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Today’s Presentation

1. New combustion regimes and kinetic studies of
in situ plasma discharge in counterflow flames
(Tasks 8 and 9: Kinetic model validation)

2. Multispecies diagnostics in a flow reactor with Mid-IR
and molecular beam mass spectroscopy (MBMS)
(Task 3: Multispecies measurements)

3. Ignition enhancement and minimum ignition energy
by plasma discharge
(Task 6: Ignition, Flame Initiation and the Minimum
Ignition Energy )



1. New flame and ignition regimes with in situ nano-second pulsed discharge

Technical questions:
. Can plasma assisted combustion enhances sublimit combustion so that the

ignition and extinction limit disappear on the classical S-curve?

. What happens when JP-8 has low temperature ignition chemistry?
How does PAC interact with low temperature chemistry ? relevant or not?

Disappear of the "S-curve” mm) The new monotonic ignition curve

A
Extinction

% Plasma generated

« species:

o O, H, O,(aA)) ...
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= the classical S-curve
Ignition

- >

Residence time
Most combustors
Scramjet, afterburner




Experimental method (in-situ plasma discharge)

Voltage (V)
8 & 2

Vacuum
Pump
P=72Torr
f=24kHz  Bandpass
Filter Flame &
Discharge
oo |} R
Electrode Laser beam
Pulser
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>
CHa4/He

E = 7500 V/cm, E/N ~ 900 Td

Peak Voltage
=7.8 KV Power ~ 17 W (repetitive pulses)

Time (ns)



OH PLIF measurement (CH,/O, sublimit flames)

a=400 1/s, X, = 55%, X;=20%, f = 24 kHz, P=72 Torr, UV power = 2 mj/pulse
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Numerical modeling of PAC and path flux analysis

Xop = 0.34, Xcpy, = 0.16, P =72 Torr, f = 24 kHz, a = 400 1/s

fuel oxidizer
1600 1100
~ e Before ignition
—0
1400 | OH (simulation) 11000
— O OH (experiment)
g_ 1200 1 T (simulation) o 41900 &
£ 1000l T (experiment)..*.'.foo"' S0e% 000 jf/
c j -
5 800 5
5 800 £
= 700 8
S 600 =
é 400 500 ™
500
000 other paths

Distance (mm)

e+ CH,DCH;+H+e e+0,20+0(D)+e

no flame, but reaction zone was built up by radicals generated from plasma

Electron and ion impact dissociation are the key in PAC.



Temperature

New ignition transition curve with plasma assisted combustion

Hypothesis messsssm)  Experimental observation
A new combustion regime

Disappear of the °S-curve The S-curve transition

A o 7x10"
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*Extended flammable regine
*No extinction limit

What if a fuel (JP-8) has low temperature chemistry?



How does low temperature chemistry make a difference?
From CH, to jet fuel, using DME (LTI and gas phase) as example

CH, CH,
+ radicals + electrons,
l (O/OH/H) ‘ radicals Same chemiluminescence

before CH, plasma assisted ignition

CH,O/HCO | Plasma » CH;O/HCO

l+ radicals ‘ + radicals

Slow chain fast chain High temperature chemistry only

branching branching

Large hydrocarbons Large hydrocarbons
+ radicals + electrons,
l = ‘ radicals Different chemiluminescence
asma before DME ignition

R\Hi y NJr '\ a
l Low Temperature l' W_J

Slow chain Chemistry (LTC) — fast chalin How does LTC affect

branchin : . L
J branching ignition and extinction?



CH,O PLIF at 355 nm from Nd:YAG laser

Before ignition with plasma
Top burner

burners Band pass filter,
400~450 nm

Pros: convenient CH,OPLIF

B ICCD )

Cons: low absorption coefficient

Nd:YAG laser
355 nm

Bottom burner

Further identification of CH,O LIF
switch fuel/oxidizer side

no LIF from cold flow LIF close to fuel side CHZOL;o%fueI side
cold flow w. laser flame w.o laser flame w. laser flame w. laser

Clean background chemiluminescence CH,O LIF

without discharge



CH,O formation in CH, and DME ignition ...

