conditions

© Greg Smallwood
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« autocompensating laser-induced incandescence (AC-LII)
addresses some of the limitations of conventional LI
— no significant sublimation v
— fluctuations in local ambient temperature =
— variation in laser fluence %
— laser beam attenuation by the particulate matter ~
— desorption of condensed volatile material ~

* LIl however has shown uncertainty in the absolute
concentration
— issues with calibration
— uncertainty in optical properties of the particles
— variation in concentration with laser fluence

© Greg Smallwood
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« from the perspective of LII

in-flame post-flame

soot # soot

* there is one equality

“constants” = variables

* progress has been made in improving the real-time
measurement of soot and nonvolatile particulate matter
emissions

* may need to rely on correlation to gravimetric to firmly
anchor AC-LII measurements for post-flame soot
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Effect of Condensates

220

Coated Soot - SMPS

200 +
180 -
160 -
140 -
120 -
100 ‘.' S
80 -
60 ‘

Arithmatic Mean Mobility d (nm
on

20 30 40 50
Syringe ulL/hr

60

70

3300

Coated Soot - Peak LIl Temperature

3200 .
3100 1 0:

[Smallwood et al., in preparation, 2009]
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