OPTICAL EMISSION FROM NITROGEN CONTAINING INTERMEDIATES IN HIGH

PRESSURE NITROMETHANE FLAMES

by

Brahm Nickolas Dean

A dissertatiorsubmitted in partial fulfillment
of the requirements for the degree

of

Doctor of Philosophy
in

Chemistry

MONTANA STATE UNIVERSITY
Bozeman, Montana

May 2026



O©COPYRIGHT
by
Brahm Nickolas Dean
202%6

All Rights Reserved



i
DEDICATION
| dedicate this dissertation to my fiancée Sam, for always believing in me and supporting

me through it all. To our two dogs, River and Goose, for the goofiness, the constant laughs, and
the cuddles when | needed them most. And to my family, for theiegnttive and support.



ACKNOWLEDGEMENTS

First and foremost, | would like to express my deepest gratitude to my advisor, Dr.
Robert Walker, for his guidance, mentorship, and unwavering support throughout my graduate
career. Your patience, encouragement, and willingness to push me to groneasist icive
meant more than | can express. Thank you for every conversation, every opportunity, and for
helping me find confidence in my own abilities as a researcher.

| would like to thank my committee membges. Erik Grumstrup, Dr. Martin Mosquera,

Dr. Sharon Neufeldt, and Dr. Lu Hior their time, feedback, and guidance throughout this
process.

| would like to express my sincere appreciation to our collaborators at Brown University,
Dr. Franklin Goldsmith and the Goldsmith group, for their invaluable contributions to the
modeling work presented in this dissertation. | would also like to thamh&itrherscientific
contributions and many helpful discussions.

To my lab mates, past and presémink you for the scientific discussions, the shared
frustrations, and the good times both in and out of the lab. A special thank you to Josh Sinrud,
whose guidance and mentorship when | first joined the group shaped the scientist | became.
Thank you alsao Oliver, Dalton and Enoldor their help collecting data and keeping things
running.

On a personal note, | would like to thank the Hamp8gdney College Rugby Team
you have been a source of friendship, laughter, and support that | will carry with me always. A
particular thank you to Brennan Vaugivto convinced me that this path was worth pursuing. |

wouldn't be here without that conversation.



iv

TABLE OF CONTENTS

I 1 o To 18 o 1o ) o OSSP PUUURRRR 1
1YL (Y= 1o ) o RSP 1

L@ YT 4T PP PP TRPTPORR 3
LiQUI PropellantS..........uuiiiiiiiiiiieeee et eene e 8
Nitromethane MECHANISIMS ... ...uuuiiiiiiiiiiiii e 10
SPECLrOSCOPIC INVESHIGALION. .....cei i i it eeee bbb eeenssb e e e e e e e e e e e e emmees 22
Flame EmISSION SPECIIOSCOPY. .. .uuuuuuiiiiieeeeeeeeeeeieiieea e e e eeeeeeeeeeeeeesineneeeeeeeaeeeeeenennnn 24

(O] o] (=101 1YL PP PPPPPPPPPPPPPPE 31
RETEIBINCES. ... .ttt e e e e e e e e e e e e s s s s mnne e e e e s e e e e s bbb e eeas 33

2. PECTRALLY AND SPATIALLY RESOLVEDB?S'0 X2S*CN
EMISSION IN AIR-INDEPENDENT AND AIR-SUPPORTED

NITROMETHANE FLAMES AT HIGH PRESSURE.........cccviiiiiiiiiiiiieeeee e 41
ADSIIACE. ... e aeeeeaeenennnn A
(o To [ ox 1 o P 45
Experimental Design and Theoretical Models...............oovviiiciiiieeeeccee e, 53
EXPEriMENtal DESIGIL.....eeeiiiiiiiiiiiie ettt 53
Liquid Propellant Strand BUIMET..........cccoooieiiiiiiiieeeieee e eeeeeeeeeeeeeee e 53

