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Theory Informed Kinetics (ThinK)
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Theory Informed Kinetics (ThinK)

1. NOx Mechanism

Glarborg, Miller, Ruscic, SJK; PECS, 67 (2018) 31-68.

NH, + NO

CH+ N,; NCN +H Prompt NO

Thermal deNOx

NNH; NNH + O,; NNH + O Role of NNH  gNCR With NH,

NH + NO, N,O + H »
NH; + O NH, + NO Branching

, : £ 400
NH, + NO, SR G 2
A Andresen o Park — 300
B8  Kimball-Linne Deppe @)
+ Atakan A Votsmeier >
1 - o© Bulatov Song T 200
] §te%hens - CK:I)iApspg_rllgtein
® Vandooren ———
+ Pak  eeee- MRCI+Q b 100
0.8 |- 0
400
0.6 +
5 £ 300
S g
0.4 | o 200
P4
a5l 100
0
0L

0 500 1000 1500 2000 2500

7%, U.5. DEPARTMENT OF _ Argor tional |
#ENERGY U5 2rimene
Temperature (K)

E Laminar

flow reactor
1 1

I T T
© H,0=00%
¢ HO=28% 3
3
¢ H,0=10%,.7

reactor

[ Jet-stirred

© H,0=00% ]
* HO=30%

1000 1050 1100 1150 1200 1250 1300 1350 1400
Temperature / K

NO [ppm] NO [ppm] NO [ppm] NO [ppm]

NO [ppm]

500 f
400
300
200
100 |

500 f
400
300 E
200 f
100 |

500 f
400 £
300 f
200
100 |

500
400
300
200
100 f

500 [
400
300 f
200 E
100 |

1000 1100 1200 1300
Temperature [K]



Theory Informed Kinetics (ThinK)

2. NH; Oxidation

Peter Glarborg, Jim Miller, SUK

Fails miserably for NH; Flame Speeds

NH, + HO,, NH, + O, HNO + NH,, H + HNNO

HNO + M, NH, + H + M, NH, + NH, + M (Jasper)

Resolution — Raghu Sivaramakrishnan

Mike Burke — importance of NH; and H,O as colliders and Mixture Effects

3. NH; Pyrolysis

Synthesis by Pulsed Heating and Quenching

Liangbing Hu and Dongxing Liu (Maryland), Emily Carter and Yiguang Ju (Princeton),
Ahren Jasper and SJK (Argonne)

Preparing Fully Theoretical Model for NH; Pyrolysis; N,H,

With Clayton Mulvihill (Baylor)
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Theory Informed Kinetics (ThinK)

4. NH; + CoFuel Oxidation

Yiguang Ju: NH; + CH,;OH

 NH, + CH;0H; NH, + CH,0O Proc. Combust. Inst. 40, 105489 (2024).
Henry Curran: NH; + CH,

 NH, + H,NO

® CH3 + H2NO

« R+ Hy;NO

« CH;+ NH, Zhu, SJK, Curran, Zhou, Combust. Flame, submitted (2024).

5. N,O Chemistry

* N,O Dissociation Mulvinhill
« N,O+O=NO+NO

* NJO+O=N,+0,

« HNNO + H = ... Glarborg

2 U.S. DEPARTMENT OF _ Argonne National Laboratory is a
@ ENERGY U.S. Department of Energy laboratory Ar nn
aaaaaaaaaaaa icago Argonne, LLC.

AAAAAAAAAAAAAAAAAA



NH; FLAME SPEEDS
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NH3 Flame Speeds Raghu Sivaramakrishnan - 2023

NH,-air flames 298 K, 1.0 atm NH3-air Flame, ® = 1.1
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NH + O CCSD(T)-F12/CBS(TZ-F12,QZ-F12) fregs.
2 ANL1’ energies ~CCSDTQ(P)/CBS + rel. + DBOC + anh.
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SJK, Mulvihill, Glarborg
Theoretical Kinetics Predictions for Reactions on the NH,O
Potential Energy Surface, J. Phys. Chem. A 127 (2023) 8650-8662.