Same chemiluminescence

before CH, plasma assisted ignition
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CH,O measurements: ignition and extinction

P=72Torr,a= 250 1/s, f = 24 kHz P =72 Torr,a= 250 1/s, f = 34 kHz,
X02:40%, varying X XOZ:GO%, varying X
51 6x10° | m increase
6x10 LTC I O decrease
5x10° _SI0F LTC
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L 40 = 4x10°
5 .
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S-Curve L o ]
New |gn|t|on/ext|nctlon curve without

extinction limit

low T RO, kinetics

Competition between {
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Kinetics of plasma assisted low temperature combustion . ‘

0-D modeling of DME/O,/He (0.03/0.1/0.896)

o
I

0.0020 ignition, P =72 Torr, T, =650 K 6x10° | 5% DME on fuel side
—— No O addition T=650 K
—— 1000 ppm O addition
L. 5| "
S 00015 | Sensitiveto O, 910 .
£ R+0,-> CH,O+radicals concentration? g ax10° b . -
@ 0 i —
S 5.0010 90% of total reaction flux E 5 .
% o 3x10° f
O T
0.0005 f O %10’}
n
1000 times faster! Fixed X; on fuel side, while
0.0000 . . . . f 1x10° F changing X, on the oxidizer side
001 0.1 1 10 100 1000 L L L L L L L
00 01 02 03 04 05 06 07

Residence time (ms)

Implication

Plasma assisted combustion dramatically
changed the low temperature chemistry

Plasma

Faster Slow
LTC LTC

Turbulent transport
* LTC in Plasma assisted combustion
« LTC in turbulent combustion at engine
time scales

O2 mole fraction

¥

Prompt radical production from plasma

Fast H abstraction (formation of R)

Y

Fast LTC (RO, reactions)

y

Results can be extended to other large fuels
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2. Multispecies diagnostics in a flow reactor
(Task 3: Multispecies measurements)

In situ intermediate species diagnostics beyond radicals



2a Multispecies Diagnostics in Repetitively-pulsed Nanosecond

Discharge in a Laminar Flow Reactor
Experimental setup

Nanosecond-
Detector ’_\ Electrode Pulsed
—

Power Supply

Diluents

Y _V

Oxidizer _4
Fuel 5 I" L Observation
Window
Diluents >
—
Vacuum Pulsed Signal .. . .
Lo e Generator Mini-Herriott cell showing 24 pass
etec! § . .
Vacuum __| configuration
Pump Digital Delay
Germanium Generator
Etalon

Gl Esar Oscilloscope Function
Generator

Reactor/Diagnostics Plasma Properties

= Reactor size: 58.2 x 14 x 152 mm3 * Electrode (40 x 45 mm?)

= Fuel: C,H, * Repetitively -pulsed nanosecond
= Pressure: 60 Torr DBD discharge

* Flow speed in the reactor: ~40 cm/s  0- 40 kHz pulse repetition rate

= Mid-IR QCL laser: 1296 cm™ — 1423 cm™ « 12 nanosecond pulse duration

=  Multi-pass Mini-Herriott cell (12.7 mm OD) 5-20 kV peak voltage



Direct and ICCD Images of Plasma Discharge in a Reactor

Stoichiometric mixtures: C,H,/O, with 75% AR, 60 Torr, V__.= 6 kV

*Direct Image: 1 kHz, 3.6 mJ/pulse, 2 s exposure time.
*|CCD images: Gate time = 100 ns, Gain = 250

Cathode
Anode

ICCD
\ 1000 Hz

2000 Hz

3000 Hz




Absorption Spectroscopy

Beer-Lambert Law

V:exp(—a(v,P,T) ) exp ZS )ov (v; —v)NL

IOV

|, = Transmitted Signal

l,, = Laser Signal

o, = Absorption coefficient

I = Denotes absorption line with center frequency v;
v = Light wavelength

S = Line strength of absorption line

T = Temperature

L= Path length of light

N = Number density of absorbers

g = Voigt profile line broadening function

* Multispecies diagnostics: Line strengths from HITRAN database for H,0, C,H,, CH,,
C,H,, C,H,, CO,, CO, O,, OH, HO,, H,0,, CH,0, NO, N,O, NO,

