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Grr Evolutiovodtitiancad e for LIl

3 Weeks, R. W., & Duley, W. W. (1974).
g Aerosol-particle sizes from light emission during
3{ excitation by TEA COZ2 laser pulses.
> ¢ Journal of Applied Physics, 45(10), 4661-4662.
&
E Msﬂ? PULSE
g:- o5 T 1 1
¢ rfﬂ,g; & Recipe:

e Pulsed TEA CO, laser (4 ys pulse width)
e Photomultiplier
e Oscilloscope

Weeks&Duley,1974
(first LIl paper)

e

1975 1985 1995 2005 2015
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Evolution of hardware for LIl

Eckbreth, A. C. (1977).
Effects of laser-modulated particulate

FREQMES incandescence on Raman scattering diagnostics.
i— Journal of Applied Physics, 48(11), 4473-4479.
DYE LASER
Recipe:
FIG. 2, Two-color optical pyrometer. Symbols: I, lens; -
S, aperture; P, polarization filter; I}, dichroic, M, mirror; o Pulsed dye laser (1 MS pUlSG Wldth)
F, blocking and narrow-band interference filters; PMT, °® Photomultiplier
photomultiplier.

e Oscilloscope

Eckbreth,1977
(first schematic)

1975 1985 1995 2005 2015
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TRF Evolution of hardware for LII

4500

Q.10

40004 40.08

Melton, L. A. (1984).

35001 | i 0,067 Soot diagnostics based on laser heating.

—_ \! g Applied Optics, 23(13), 2201-2208.
\ &

30001 fif { ;\ Jooa <
Vo
Vo
\ \. Recipe:

2soo-~_--.lr_ —— . {002 e Nd:YAG laser (<10-nsec FWHM)
T e Photomultiplier

p—. \ . _ . . e Oscilloscope

0 20 40 60 80 100

TIME (nsec)

Melton, 1984
(YAG lasers)

i——l—-'-l—l——l——l—‘-d—d—l-b

1975 1985

1995 2005 2015
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Evolution of hardware for LIl

-
- Rohlfing, E. A. (1988).
E Optical emission studies of atomic, molecular, and
ﬁ particulate carbon produced from a laser vaporization
8 cluster source.
Tg The Journal of Chemical Physics, 89(10), 6103-6112.
s
=
Recipe:
e Nd:YAG laser (<10-nsec FWHM)
DD . 1 L 1 | L |
300 400 500 800 700 800 e Spectrometer
Emission Wavelength (nm)
Rohlfing, 1988
(Spectrometer)
1975 1985 1995 2005 2015
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Evolution of hardware for LIl

Camera

Zur Loye, A. O., Siebers, D. L., & Dec, J. E. (1990).
2-D soot imaging in a direct injection diesel engine

Laser using laser-induced incandescence.
Sheet In COMODIA (Vol. 90, pp. 523-528).
ara Recipe:
e 4 e Nd:YAG laser (<10-nsec FWHM)
Figure 3 Schematic of the engine’s optical config- e Camera (intensified CID)
uration.
Dec, 1990
(2D LII - ICID)
1975 1985 1995 2005 2015
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Evolution of hardware for LIl

N

Tait, N.P., & Greenhalgh, D.A. (1993).

PLIF imaging of fuel fraction in practical devices
and LIl imaging of soot.

Berichte der Bunsengesellschaft fuer Physikalische
Chemie, 97(12), 1619-1624.

Recipe:

e Nd:YAG laser (<10-nsec FWHM)
e intensified CCD

Fig. 9
LII image from a strongly turbulent jet flame

Greenhalgh, 1993

(2D LIl — ICCD)
1975 1985 1995 2005 2015
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e

:

o
-----

\ Fluence=0.056 J/cm?
r"""“;-u..u. l I

LIl signal (arb. units)

Evolution of hardware for LIl

Michelsen, H. A. (2003).

Understanding and predicting the temporal response
of laser-induced incandescence from carbonaceous
particles

The Journal of Chemical Physics, 118, 7012-7045.

