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Outline

= Plasma assisted combustion- measurements of radical species
produced during nanosecond pulsed discharges (completed at
OSU)

= Background
= Atomic species measurements in “OD” plasma flow reactor for radical
production and reaction kinetics (winters, et al. 2017)

= Spatially resolved measurements of radical species generated by a
plasma at a liquid/vapor interface (winters, et al. 2015)

= Plasma-surface interactions (SNL)
= Background and motivation
= Sum frequency generation overview
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Plasma assisted combustion

= |gnition and combustion become unstable at the conditions of:
= Lean equivalence ratios @= (F/A) / (F/A)oichiometric
= High flow velocities in combustor
= Low pressures in combustor

= Capabilities provided by non-equilibrium plasmas:

= Efficient generation of a pool of highly reactive radical species—>
Not just a temperature rise (uddi et al. 2009, Stancu et al. 2010, & Schmidt et al. 2015)

= Radicals react rapidly with fuel, even at low temperatures (vin, etal. 2013,
Tsolas, et al. 2016)

= Effect of plasma-generated radicals on fuel-air flows (over last
~10-20 years):

= |gnition time varies inversely with numbers of ns-pulses (vin, etal. 2013)

= Reduction of ignition threshold at T, < T,;,.;ma (Up to 100-200 K, plasma
flow reactors) (vin, et al. 2013)

= Reduction of lean flammability limit (up to A/ ~ 10%, premixed
turbulent flames) (rilla, et al. 2006) 4



Nonequilibrium plasmas L=

Reduced Electric Field ~ E (chz) Input Energy Partition vs. Reduced Electric Field
l 10

* Elekivotoaniat&/N
(1) O, vibrational excitation
(2) O and N refrtigpdartition b9
(3) Elastic losses

(4) N wlhr tion e citation
ates of electron impact processes




In-situ laser diagnostics

Two-photon Laser Induced
Fluorescence (TALIF)

H radical
Calibration via Krypton TALIF
Quenching taken from
femtosecond TALIF

measurements
(Schmidt, et al. 2015)

Hydrogen

A

N

3d 2D,),

l 656.3 nm

2p 2P,

2 x205.1 nm

15 2S,),

Krypton
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A

N

5p?[3/2],

J{ 826.3 nm

557[1/2],

2 x204.2 nm

4p°'S,

= Similar TALIF scheme used to measure atomic oxygen
= Calibration via Xenon TALIF
= Quenching taken from fs-TALIF and ns-TALIF




In-situ laser diagnostics, cont. UL

Tunable Diode Laser Absorption Laser Induced Fluorescence (LIF)
Spectroscopy (TDLAS) OH radical
Ar(3p°4s): Ar(1s;, 1s,, 1s,, 1s,) Calibration via Rayleigh Scattering

Quenching is measured directly
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Ns pulsed discharge in “burst” mode @)=

T,= 500 K, P= 300 Torr
20 kHz, 75" pulse, 1% O,- Ar
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Pulser produces a rapid “burst” of:
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Designs for “OD” plasma flow reactor @ .

Liquid Metal-Quartz Electrodes

- v EE 4

. Preheatmg) | - |, e ) |
*  Variation was measured quahtatlvely (ICCD) and quantltlvely (TDLAS) 10




[Ar(3p~4s)] distribution across the =
reactor channel

T, =500 K, P=300 Torr
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Insight into radical production UL

[H] produced with varying [O] produced with varying
pulse burst size . bpulse burst size
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Time-resolved H atom measurements

[H] decay after last pulse H TALIF Line Images
x10"°
Ty A mea o0
: ——1% H,- 0.15% O,,- Ar - 3 ms
10 N
O?g ; "= Good agreement between data and
; f predictions
= T e
_ = Hatom decay is overpredicted in H,-Ar
! ] mixture
T e B B LA (NS = Similar behavior to fs-TALIF experiments
1075 107° 1074 1073 1072 (Schimidt, et al. 2015)
Time (s)
T,= 500 K, P= 300 Torr = Convection is additional decay mechanism
20 kHz, 25 pulses at long enough time scales
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Time-resolved O atom measurements ) e,

[O] decay after last pulse

1O1T_ T T ||||+1%02-Af
R - - -Convection corrected, 1% 02- Ar

——0.13% H2-1% 02- Ar

107 107 1072 1072
Time (s)

T,= 500 K, P= 300 Torr
20 kHz, 75 pulses

Good agreement between data and
predictions

O atom decay is underpredicted in O,-Ar
mixture

= |nclusion of convection improves agreement in O
atom decay rate

Addition of H,, reduces peak [O] produced
during the discharge burst and increases
the decay rate