NH, + H (+ M) NH, + NH, (+M)

Jasper
Trajectory Simulations
Table 1. Calculated Third-Body Efficiencies Relative to M = N, MP2/CBS
system T (K) M= N2 Ar 02 NH3 CH4 C02
NH,(+M) 300 1.00 032 0.50 4.39 3.15 (2.60%) 3.54 (2.83%)
1000 1.00 0.41 0.59 8.11 5.38 5.44
2000 1.00 045 0.70 9.90 6.36 5.76
N,H,(+M) 300 1.00 0.50 (0.77%, 0.4%) 0.61 2.93 (4.0
1000 1.00 0.59 0.69 4.87
2000 1.00 0.70 0.80 6.02

“These are compared with available experimental results given in parentheses taken from “Altinay and MacDonald®’ ™’ or *Van Khe et al.*’

Additional Estimates of Third Body Collider Efficiencies for H,O
On the Rate Constant for NH, + HO, and Third-Body

Collision Efficiencies for NH, + H (+M) and NH, + NH, (+M)

J. Phys. Chem. A, 125, 1505 (2021)

Glarborg, Hashemi, Cheskis, Jasper

AAAAAAAAAAAAAAAAAA



H + NO (+M) = HNO (+M)

Calculated third body efficiencies for HNO(+M) relative to M = Ar.

T/K M = Ar He N, H, NH,
300 1.00 1.23 1.83 3.20 5.35 Jasper
600 1.00 1.37 1.65 3.12 5.82 . . .
1000 1.00 1.67 1.73 3.07 6.18 Trajectory Simulations
1500 1.00 1.60 1.52 2.58 5.87 MP2/CBS
2000 1.00 1.53 1.54 2.40 5.73
2500 1.00 1.70 1.55 2.23 5.90
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Energy (kcal/mole)

An experimental, theoretical, and kinetic modeling
study of post-flame oxidation of ammonia

Jian, Hashemi, Wu, Glarborg, Jasper, SJK

CNF, 261, 113325 (2024).
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FLAME SPEEDS WITH DIFFERENT DILUENTS

NH,-O,-Ar/N, flames, T =295 K, ® = 1

N
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TEMPERATURE DEPENDENT FLAME SPEEDS

NH,-O,-Ar flames, P = 1.0 atm, ® = 0.75 NH,-O,-Ar flames, P = 1.0 atm, ® =1 NH,-O,-Ar flames, P = 1.0 atm, ® = 1.25
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PRESSURE DEPENDENT FLAME SPEEDS

NH;-air counterflow, T=300K, =1
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DILUTION DEPENDENT FLAME SPEEDS

NH,-O,-Ar flames 298 K, 1.0 atm NH,-O,- 40% Ar flames 298 K, 1.0 atm NH,-0,- 50% Ar flames 298 K, 1.0 atm
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NH, PYROLYSIS
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NH, KINETICS
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NH; KINETICS
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NH, KINETICS
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N,Hy POTENTIAL ENERGY SURFACES
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N,Hy POTENTIAL ENERGY SURFACES

Table 1: Basis Set Convergence (kcal/mol)

Table 2: Corrections

Species AS5Z A6Z | CBS | CBSFI12 | Delta CBS
NoHost + H 0 0 0 0 0
NoHxt+H = | 2.01 1.96 1.91 1.90 -0.01
N>Hj3

N>Hj3 -51.94 | -52.00 | -52.08 | -52.12 | -0.04
NoHxt+H= | 3.01 299 1297 297 0.00
NNH + H»

NNH + H, -37.59 | -37.60 | -37.62 | -37.61 0.00
NoHo;e+H [ 542 540 |538 |5.40 0.02
N2Hz;c + H= | 7.64 7.58 |[7.50 |7.51 0.01
NoHj3

N2Ho;c + H= | 5.85 5.81 575 |5.78 0.03
NNH + H»

HoNN + H 2495 2490 |24.84 | 24381 -0.03
HoNN+H= | NoS.P.