Recipe:

e Nd:YAG laser (injection seeded)
e Photomultiplier

e Oscilloscope

Michelsen, 2003

(Injection-seeded laser)

—

1979 1985 1995

2005 2015

10
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Prr Evolution of hardware for LII

0.057 Jicm®

0.050 J/ecm?

Michelsen, H. A. (2006).

Laser-induced incandescence of flame-generated
soot on a picosecond time scale.

Applied Physics B, 83(3), 443.

0.114 Jicm?

0.100 J/em?

0.199 Jiecm?®
""" Recipe:

e Nd:YAG laser (65 ps FWHM)
e Streak camera

0.200 J/lcm?

0.475 Jlem? 0.484 Jlcm?

0.4 0.50 10 20 30 40 50

0.0 0.1 0.2 0.3
Time (ns) Time (ns)

Michelsen, 2006
(Picosecond laser)

— .

1975 1985 1995 2005 2015
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4000

3500

3000

2500

2000

Evolution of hardware for LIl

1500

1000

Black, J. D. (2010).

Fiber Lasers as a Source for Laser-Induced
Incandescence in Practical Applications.

OSA Technical Digest Series (CD) paper LWBS.

Recipe:
e High power fiber CW laser
e ICCD

Black
2010

i—l—l—l—l—l—l—l—l—h}

1979

1985

1995

2005 2015
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7 Evolution of hardware for LII

Sjoholm, J., Wellander, R., Bladh, H., Richter, M.,
Bengtsson, P. E., Alden, M., Johansson, B. (2011).
Challenges for in-cylinder high-speed two-dimensional
laser-induced incandescence measurements of Soot.
SAE International Journal of Engines, 4(2011-01-
1280), 1607-1622.

Figure 1. Sketch of the Multi-YAG laser cluster in 532
nm configuration.

Recipe:
e 8 Nd:YAG laser (<10-nsec FWHM)
e SIM 8 Camera (1 intensifier and 8 CCD)

Lund group
2011
1975 1985 1995 2005 2015
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25

20}

15§

10

35 .
r== 200ns 100mJ
30 | = = 100ns 45mJ ||
== 50ns 30mJ

__________

LIl Signal [a.u.] - Laser Pulse Signal [a.u.]

0 200 400
Time [ns]

Evolution of hardware for LIl

Ditaranto, M., Meraner, C., Haugen, N.E.L., and
Saanum, |. (2013).

Influence of long pulse duration on time-resolved
laser-induced incandescence.

Appl. Phys. B 112: 359-367.

Recipe:

e Nd:YAG laser with temporal shaping
capabilities (50 — 1500 ns)
e Spectrometer and PMT

Ditaranto et al.
2013

h---h---h---+---+---i---4---4--L-h---iH)>

1979

1985

1995

2005 2015
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P Evolution of hardware for LI
[
>
2
g
E Michael, J. B., Venkateswaran, P., Shaddix, C. R., &
& Meyer, T. R. (2015).
Effects of repetitive pulsing on multi-kHz planar laser-
induced incandescence imaging in laminar and
Time, ms turbulent flames.
WP EOM PH Applied Optics, 54(11), 3331-3344.
roer~ - FORY
input Amp 2 F’H Amp 1 Recipe:
\) —_— (. e 100 kHz using a burst-mode laser system
‘ ! F;H e High-speed intensifier
'5 Ol PH ‘Amp 3 e High-speed CMOS camera
—— 1 H— ~(£
_Amp 4
S AFEE Meyer et al.
=} . > 2015
1975 1985 1995 2005 2015
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2N .
ZrE Evolution of hardware for LII
| Recipe:
10000 e Nd:YAG (injection seeded)
70 e Ultra-high-speed CMOS camera (10 million fps)
60 6000 FTCMOS2 burst image sensor
Extreme sensitivity (ISO 16,000)
50 . -
1 6000 Max. Recording Speed 10 million frames/second
Resolution 400 (horizontal) x 250 (vertical) pixels
40 Number of Frames Recorded 256
Exposure time 50 ns
30 1 4000
2D [ X/’{_,, Pixel
2000 ‘J
1 C' !;..:f;ﬂ 7
0 0 . Py (e ;
’ Light shielding film Wy Memory 201 8
‘1 0 U 1 U Burst Image Sensor Using Next-Generation CMQOS Technology \
1975 1985 1995 2005 2015
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CRE Particle sizing with LII