In a O,-Ar mixture, =40% of initial O, is
dissociated during the discharge burst

14



Insight into reaction kinetics

Number density predictions of
ddommaabtppetiss daltierct blecbibussé t
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Kinetic modeling predicts in a

H, -0, -Ar mixture:

Reduced Mechanism for radical decay
H atoms recombine with O,,

H+ 0, + Ar -» HO, + Ar
0+0}Y—>y/I— O/{

Additional H atom reaction with HO,
forms OH,
H+HE) =200
}fo atoms react with OH,

HHIo; 47
Estimated cl@ih IHngBtIOiH

HZO

~1.1
[0]

—Chain branching reactions are negligible

15
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Conclusions

= Measurements of [H] and [O] by TALIF provide quantitative
insight into reaction kinetics using a “OD” plasma flow reactor

= Atomic radicals are produced by Ar* quenching reactions with
H, and O, (~¥20% Ep,=> H atom, ~50% E.,,—> O atom)

= At long timescales, the near OD approximation fails and
predictions must account for the convection of the flow

= |n low temperature plasma oxidation, chain branching
reactions are negligible

= A reduced mechanism demonstrates atomic radical species
decay is dependent only the amount of primary radicals
produced during the discharge burst

16
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Radical measurements in a ns pulse

) e,
discharge at a liquid/va por interface
=  Nonequilibrium plasma has two interaction easm Gasﬁom
areas Liquid
» the plasma/air boundary Q i :
» the plasma/liquid interface
Window B 7- -\ | Window
= Dielectric barrier discharge generates a clctrode / cectrode
surface ionization wave plasma opren
U(kV), I(A) Q(mJ)
60+ Lo 6
= Flow a saturated H,O vapor / Argon buffer - :
over distilled water 40 =
20— 2—
= Use LIF and TALIF techniques to measure 0 0
radical species generated by the plasma in 20_ 2_
evaporating water vapor - .
To,=300 K, P= 30 Torr -40 -4—
1 kHz, 20 pulses
Time, ns 18



Plasma emission, OH and H line images @&

o 10 20 30 40 50

= Plasma is “lifted” from
surface

. ® Liquid water surface at
; /=0

= h=300pumto 15 mm
above the surface

8 = Sets of line images used to
obtain 2-D contour plots
of OH and H Distribution

15
| Ar/H,0

T,= 300 K, P=30 Torr
1 kHz, 20 pulses
Flow rate of 0.1slm




Spatially resolved [OH] and [H] in the

Sandia
) fees,
plasma afterglow
X, mm * OH distribution follows plasma
23 L . . . emission intensity
10 -
£ g" * Hatoms diffuse / convect away
= g from liquid surface, generation
0 region
. . |
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a2 L mx’ Tm 0, 4 , 50 [H]pea = 1.6x10% cm
[ r
12
c ﬂg: [H] >> [OH]
E 6
> 2 OH+OH->H,0+0
0 - T~ 100 us

0 2 4 6 8 10 12 14 16

[H], o <10 H+OH+M - H,0+M

T~1ms
20




Conclusions ) 2=

= Measurements of radical species generated at a liquid/vapor
interface demonstrate the capabilities of laser diagnostics for
plasma-assisted-chemistry

= OH distribution follows plasma emission intensity, while H
radicals diffuse/convect away with the gas flow

= Hatom number density is greater compared to OH molecule
number density because two-body recombination is faster
than three-body recombination

What about the plasma/liquid interface?

21
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Background and motivation UL

= Plasma enhancement of reaction kinetics at an interface

Atmospheric pressure plasmas at interfaces—> strong electric fields,
(V)UV emission, and charge deposition
These factors influence species at the interface

= Radical and reactive species

= lons and electrons
Key challenge—> Identifying physical and chemical processes occurring
at the plasma interface (Bruggeman, et al. 2016)

= Measurement of chemical species produced during the plasma discharge
= Measurement of species lifetimes

" |nsight into recombination kinetics




Background and motivation, cont. @&

= Characterization of adsorbates and effect on plasma
generation
= |nitial plasma breakdown removes species from electrode surface
= Exposure to gases allows deposition and absorption of new/other
species
= Do these species contribute to subsequent plasma breakdown
behavior?
= LDRD: Agile Component Design Through Integrated Diagnostics and
Computational Optimization
= What species are absorbed onto the electrode surface?
= Will these species by chemisorbed or physisorbed?

= Can breakdown behavior be controlled by preferentially adsorbing certain
species?

