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Motivation and Outline of Presentation ™ &

Motivation: Verify the accuracy and precision of fs/ps rotational CARS for
A wide range of stoichiometry

 Hydrogen and hydrocarbon fuels

* Sooting conditions

Fs CARS processes \
= Femtosecond preparation of Raman coherence att=0

= Picosecond probing and synthesis of CARS spectra

= Hybrid fs/ps Pure-Rotational CARS Experiments
= Requirements for probe-beam generation

= SHBC process for high-energy probe beam
= Temperature and O,/N, measurements in near-adiabatic H,/air

flames: accuracy and precision
= Thermometry in C,H,/air flames: accuracy and precision

\\'Summarv and Conclusions /




fs/ps CARS Experimental Arrangement ) .

PROBEVOLUMEjz

Focusing
Lens

Picosecond, frequency narrow probe att= 7

femtosecond broadband
preparation pulsesatt =0




Time-Domain Rotational Raman )5

—1=0_ /= 1=
eparatio probing




Pump/Stokes Preparation ) .

* Impulsive molecular alignment at time t =0

* Assembly of rotors at the beat frequency between upper and lower J states

* Rotor energy levels are evenly separated: w; = 4B(J + 3/2)

Rotors periodically “rephase”

IIIIIIILLLY

Q= ow, 0Q=2w, 2=3w,

* The result is a periodically recurring and long-lived Raman polarization

* Assembly rotates according to its thermal (Boltzmann) distribution




Measured Response in N, at T=300 K (@&,
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Probe Step ) e,

®OcARS

preparation




Probe Step and Spectral Synthe5|s 1) .

Pure Gases, T = 300 K
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Probe-Beam Generation
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Requirements

* Frequency narrow to resolve Raman
lines

* Fourier transform limit

* Picosecond-duration probe is needed
* Must be phase-locked to preparation

\ pulses /

e 4f pulse shapers (Miller et al.)

* Fabry-Perot etalons (Stauffer et al., Kearney
et al.)

 Low pulse energy!
& Insufficient CARS signal at flame temps! /

Grating

/Previous work: direct “bandwidth carvingm A _ﬂ—

}

Slit

4f pulse shaper
ﬂ : (Miller et al.)




Second-Harmonic Bandwidth Compression (SHBC) & =

 Commercial device (Light CL
: 800 n ——
Conversion) y

180 cm™ _ _ﬂ__,__jl
 Converts fs radiation at 800 nmto 100 fs %CL \rj 400 nm

- -1
ps radiation at 400 nm 3-5cm

3-6 ps

. Stretchers
e Grating pulse stretchers

* Phase-conjugate temporal chirps
imparted upon broadband fs pumps =

* Sum-frequency generation in BBO
e Qutput linewidth 3.5-4.0cm™

Aogy ~ dofdt
-1
Aa)sfg ~(At)

e Conversion efficiency: 35-50%!

Frequency (cm-

e Output pulse energy: 1-1.4 mJ!

- wn
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fs/ps CARS Instrument ) s

[

Ti.S Amplifier
3 mJ, 1kHz, 90 fs

Spectrograph

f=1000 mm




Hencken Burner

m
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Slightly lifted flat flame
Flow rates 98 to 116 SLPM
Non-premixed

Provides nearly adiabatic flames

Temperature and major species
mole fractions calculated from
equilibrium

CH,/air flame

D -

Temperature Field Measured
by Rayleigh Scattering
(CH,/air)

Burner Hole Configuration
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Shot-Averaged Spectra from Near-Adiabatic H,/air flame i) Yoo
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* Spectra averaged for several thousand laser shots to optimize SNR

* N, contributions dominate all spectra

III

* 0O, sensitivity arises from alteration of spectral “envelope” and subtle line shifts
/]
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Sensitivity to O, Content
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Single-Shot Spectra from Near-Adiabatic H2/air flame
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Temperature and O,/N, Measurement Precision Tz,

140 _ 120 |
120 f : 100 |
_ 100 f _ 80 :
c r C i
g o g o
40 | 40 [

20 | 20

O [ . ol H122EH I ol JJLJJJ ool JJJJJ JJJJLJ_J I :‘ O el | L. 2 :
780 980 1180 1380 1580 1780 1980 2180 2380 0.025 O 055 0. 085 0. 115 0. 145 O 175

Temperature (K) O_/N, Ratio
0| T | or (%) | 0N, |00 (/%)
0.34 1235 26.8/2.2% 17.4%  0.34/1.95%
0.39 1338 40.7/3.0% 16.1%  0.46/2.85%
0.50 1539 32.8/2.1% 13.7%  0.64/4.67%
0.72 2051 75.2/3.6% 7.8% 0.85/10.9%  EM Gain ON

e Temperature precision is 2-3% with EM gain off
e Best results with fs CARS are ~1%.
* ns rotational CARS ~ 3-4%




Acoustic Interaction at gup to 0.55 @&,

Temperature (K) _— 02/N2 Ratio

300 2 02
1280 | Time series at ¢ = Q.34 @ 10,105 ¢ Audible “hum” from burner
< 1260 | ¥ 019 at leanest stoichiometries
© 1240 | 2 ,
= 10185 = * Inspection of Tand O, data
© 1220 1t ] N ——— .
S 018 @ reveals oscillation in both
S 1200 | ; ) ol
E 1180 10175 © >lghals
1160 £ 0.17 * Sampled at 1 kHz
140N oo o 0300165 * Negative correlation is
0 20 40Time (r?ng) 80 100 consistent with low-level
200 e oscillations in ¢
f=232Hz (b) * Amplitude of temperature
9 150 [ ] oscillation is ~30 K (2.4%)
e 100 e Distinct peak in PSD near
=) B 7] . . .
= ] 232 Hz is consistent with
< 50 | ] tone heard from the burner
(n - —
i ] * Precision could be
0 P LLL T ——— ' understated
0 100 200 300 400 500
Frequency (Hz)
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H,/Air Flame Measurement Accuracy ()&,