* Temperature measurements: Line strength on S,(T) for temperature
measurements

e Species sensitivity: Multipass and Wavelength modulations



0.6

0.5 -

Signal [Arb. Units]

04 -

Absorption spectrum and wavelength scan

Signal vs. laser scan time and etalon fringes
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0.002 0.003
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0.001




Multipass Mini Herriott Cell Signal and Noise Properties

12.7 mm in cell diameter

0.93
0.83
0.73
0.63
0.53
0.43
0.33

Transmittance

H,0: 1338.28 cm'!

o . o .

—26,59.57mm
................. 36’ 6123mm
—--10,64.65mm
—44,66.67mm
--------- 34,67.86mm
—24,69.19mm

6.7E-03 6.8E-03 6.9E-03 7.0E-03

Time,s

* Increase of pass number increase the
sensitivity but a very high pass
number causes large etalon noise

Etalon noise /signal, %

OO L N W b

0.025

0.02 -
| =@=Absorption Depth

Signal Strength

=3
§

0.015 -

0.01 -
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Number of passes

—o—Noise to Signal Ratio
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Number of Passes



Measurement of CH,: Direct Absorption vs. Wavelength Modulation

v(t) =v, +asin(2ft)
f=50 kHz — 1 MHz

0.026 0.04
— .‘.v.\_.
0.021 - 10ppmExpt %,  CHy/N2 S 0037 o —— 30ms.Tppm
: & 60t 2 0.02 - ' ' ——30ms,5ppm
3 0.016 - 5PPm,Expt oo 73 ' . - - =30ms,10ppm
= : o 0.01 .
© 0.011 S
S S
2 0.006 £ -0.01
4] i . ;
<L.001 <002 Sl
- % -0.03 - v
'0.004 —i _O 04 '-‘.'.o

1341.6

1341.62

1341.64

0.9 1 1.1 1.2 1.3

Wavenumber, cm-t Time, s

Wavelength modulated absorption
measurement of CH,

Direct absorption
measurement of CH,



Mole Fraction [ppm]

CH,/C,H, production by plasma: pyrolysis vs. oxidation

30000

25000 -

20000 -

15000 -

10000 -

5000 +

*Ar/C,H,, fuel mole fraction of 0.0625, 60 torr

*Ar/0,/C,H, mixtures, 25% reactants and ¢=1. Same fuel concentration
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Energy per Pulse [m)]]

3.0

2.0

1.0 A

0.0

Effects of plasma frequency on temperature and species
Ar/0,/C,H, mixtures with 25% reactants and ¢=1, 60 torr

-=Power [W]

=Y
Power [W]

-e-Total Energy [mJ]

0 1000 2000 3000

Plasma Frequency [Hz]

100000

10000 -

[y
(=}
(=}
o

Mole Fraction [ppm]

100 ~

[
o
L

Vv

—o—[CH4] with 02
—#—[C2H2] with 02
[H20]

—o—Temperature
1000 2000 3000
Plasma Frequency [Hz]

500

450

400

w
(92
o

N w

(0] o

o o
Temperature [K]

200

150

100



2b. Measurements of H,O, and Intermediate Species in
Low Temperature Dimethyl Ether (DME) Oxidation

Task 3. Species Measurements by molecular beam mass spectrometry (MBMS)

nd
o 15t Turbo 2"¢ Turbo
e9 um pump
853 !
e Mass
_ analyzer
Skimmer
CRhAWV
o5
= 1S o o o Molecular
O - —>
®lo beam I
<o Charged
Quart ion separation
nozzle
0.1-5 10% 10
atm Torr Torr