Time-resolved laser-induced incandescence (TiRe-LIl)

—
—

d34SV

LIl Signal

© o o ©
o N B~ OO O

e ——

s

0 500 1000 1500

Time / ns
; Sublimation

Wi _6 40 40 +0. +0. +0. +0
d;'m = QﬂbS + Qfﬂd + Qcond + qub g an + Qann T cherm

Thermienic

Absorption Emission

dM [ dM J N ( dM ) L
Conduction — = — -
o8 dt dt sub dt 0X 0.8}
™©
5
-
Radiation g 04
: 2
E" 1
P o Arnnealing 0.2!
¥ ‘o
¥ J £ &  oxidation &
Michelsen, H.A., et al. Prog. Energy Combust. Sci. 51 (2015) 248 0 500 1000

1500 4
Time / ns p! M
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Modeled nomalized LIl signals

Particle-size imaging

e Image ratio

o
o

9.7 i

©
o

0.5

o o ©
M B o»

0.9

| 5
10 o
135 o

100

300 400 500 ©00 700 800 900 1000
Time/ns

18

Ratio of signal 180 ns / 50 ns

1

9.9
0.8
0.7
0.6
9.5

94
938
9.2

0.4

Particle-size imaging with LI

Determine the spatial distribution of d,

Will, S., Schraml, S., and Leipertz, A. (1995).

Two-dimensional soot-particle sizing by time-resolved laser-induced
incandescence. Opt. Lett. 20: 2342—-2344.

80 76 80 80 W00

10 20 30 40 50
d,/nm
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Bre Particle-size imaging with LI

' Time-gate sweeping:
5 > e Only works for steady flames/flows
= e Flame perturbations
£ 04 e Laser shot-to shot variations
“02 e Extended data acquisition duration

-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time / ns

Injector

PMT—>§
| Multiple camera:

Camera 1 — >
A =425+15 nm

Camera 2
A =425+15 nm

Nd:YAG laser
1064 nm

e Image mapping
e Different light-to-signal linearity
e Packaging

Laser sheet \ """"" Relay imaging
optics Slit aperture

1 9 @ Sandia National Laboratories



Grr LIl imaging at 10 million fps

,/ The proof of concept measurements:
e Co-annular non-premixed laminar ethylene/air flame (Santoro burner)
1064-nm (injection seeded) laser sheet
Fluences from 0.03 to 0.15 J/cm?.
Detection wavelength band: 608-674
Experiments were done in New Mexico. Altitude: 5000 ft = P,,,, = 0.84 bar

10000
j 8000
| | | | v ‘ 6000
| | | : f 4000
| 2000
300 ns |400ns 1000 ns .

The first 10 to 20 images following laser excitation show LIl signal that is clearly above the
background signal and sufficiently strong to compare to the modeled LIl decay.

~
o

D
o

(o
o

I
o

w
o

Height above burner / mm
N
o

ki
o

0

Fluence: 0.08 J/cm?
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10000
70

£

8000
I
S 60 !
o 50 .
c 6000 s
= S
m 40 (\_“
o) oy
8 30 4000 n
Pe)
S 20
= 2000
‘© 10
I

0

Mean value of
5x12 (60 px ROI).

Background
correction:

97% of the natural
luminosity subtracted.

Benchmarking signal decay

e 3 single shots (Run#2 is an outlier).

PMT and ICCD (gate sweeping, 92 nodes) data are acquired in 2012 at
IFPEnN (at 1 bar, 0.08+0.01 J/cm?, 655£20 nm).

@
HAB 30 mm
10000
8000 |
6000
4000 i
2000 \\
N
I e
o= T “"‘Mv“v—wcrm‘v
0 1000 2000 3000
Time / ns

o o o
£ [e)] oo

Norm. signal / a.u.

o
N

0
0

500 1000 1500 2000

Time / ns

Signal / a.u.