Equilibrium Temperature

Equilibrium O_/N
2 2

""" Equilibrium - 50 K CARS O_/N_ (avg. spectra)
® CARS Temp. (avg spectra) 2 2
A CARS Temp. (single-shot mean) ©  O_/N_ (single-shot mean)
2200 | | | 0.2
2000 | ]
> 1800 | joi5 0
S - ) =
g 1600 [ S
Q [ ] 93?
S 1400 | j01 =
b) [ ]
~ 1200} ]
1000 vt vy Y005
0.3 0.4 0.5 0.6 0.7 0.8

Equivalence Ratio

* Temperature accuracy: -3% when shot-averaged spectra are used

* Temperature accuracy: -3-6% when single-shot means are used

* 0O,/N, accuracy is +6%

- * Uncertainty due to metered gas flows: Temperature +3% / O,/N, i6-12%n




C,H,/Air Flames on McKenna Burner @i

Laboratories

* Premixed hydrocarbon/air flame
« Water-cooled non-adiabatic burner
« Stable region ~5-15 mm above burner

* Previously studied at ¢ = 3.14 in our lab
(and elsewhere!)

« Wide range of stoichiometry, ¢ = 0.75 to
3.14

« Potential contributions from N,, O,, CO,
(CO, minimized by probe delay)

O +SOOT VOLUME
FRACTION [ppm]

—l TEMPERATURE [K]

[wdd] NOILOVY4 FINNTOA LOOS

Il v \\ o e b b gy
5 10 15 20 25 30
HEIGHT ABOVE BURNER [mm]




C,H,/Air Flame Spectra ) s

Laboratories

Shot-Averaged Single-Shot at 1 kHz
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Temperature Histograms C,H,/Air Flame ) i,
250 _'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|Jer|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'_90O T T T T T T T T T T T T T T T T T T T T T T T T T T T ]
C $=0.75 ] L M
200 F Mean = 1544 K 1150 [ ?\)A;;ﬁsflsng M ]
F 1100 [ i
100 f It z
50 N 100 ‘ ‘E
O :lul.I.I.I.I.I.I.I.I.I.I.I IIIIIITL’L—EI.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I.I: O :I|I|I|I|I|I|I.l.l.l.l.l.l.l.I.I.I.I.I.I.J_.I.—HTXT{I il lalilalilalil I.I.I.I:
120 _I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I_]'C)0 T T T T T T T T T T T T T T T T T T T T T
- 9=251 ML E : T 4=
100 - Mean = 1601 K | 180 T &655131533K ]
80 :_Std Dev. =42.7 K (2.7%) . _: 60 :_ a Std. Dev. :478K(31%)_:
60 1 00 5
40 1F ‘;
20 | 120t :
O :llllllll Ll Laloba bbb la ba oo lala oo oo o lalalalolel I.J=.I|I|I|: 0 (1.1 1 Lol bl babebobelobolabalalalobololalulalsl Ll ]
1360 1420 1480 1540 1600 1660 1720 1360 1420 1480 1540 1600 1660 1720
Temperature (K) Temperature (K)

* Measurement volume positioned 11.5 mm above burner where flame is stable

* Minimal variation in temperature in this range of ¢

e Precision is 0.9 to 1.4% in leanest flames investigated : CARS photon yields are highest

* Precision degrades to ~3% in richest flames

* Precision appears to be correlated to photon yield




Temperature Accuracy in C,H,/Air Flames:
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comparison to ns-CARS
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« Comparison is most valid in
stable region 5-15 mm height

 ns-CARS temperatures based
on fits to shot-averaged spectra

« Agreement of fs/ps and ns
CARS is within 1-3% in these
fuel-rich, sooting flames

« Within reported accuracy of
rotational ns-CARS

* Nns-CARS measurements

 Rotational CARS at Sandia
11/2013

 Vibrational CARS at Sandia
(2006)

 Rotational CARS at Lund
(Vestin et al. 2005)
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Summary and Conclusions ) .

« High-energy probes generated via SHBC enable flame temperature
measurements with rotational fs/ps CARS

« We have performed a systematic assessment of accuracy and precision
« Near-adiabatic H,/air flames
* Premixed hydrocarbon air flames for ¢ = 0.75t0 3.14

« Temperature accuracy is 3% for shot-averaged spectra, 3-6% for single-shot
means

* Uncertainty in temperature standards is 3%
» Accuracy of O,/N, ratio is 2-6% in H,/air flames
« Temperature precision is outstanding!

« As goodas 1%
» Periodic oscillations of 30 K (2%) amplitude realized in Hencken burner
* Results suggest correlation of CARS signal photons to precision

* Precision of O,/N, ratio is 1-10% and monotonically increases with O,/N,
* O./N, sensitivity arises from spectral envelope and not resolution of O, lines

- 5
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Low noise fs preparation pulses result can result in 7
higher single-laser-shot precision i
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Pump Stokes Delay Shifts Bandwidth Center i) Yoo

X 104

N

* Delay between pump and Stokes
pulses shifts the peak signal

e Allows full utilization of limited
bandwidth

* |Increased signal for high-J
transitions in flames

e 2-3x hit on peak nonresonant

signal

No apparent loss in total
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