23



The role of intermediate species, HO,, H,0, in low/high

temperature kinetics

Transition from low T to

Fuel(RH)
+OH Low T ignition high T ignition
\ H,O, /H,0, formation H.O. S 20H
RO, «—2 R Small C,H, 001N — 2 _A 3e+12
alkane 2o B /
\ +0, +0, 10O, — -\'l Qe 1
" | | ;:r
+O, + (M) 2 , |,
OH HO, H/HCO 0.0004F /i y 2e+12
"‘CH}/’O +Ogl . I R HO, ,..f--"'x/ ?T
+uel \ TH X [ | Q
/O; O+OH oo )
S5 Le.05 / I.' Q (erg/m /sec)]! lef12
H,0, 20H R
f I,' ?\I_TC
L le-06 ESS— o 0
— ow temperature 0 0.5 1
Time (ms)
Schematic of low temperature ignition process

Intermediate temperature

= High temperature

However, measurements of H,0, and HO, is difficult...
Indirect measurement of H,O,: Sensitive H,O absorption at 2.5 um (Hong et al, 2009).

*Direct measurement: UV Photo fragmentation-OH LIF, (Li, et al, PCI, 2012).
Difficult to separate H,0O, from HO, and other large hydrocarbons



Experimental setup

CP Detector Turbo Pump

Turbo Pump \ ;
—] =
HJ”_///"{] Su Cross validation
5 with MBMS
(] S
/ I11
Ion Trajectory nGC

Quartz Nozzle

800
750;000000000..
~ 700 ®s0e
< 6501
-] | s E E g e eEnnEw
= - -
£ 600 .,
§_550-

Esoor . 3k Exit

=
450 e 733K \

400 . . . i " . A
0 50 100 150 200 250 300 350 400
Position (mm)

Nickel Nozzle

Flow Reactor
Oven

“— Temperature

profile v

P=1atm,t=1.7s 25



Mass spectrum and calibration

14000+ 4(He) DME/O,/He (0.02/0.1/0.88) at
12000 T =590 K and P =1 atm L
10000 Calibration:
8000 32(0,
6000 % H,0,:
~_~ - 0]
2 3500- @ H,0,/H,0 (30.8% wt) + He
< 3000- Corrected H,O, concentration via
E" 2500 - $01.0) ZHZOZ? 2H2034+ 02_ and
2 2000 : ey subtraction of **O, signal
=) o
=~ 1500 econkdana o CH,0, CH,0CHO:
1000 - COMED. Measured D, ¢ from Ref.[1]
] 34(H,0,,70) 60(CH,OCHO)
LUy | h 44((:09L S Fragmentation:
0 el e e+ Constant ratio, can be removed

S 10 15 20 25 30 35 40 45 50 55 60 65 70  from post processing
mass/charge (m/z)

S, D, o, X Mass overlap:

— > DS
DME & HCOOH, N, & CO
SHe DHe O He X He ’

S : signal intensity

D : mass discrimination factor

o . Cross sections 26
7 - mole fractions 1. http://physics.nist.gov/ionxsec




Major species measurements
Good agreement between micro-GC and MBMS quantification — validation of MBMS technigqt

xR
o=l

2-D simulations give good agreement with data; 0-D simulations are semi-quantitative

0.022
0.100 0.020 ®
0.096 0.018
0.092 = 0.016 .
£ 0.088] £ 0.014 7
g oosdp £ 0012
o
E ) [ O GC(casel) /' = 0'008
ON0-072 [~ ®m MBMS (case 1) * . 2 0.006
0.068 L © MBMS@wex Mo s =N !
P e 004 e '
0.064 _-- ==2Zhao ef al (case 2) 0,002 :52?3:‘::: E:I:,\]e(:‘)],:l-)' = <
0.060 , 2D m(nlelling(Zhau em:'.cuse 1) , L ' 0.000 [y 2D modeligg (Zhao et al, case 1) 1 1 '
500 550 600 650 700 750 ' 500 550 600 650 700 750
Temperature (K) Tem -
perature (K)
18000 [ T GC (cse 1) 4000 |l 0 GC(casel)
16000 £ 5 novsomen .7\ « 3600 2 meror e @
p——Zhao et al (case 1) / * —_ | — - - Yasunaga ef al (case o
E 14000 | - - Yasunaga er al (casel'l) \ 3200 | “(2D mu(i'linrg X /'V \
f = = *Zhao er al (case 2) | = = (Zhao et al, case 1) | k
% 12000 F (Zzh[) ml;lh;ling N = 2800 | I} \.\
~ | a0 ef al, case ’ = 2400 F N
£ 10000 =
E 5000 L g 2000 -
£ sl S 1o High CO,
2 6000 S 1200 .
S sonf S sof production
o o .
~ 2000} | 400 <
0 .' e -/ 1 N 1 . 1 N 1 0 - r . 1 1 . | — i
500 550 600 650 700 750 500 550 600 650 700 750
Temperature (K) Temperature (K)