N2H3

HoNN+H= | 24.68 |24.62 |24.54 |24.52 -0.02
NNH + H,

NH, +3NH [29.76 |30.08 |30.46 |30.45 -0.01
NH,+°NH = | 31.34 | 31.65 |32.02 |32.01 -0.01
NH; + 4N

NH; + “N -2.84 |-242 |-191 |-1.95 -0.04

Species T(Q) | T(Q) | Q(P) | Core- | Rel. | DBOC | Har.
DzZ |TZ |DZ | Val ZPE

NoHpit + H 0 0 0 0 0 0 0

NoHost+H= | -0.36 | -0.43 | 0.00 | 0.01 | 0.00 | 0.02 0.88

NoH3

N2H3 0.16 {0.12 |0.00 | -0.27 | 0.13 |-0.07 | 7.17

NoHoit+H=|-0.26 | -0.26 | 0.01 | 0.04 |-0.03 |0.17 -1.54

NNH + H»

NNH + H» -0.35 | -0.17 | 0.01 | -0.04 | -0.07 | 0.09 -3.17

NoHo;e+H [ -0.03 [ -0.01 | 0.00 | 0.05 |-0.01]0.01 -0.38

NoHz;e+H=|-0.29 | -0.35 | 0.00 | 0.05 | 0.00 | 0.03 0.57

NoH3

NoHz;e+H= | -0.22 | -0.23 | 0.02 | 0.06 | -0.03 | 0.10 -0.81

NNH + H»

HoNN + H 0.04 | -0.01 | 0.01 | -0.12 | 0.05 | 0.03 -0.78

HNN+H= | No

N2H3 S.P.

HNN+H= |-0.15|-0.21 | 0.02 |-0.11 | 0.05 | 0.12 -0.82

NNH + H»

NH,+°NH [0.39 |0.05 | -0.03]0.30 |-0.10]0.09 -1.10

NH, +3NH = | 0.05 |-0.26 | -0.02 | 0.31 | 0.31 |0.12 -0.25

NH; +“N

NH; + N 0.44 10.19 |-0.010.09 |-0.07]|-0.10 |3.80




NH, + CO-FUELS
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NH,/CH,OH OXIDATION

Wang, Mei, Liu, Thawko, Mao, Zhao, Glarborg, SJK, Ju, Proc. Combust.
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CH; + NH, POTENTIAL ENERGY SURFACE
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NH,;/CH, IGNITION DELAY TIMES

(a) T K
1090 1070 1050 1030 1010
p =20 bar, NH3/CH4 =80/20, 70% dilution
7)) (Shu et al., 2021)
€ 1004 ]
CD
£
>
(]
5
= 2.0
c n =2,
_g 10 Ef e ¢=1.0
c 1 =05 ]
k=)
092 094 096 098
1000 K/ T,

T oF onal Laboratory is a
ENERGY ue D Fiment of Energy \abcratory
manage« by UChicago Argonne, LLC.

—_
O
~

Ignition delay time, ms

TC, K
1080 1040 1000 960
(p— 1.0, NH /CH = 90/10 70% d||ut|on
100 - E
LT
P l
®.oI
10 ...t~ shuetal., 2021
= 20 bar
e 40 bar
Dai et al., 2020
A 60 bar
0.90 0.95 1.00 1.05
1000 K/ T,

(c)

Ignition delay time, ms

Yuxiang Zhu, SJK, Curran, Chong-Wen Zhou

TC, K
0116011201080 1040 1000

960 920

9= 0.5, p_ = 60 bar, 70% dilution
(Dai et al., 2020)

10+

NH,/CH,
100/0
95/5
90110 -
50/50

® > o

1.05 1.10

Argonne &

NATIONAL LABORATORY



NH,+H,NO
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HNNO + H

Meng, Lei, Burke, On the Role of HNNO in NOx
Formation, Proc. Combust. Inst. 39, 551-560 (2023).
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study of the N,O-H, system:
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IHNNO + H RATE CONSTANTS
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EFFECT OF HNNO CHEMISTRY ON NH; OXIDATION
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