HAB 40 mm

10000

0 1000 2000 3000

Time / ns

0.8
>
@
5 0.6
=
2
7]
€04
5
zZ

0.2

0 I
0 500 1000 1500 2000
Time / ns

HAB 50 mm
10000
——Run-1
—+—Run-2
8000 Run-3
=]
< 6000
©
5 4000
3
2000
ot Sats e ecces o |
0 1000 2000 3000
Time / ns
1
—=—Run-1
—+—Run-2
0.8 Run-3
= —PMT-2012
E —=—|CCD-2012
B 0.6
c
2
7
g 0.4
o)
Z

0.2

500 1000 1500 2000
Time / ns

21

@ Sandia National Laboratories



a8

70
60
&6 2000
40 1500
30
1000
20
10 500
0 0
-10 0 10
F: 0.03 J/cm?
10000
8000 r
5
w 6000 |
™
c
=2
W
2000 |

3000
I 2500

4000 [\

Effects of laser fluence

6000 10000 15000 15000
70 I 70 70 70
5000
8000
60 60 60 60
50 4000 50 50 10000 50 10000
6000
40 3000 40 40 40
30 30 4000 30 30
2000 5000 5000
20 20 20 20
2000
10 b 10 10 10
0 0 0 0 0 0 0 0
40 0 10 10 0 10 40 0 10
F: 0.05 J/cm? F: 0.08 J/cm? F: 0.10 J/cm? F: 0.15 J/cm?
1 -
| : ——0.03 Jlcm?
At increasing fluences: o
. 08¢ —a—0.05 Jicm
» Better SNR. = 0.08 Nerr?
" ; . o .
+ Signal lifetime reduces. y e 2
= 06} 0.10 Jlem
— 2
=1 0.15 Jlcm
o 0.4
e 0
| -
=}
<02}
™\
| s R WERO o | G }
1000 2000 3000 4000 0 1000 3000 4000
Time / ns Time / ns
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}'LII model:

Particle-size prediction with LIl model

HAB

40 mm

Gas temperature

1850 K (pyrometry)

Pressure

0.84 bar (5000 ft)

Laser fluence

0.08 J/cm?

E(m)

0.4 (literature)

TAC

0.37 (literature)

Aggregate size

60 (TEM)

Time domain

4500 ns (aLaser)

Detection band

603 — 678 nm

Annealing

Off

Bath-gas heating

On (f, = 6 ppm)

o™ p /n ﬂ\\ 200
& &
‘.,: {150
U_\
/ L
-
T " / \ a {100
>
e v

107"

Dm ‘nml

20 a0 40

60 80

Time (ms)

1100

480

40

4 20

d,, (nm)