0-D Models show reasonably good agreement for LTC temperature window and peak reactivity
Yasunaga et al model has overall higher reactivity and wider LTC temperature window

27



H,O, measurement

1 m MBMS
[ case Zhao et al

==+ =Yasunaga et al
- 2D modeling (Zhao et al)

o 3500 f N

500 550 600 650 700 750
Temperature (K)

Good agreement for H,O, formation

Different predictions from different models
28



2c. Development of a Mid-IR Faraday Rotational Spectroscopy
Method to quantify HO2

29



Quantitative HO, Measurement (very challenging!):

Mid infra-red Faraday Rotation Spectroscopy (FRS), 1396 cm-!

Polarization rotation detection

‘ —H— — Energy Modulated Signal

Levels LIA €
N

Pl
610 Hz oscillating magnetic field |
125 Gauss rms R WG2

NN Spectra

No Magnetic Field Magnetic Field PA

paramagnetic species

To Wavemeter

\ a

71um  WIf]
Reactant Flow
: : i WGl
. L1 Linearly-polarized laser light

Brian Brumfield, Wenting Sun, Gerard Wysock, and Yinguang Ju, submitted to JACS, 2012
30




Lock-In Amplifier Output (V)

Sub-ppm level HO, measurement in DME/air
flow reactor (1atm, 748K)

1.0 -
0.8+ Exptl Measurement 748.13 K
0.6 y —— Simulation 12.7 ppmv H+02(+M) = HO2(+M),
0.4 -
0.2 HCO+02= CO+HO2
o HCO+(M)=CO+H
0.0 1
-0.2
-0.4 -
-0.6 —- *Had to shift center of simulated
08 _- peak signal by -0.00651 cm”
10 7 *Manually adjusted pressure broadening
o coefficient to 0.03 cm™ to get reasonable
-1.2 7 match to experimental data
14 4
-1.6 -

| | | | | | |
1396.75 1396.80 1396.85 1396.90 1396.95 1397.00 1397.05 1397.10

Frequency (cm™)



peak-to-peak signal (V)

Temperature Dependence of HO2 Signal in a flame reactor

7.0 y Weighted observations
6.5 -

] _E -
6.0 - e kT

551 Sprs X Ny, (T)

50 Q(T)

4.5 -

. [ |
4.0 4
3.5 i / o
3.0 0
2.5 /
2.0 .
1.5 - -/ .-
./ ./ .\ [ |

1.0 4 o

- B N ]
0.5 S \
0.0 4

] u Raw Signal Observation
-0.5 -

| ' | ! |
400 600 800
Temperature (K)
Game changer?!



3. Ignition Enhancement and the critical ignition energy by Pulsed
Nanosecond Discharge - Pulse Detonation Combustor/Engine

(with Timothy Ombrello, Fred Schauer, and John Hoke of the AFRL)

Thrust 1 Task 6. Ignition Initiation Time and Minimum Ignition Energy



* Motivation:

g2’

— Demonstrate non-equilibrium plasma enhances
ignition in a real PDE vs. a spark plug. —425—6" —— 6" —— 6" ——6'—

— Proof-of-concept studies have shown decrease in \2,_
ignition time for propane/air mixtures in a &

quiescent environment and atmospheric pressure 18°

using repetitively pulsed nanosecond discharges? xhe(kh i

— Depositing more energy faster has potential
benefits for short residence-time, highly turbulent —
environments present in a range of propulsion FIl Valve

devices ~
* Power Supply:

— Nanosecond power supply delivers 12-ns pulses Spork Plucr/
up to 40 kV (peak) & 40 kHz

— 1-5 mJ/pulse deposited into gas / =
* Experiment: Purge. Volve

. . . ) CB Pressure Transducer Reading
— Spark plug machined into point-to-point electrode
geometry with a 1.4 mm gap

— Nanosecond discharge compared with lab
standard Multiple Spark Discharge (MSD)

» Consumes 115 mJ/pulse but deposits only 4-8
mJ/pulse into gas

» Gives multiple sparks of the same energy each.
Number of sparks cannot be controlled

— lon probes used to quantify wavespeed

— lgnition is determined when pressure trace
reaches a slope of 5 V/s on PCB trace

— Schlieren imaging performed at 100,000 fps

A —<~——Jon Probe

e~

Energy per pulse [mJ]
N

-500 0 500 1,000 1,500
1. S. V. Pancheshnyi, D. A. Lacoste, A. Bourdon, C. O. Laux, IEEE Trans. On Plasma Time [ns]
Science, vol. 34 (2006). Sample Voltage Trace



>

Aviation gasoline/Air Mixtures

Equivalence ratio is varied along with number
of pulses at fixed plasma energy/pulse and
plasma frequency

Nanosecond pulser decreases ignition time
up to 25% compared to MSD

Pulsed dlscharge allows more energy to be coupled
into gas in a shorter time period than MSD ignition
system.

* Advantageous for the turbulent, small residence-
time flows in the PDE

Plasma properties:
. Plasma energy: 2.8 mJ/pulse on average
. Plasma frequency: 40 kHz

MSD spark system currently in use:
*  Spark energy: 5.7 mJ/spark
*  Multiple sparks (1-12 possible)
. Spark frequency: 0.87 kHz

Ignition Time [ms]

H 2 Pulses
20 Pulses

:c_’ 25%
£
c 20%
2
B 15%
&
MSD lean limit MSD rich limit ¢ 10% {
/ \ 5 s
13 ¢ \l 2
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(7]
o
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>
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-=2 Pulses
20 Pulses
--MSD
7 T T T v
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Eq. Ratio=1.0

16

Equivalence Ratio

Pulse energy and

plasma frequency
are varied at fixed 1 -
equivalence ratio

Total energy =
energy/pulse x
number of pulses
Ignition time
decreases with
total energy for ns- s

12 A

Ignition Time [ms]

10 A

MSD
= Nanosecond Pulser

pulser case

10

Total Energy [mJ]

100

Ignition Time [ms]
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Equivalence Ratio

1.5

Eq. Ratio=1.1

MSD
= Nanosecond Pulser
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Total Energy [mJ]



Schlieren Imaging

Comparison with conventional ignition
®=1 Ethylene/Air

Top: ns pulser, 20 pulses at 40 kHz
Bottom: MSD, 3 sparks at 0.87 kHz
Time shown is 3 ms after first discharge

Effect of high frequency

®=1 Methane/Air

Top: ns pulser, 5 pulses at 40 kHz
Bottom: ns pulser, 5 pulses at 1 kHz
Time shown is 7 ms after first discharge

6 mJ/spark, 0.87 kH

z, 3 sparks

Lean equivalence ratio, equal energy
®=0.8 Methane/Air

Top: ns pulser, 6 pulses at 40 kHz
Bottom: MSD, 3 sparks at 0.87 kHz
Time shown is 7 ms after first discharge
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Measurements of critical flame radius for ignition vs. pressure

@ TC o
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Conclusions

1. Insitudischarge can significantly increases the kinetic effect of
plasma and achieve sublimit combustion.

2. A new monotonic ignition transition regime was observed with PAC.

3. PAC enhances low temperature chemistry and may change combustion
kinetics in engine conditions with very short residence time.

4. PAC shortens ignition delay time in furbulent PDE combustion
environment. Large volume discharge helps to drive the ignition kernel
to overcome the critical flame radius at reduced pressure.

5. A reactor coupled mid-infra red absorption spectroscopy and MBMS
system are developed and successfully measured H202 and other
intermediate species.