1D and 2D Chemiluminescence Detection...............eeiiiiiceeeeeeernnnnnnnnnnennns 54
Computational Methamlogy ............cuuuuiiiiiiiii i ereeis e e e e e e 57
RESUILS @NA DISCUSSION.......uuueeiiiiie i e eeee e e e e e e e e e e e e e e et et aeeee e s e e e e eeeeeeeeeeeeeesassnnneeeeeeeees 59
(@0} o [od 11151 (] o N U SPPTTT 74
S (=T =T o =SSP 75

3. NITROGEN BALANCE IN AIR-INDEPENDENT NITROMETHANE

COMBUSTION: CONTRIBUTIONS FROM NEAND NH2D.....c.ooooeeiiiiiiiiiiiiiieeee e 79
Y 0153 1 = Lo AU SPRTPPPRI 81
0T [ 1o ) U RS PPPRR 82
Experimental Design and Theoretical MOdelS............ccooiiiiiiiccciiiii e, 87

EXPErimeNtal DESIGIL.....ueeiiiiiiiiiiiiiee ettt 87

Computational Methamlogy ............cuuuviuiiiiiiii i reeerr e e e e 89
RESUILS ANU DISCUSSION.......uuiuiiiiieie s e e e e e ceeeiise e s s e e e e e e e e eeaeeeeannessaaeeeeeeeaeeeeeesssssssnnnnreeeeeeees 90
(@] o Tod 810 o WSRO UURPPP P 103

R B O N CES. ..t e e e et et e e e e e e e e e e e e et aam—e e 105



Vv

TABLE OF CONTENTS CONTINUED

4. Broadband Spectral Survey of

High-Pressure Nitromethane CombUSHON.........ccooiviiii e 109
LYoo [T i o] o PP P P PUPPPPPPPRPPPP 109
OVErvieW Of SUIVEY SPECHIA. .......coiiiiiiiiieeee e eeeea bbb e e e e e e e e e e eeans 110
Spectral SUNVEY: 30035 NIM.....cciiiiiiiiiiiiiie s cer e e e e e e e e e e e amemsas s e s aaeeeeaeaaeeeeeeessennn 113
G010 0[O N o o TP PUPTT 114
00500 NIML...uitiiiiiiiiiie et eeeee e et a e e e e e e e e e e e s smmt e e e e aeeeeaaeass s s s s s snrnnneeesseseannnnnnes 117

oY 0102510 N oo o TP 121

oL GT 0L G720 I o P TTPPPP 124
GO0 o] o TP 125
401020 I 11 1 P TPPPPP 127

=10 11T o o PP 129
Spatially Correlated Emission Imaging of Qd OHD..............ccooviiiiiiiiieee e 132
Spatial DIStHDULION. ......ueeiiiiiiiii e 135

Pixel Correlation ANAIYSIS...........oovviiiiiiiiiiee e erre e e e e e e e e eees 137
Limitations and FUtUre DIr€CHIONS. ........ooeeeeeeiiieeeieieeee e eeeeeeeeevvmmme e e e eeeeeeees 138
(@] o 1155 o] o WA TR 139
] (=] €= o= USSP 14
REFERENCES CITED.....ciiiiiiiiiiiiiii oo ee e s eennnnsssennee e 143
APPENDICES ..ot r e ettt e e nna bbbttt e e e aeaae s 159
APPENDIX A: Supporting Information for Chapter.2.............cccoeeeviiiieeciicceeennn. 160

APPENDIX B: Supporting Information for Chapter.3............cccueveveiivieeniiiiiviinenne. 170



Vi

LIST OF TABLES
Table Page
2.1. List of Nitromethane Combustion from Literature.............cccevvviiieecvvvnnnnne. 50-51
2.2 Abundances of Intermediates from Literature...............ooooeiiicemneeeeeeeeciiiee 71
2.3 CorrectedRatios of CN2OHJOnNtegrated band intensities..........ccccceeeeeiivicaceeenen. 72