24
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Femtosecond Sum Frequency Generation @ =

= Sum Frequency Generation — 2" order nonlinear process

N

P = ¢, x @ E? \ >» E = E{ cos(w t) + E5 cos(w,t)

1 1
P@ = g,xy@ {(E%+ E3) + (E3cos 2w t+ Ecos2w,t) + (§E1E2 cos(w; — w,) t) + (§E1Ez cos(w; + w,) t)}

v v | \

DC Field Difference Frequency Generation

Second Harmonic Generation Sum Frequency Generation

1
P® = g)x@ {(E ELE, cos(w; + w;) t)}

26
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Femtosecond Sum Frequency Generation .

= Sum Frequency Generation: 2 beams in =2 3 beams out

" Femtosecond pump beam

creenenenneens irtual level

Or + Oys = Ogeg : = Fourier transform limited pulses
1
VIS o Aw * At = > for Gaussian
IR SFG
K 2 = Single pulse can reach a broad range of
| —
E V{S\ / absorbance features: C-H, C-H;, and O-H
_ ) , 2 v=2 ]
g g g = \ 4_1 " Picosecond probe beam
o'ttt \ /_ = Narrowband
: [R' X/ v=0 .
> 7 = Scatters off polarized molecules

" Produces blue-shifted signal beam

2
Ispg(wspg) * |P (2)(0)SFG)|
u Spectra has resonant and non-resonant

2 . .
Ispg(wspg) « [XP g + XD | contribution

= Fit with Voight profile
27




Proposed diagnostic

= ~3000 nm fs beam; 390 nm ps beam

= Metal Substrate: use p-p-p polarization configuration
= Simple, enhanced signal, no phase information

= (Calibration targets

= Distilled water on a ceramic?
= Self Assembled Monolayers on Au or Ag, to provide known density of C-H, O-H stretch

Spectrometer and

Mirror \ ICCD camera
....................... P

fs pump—

ps probe .

CaF, Lens

SHCB

y N
\u\

Translation Stage Spitfire Ace, ~100 fs @ 780 nm
5 mJ/pulse

TOPAS-C OPA

a
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Thanks for your attention!

Questions?
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O TALIF in CH, — O, mixtures )

[O] decay after last pulse * O atom number density after the burst and

«101° decay rate are reproduced well

——0.25% CH - 1% O2- Ar * Addition of hydrocarbon fuels reduces O
——150 ppm C_H,- 1% O,,- Ar atom number density and decay time

* H atoms are generated in the plasma by Ar*
quenching by C.H,,

Ar*+ CHy, > Ar+ CtH, 1 + H

* H atom number density increases
throughout discharge burst

 Dominant mechanisms the same as

10 10™ 102 H,-O,-Ar mixtures
Time (s)
T,= 500 K, P= 300 Torr Reduced Mechanism
20 kHz, 75 pulses O+H- OH 32




O TALIF fuel-limited mixtures ) B

T,= 500 K, P= 300 Torr

[O] decay after last pulse 20 kHz, 75 pulses
%10 |
8L T R — 1015; © T | 75ppm CH,-1% O -Ar
- =gesTo PRI BN | —e—150 ppm C,H,-1% O -Ar
6; —— 150 ppm C3H8
«3.’-‘ ; f‘?’-‘
84t S
o - o
2 _ 10
0: I — : E— . L L I TR R R | L
107 107 107 105 104 103
Time (s) Time (s)
* 75 ppm of C;Hg is completely oxidized * Both 75 ppm and 150 ppm of C,H, is
by ~50 pulses during the discharge burst completely oxidized by ~30 pulses during

the discharge burst
33



Fuel-limited reaction kinetics ) B

Predicted number densities of : :
.. .. ) Mismatchpbedvwieed meetirisand predicted
ddariminah sppediss daltergt blechiounsst decay rate due to H atom generation

150 ppm C2H4' 1% 02' Ar

H atom nuigbgr S-l-i)ﬁlq:\% off” despite
o+ v o.ooon Inclusion of Ar* by stable and intermediary

10" 3 _
1[—o : species
16-:2H .Oﬂ_”.éz._)ﬂ’-l_oz :
P - Resulting in significant decrease in OH
5 1 |[—Ho, : produced during the burst
= 1 H,0 ’
z10t _ /Ién*éﬁg%n%ﬁ@ %’2&%@ a
o : f C,H,; -1% Q, -Ar mixtures:
a Lot i 0O+ 0- 0,
= Dominant reaction of O atoms with OH
z Reducgl mggpenisy is (gtom
13 _| . .
10 recombination -2 very slow
Dominant OH production by O atom
Lo12 e Additional ﬁMﬁwheg@ZIpixed 1n,
107 1073 102 removing thegngyr NP Frss\@yption
Time after discharge burst (s)
T,= 500 K, P= 300 Torr Dominant HO, production by, .,

20 kHz, 75 pulses H+ O, +Ar - HO, + Ar