6. A mid-infrared Faraday rotation spectroscopy method is developed and
successfully measured HO2 in a flow reactor.
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Current and voltage are measured for each condition
— Voltage probe: LeCroy high voltage probe (PPE20KV)
— Current probe: Pearson Coil (Model 6585)

Peak voltage for all experiments = 6 kV
The total energy is computed by integrating the power over a long enough

time scale for all reflections to be included



H,O0 and temperature measurements with plasma discharge
H,O lines at 1338.5 cm™ and 1339.15 cm™

Laser scan: 100 Hz, f=1 MHz, to.= 7.5 ps
*Voigt profile fitting HITRAN for number density and temperature

(@) @)

= 6.E-03 = 6.E-03

~ 4.E-03 - —2kHz, | - —2kHz, |
o . (o) 4E'03 7] Z’
= 2.E-03 - —3kHz, | ® 2.E-03 - —3kHz, |
c c '
o 4.E-18 - 20 4 E-18 -

;) (7]

g -2.E-03 - 2 -2.E-03 -

S -4.E-03 - O -4.E-03 -

€ 6.£-03 | € ¢Eo03 |

© ©

< 1338.5 1338.55 1338.6 = 1339.1 1339.15 1339.2
-~ Wavenumber, cm! - Wavenumber, cm!

HITRAN: J. Quant. Spectrosc. Radiat. Transfer, 111, 2139-2150 (2010).
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Wavelength modulated absorption measurement of CH,

v(t) =v, +asin(2xft)

r 7\ ——30ms,1ppm
v ——30ms,5ppm
. =+ =30ms,10ppm

1 . 11 1.2 1.3
Time, s

2"d harmonic signal

0.03
0.025

0.02 -

0.015
0.01
0.005
0
-0.005
-0.01
-0.015
-0.02

f=50 kHz — 1 MHz
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Laser was scanned at 0.1Hz and modulation at
along with using lock in amplifier
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* The flow speed is 40 cm/s and the pressure is 60 Torr

* Per pulse energy is dependent on plasma repetition frequency

3000

— Seed electrons and ions left over from previous pulse provide for easier

breakdown
— This effect levels off after about 1000 Hz

* At high pulse repetition frequency, temperature scales linearly with

plasma power
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Classical S-curve

hysteresis between ignition and extinction: S curve
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Relationship between OH density, local maximum temperature and fuel mole fraction,
T,=650 K, T;=600 K He/O, = 0.66:0.34 ,P =72 Torr, f= 24 kHz,a =400 1/s
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S-curve transition

Relationship between OH density, local maximum temperature and fuel mole
fraction, P = 72 Torr, f= 24 kHz, a = 400 1/s

He/O, = 0.45:0.55
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1. New flame and ignition regimes with in situ nano-second pulsed discharge
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Kinetic effect of plasma assisted low temperature combustion for CH;OCH, ignition

CH,O PLIF measurements at 355 nm to characterize LTC

P=72Torr, a= 250 1/s, f = 24 kHz, X,,,=40%, varying X;
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Importance of LTC and the critical role of H,0O,

Transition from low T to

Low T ignition high T ignition
H,O, is stable H.O. > 20H
0.01 - : : —2=2 307 ]
wo, O Tow T Indirect measurement:
_ | S - 2o 1OW Sensitive H,0 absorption
|

chemistry indicator H,0,/H,O/Ar

0.0004F ,"I J_ —2e+12 at 2.5 um _ :
I I\ S ?T (Hong et al, 2009) mixture In
- L | HO2 o it J .
! e . Direct measurement: shock tube

How to detect?

le+12 Laser absorption at 7.8 unfat low
1e05F pressure non-reactive flow (aul et
al, PCl, 2011)

Photofragmentation-LIF
(Li, et al, PCI, 2012) =  HCCI

l In-situ and high pressure?

Interference with HO, and H,O

Calibration (H,0, decomposes > 55 °C)?

Mass spectrometry  cpallenging for combustible mixtures

. 50
1. Ludwig, et al, JPC. A 2006