4 Liisimulator_v30 - X
‘\ 1§ ‘.":‘ .*‘ >
Laser Induced Incandescence Simulator v0.33 1019
General settings 3500 3
= ime: Annealin
T Simulation time: [ns] | 4800 L L % 500 -
O v (o] e [Sgresng] | a2
@® Curve-fitting | Time step: [ns] 100 — - g =
@ 2500 E
Optical properties Initial system conditions é B4
Pump pulse Probe pulse Particle diameter: [nm] 2 2000 -
Laser fluence: [Jicm2] 0.08 ) Muit-pumg
0 JOmomy |~ poadiap, | Geo. witth: o o
Laser peak timing: [ns] 100 O Swesp :
pe: g: [ns] 0 L Particle tompertire: [K] pre 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Laser wavelength: [am] | 1 O Ext. profile
oth:[nml | 1064 0 Gas temperature: [K] 1850 e .
Laser FWHM: [ns] 7 0 |OTophat
Gas pressure: [bar] 084 5
Detection band: [nm] 603 678 g 05
Material properties g 32 ]
Soot absorp. func. E(m): 0.4 < 1860 S 3
Linear - Snelling Soat densily; [karm3] = o 0
Unanneal led Soot mol. mass: [kg/mol] | 0.012011 || 315 o
Annealed VIS £-05
o Gas mol. mass: [kg/mol] 0.028 =
10 . 31 -
Mase accomem. coefl.: 3 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
s Thermal accomm. coef: 037 Time / ns Time / ns
8 S | O Phase-dependent soot density
= (O T-dependent therm. accom. coef. 1
8 =
e Controller 08
300 320 340 360 380 Name it: Case
Timy 08
Curve-fitting Laser Run
Channel: 2 Signal delayer: [ns] 200 07
Save plots Cancel 3 08
Conduction and Aggregation s
‘Isola(ed particle ~ | Aggregate size: 60 Output T os
Aggregation . 1 =3
[Agg. (CLL Kernel) Frac. prefactor k_f: 23 LR 2 0a
Agg. (TAC depen.) e s ot 18 Total simulation time: [s] 104
Agg. (Bridging) v 03
=———— . e | Initial particle diameter: [nm] | 32.1 *
Sieciacasbasgrinn]] Moot [Free-molecular. »
McCoy and Cha Coef. of determination 0.99471 02
Soot volume fraction: [ppm] 8 Fuchs v
Bathgas temperature 0 0.1 D
Progress descence simulator v0.30 | | | | [ T paseritennng BRI, Ll
ker 0 —
0 500 1000 1500 2000 2500 3000 3500 4000 450§ 5000
Time / ns g

Puri, R., Richardson, T. F., and Santoro, R. J. (1993). Aerosol
Dynamic Processes of Soot Aggregates in a Laminar
Combust. Flame 92: 320-333.

e Successful fit:

R2>0.99

e Predicted dIO =32.1 nm
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Signal / a.u.

Signal / a.u.

—

—a—Run-1
i ——Run-2
0.8 Run-3
——Run-4
067 LIl Model - dp: 32.1 nm
F: 0.03 J/cm?
047
027
500 1000 1500 2000 2500 3000
Time / ns
1 .
——Run-1
0.8 ——Run-2
Run-3
=Ll Model - d_: 32.1 nm
0.6 =
F: 0.10 J/cm?

500 1000 1500 2000 2500 3000

Time/ns

——Run-1
——Run-2
Run-3

o
o'}

= | w—_|| Model - d_: 32.1 nm
3 . p
@ 0.6}
B F: 0.05 J/cm?
@204
w
0.27

500 1000 1500 2000 2500 3000

——Run-1
0.8 —=—Run-2
Run-3
S e ||| Model - d - 32.1 nmM
. P
@ 0.6
e F: 0.08 J/cm?
@204
W
0.27

500 1000 1500 2000 2500 3000
Time / ns

e Optimized for 0.08 J/cm?

e 0.15 J/cmZ?fails because of the
Gaussian laser profile.

The model is simulating a
homogenous heating (top-hat laser
profile) and due to the strong
evaporation, solid material
vanishes and signal drops.

Experiments, on the other hand,
were performed with 1D Gaussian
laser sheet where evaporated soot
at the center is compensated with
heated soot at the wings.

Time / ns
1 .
f ——Run-1
0.8 ——Run-2
Run-3
= =L Il Model - d :32.1 nm
d P
© 0.6
= F: 0.15 J/cm?
0.4
w
027
0 . ‘ : .
500 1000 1500 2000 2500 3000
Time / ns
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ErE Conclusion

e The new CMOS technologies provide sufficient sensitivity for (delayed) LIl imaging.

e Temporally and spatially resolved LIl signal can be acquired at 10 million fps. The
state of the art cameras provide very short gating capabilities.

e Signals from the ultra-high-speed camera are in good agreement with the previous
PMT measurements.

e Evaluated particle sizes show good agreement with those reported in the literature.

e Compared to imaging with multiple sensors or time-gate sweeping strategies, this
new ultra-high-speed LIl imaging reduces uncertainties due to

e image mapping
e flame perturbations
e |laser shot-to-shot variations.

Thank you.

25 @ Sandia National Laboratories