3.1 CorrectedRatios ofNHZ0H2and
NHJIZCNOntegrated band INtENSILIES...........oovvveiiiiimr e 98



vii
LIST OF FIGURES
Figure Page
1.1. Structure of Fuels in DIiSSertation...............uuverierrieemiiiiiiiiiiiiieeeeeeeeeeseeemeeeeeeeeee 4

1.2. Zhang Speciation of Major Species
from NiItromethane FIamMES. ... .ou o 13

1.3. Zhang Speciation of Intermediates
from Nitromethane FIames........ccoooooiiiiiiiiiieeee e 14

1.4. Shrestha Reaction MECNANISIN. .......oeieeee e e eee e e aeans 15

1.5. Sheehe Experimental Versus Modeled
Mole Fraction Profiles from Nitromethane Flames............cooevevieceeiiiieeen 17

1.6. Boyer Simulated Speciation Data
for Air-Independent Nitromethane Flames...........cccccoviiiiiiece 19

1.7. Sinrud Calculated Products
from Nitromethane Aikindependent Flames................vvviiiiiccrieeeeiviiiiceeen, 20

1.8. Sinrud Calculated Products

from Nitromethane AkSupported Flames.........ccooiiiiiiiiicce 21
1.9. Rovibronic Transitions EXample............oooiiomn e 25
1.10.Band Head EXAMPIE.........uuuiiiiiiiiiiiiii ettt 27
1.11.1D Spectral Image of Cyano RadiCal............ccouvviiiiiieeeiiiiiiiieeeeee 29
1.12.2D Filtered Image of Cyano RadiCal.............ccvviiiiiieemiiiiiiee 30
2.1. NItromethane STTUCTULE..........ooi i ieeee e e e e 46
2.2. Detection Scheme with Flame IMages.........cccuuviiiiiiieeeiiiiiiiiiiieceeeeeee e 55
2.3. Temperature Profile for Nitromethane...........cccccoo e cceeeiiiiii e 58

2.4. Spectrum of Cyano Radical from
Nitromethane Combustion at 31 harder Nitrogen..............cceeeeeiiiivieeceeiinneenn. 59



viii

LIST OF FIGURES CONTINUED

Page

2.5. 2D Flame Emissio®N Images for Nitromethane Combustion

Under Air-Independent and AiBupported Conditions...............cceeeiiiiiieecnnnnnnnnd 61
2.6. 1D Spectral Images of the Cyano Radical from

Air-Independent and Aiupported

Nitromethane Combustion at 31 Bar............eevviiiiiiiieeeiiiiiiie v 62
2.7. Temperature Fitting for the Cyano Radical

for Air-Independent and AiBupported flames...........ooooiiiiieen 64
2.8. Cyano Radical concentration profile...........cccccviiiiiiieeeieeee 66
2.9. Reaction Contributions to Cyano Radical

Formation and CONSUMPLION............ouuiiiiiiiiiimr e err s 67
2.10.HCN Concentration Profile.............cccooiiiiiiieeeiie e 69
2.11.Reaction Contributions to HCN

Formation and CONSUMPLION. .........eiiiiiiiiiiiii e 70
2.12.Low Resolution SpectrurBhowing Emission
from Three EXcited State SPECIES.........coovviiiiiiiiieeee e e 72

2.13.CNZ0 OHORatio Versus Distance from BUurner.............oooooeeeieeen e 73
3.1. NItromethane@ StrUCLULE........ccvviiiiiee e 83
3.2. Detection Scheme and Flame IMages.............coovviviiieiieeeeeee e 89
3.3. Spectrum oNHJrom

Nitromethane Combustion at 31 bar............oovvviiviiiccciieee e 91
3.4. 2D Flame EmissiodNHJmages for Nitromethane Combustion

Under Air-Independent and Aisupported Conditions..............ccoovvviviieccieeeeennn. 92

3.5. 1D Spectral Images ddHfrom
Air-Independent and Aiupported
Nitromethane Combustion at 31 bar............oovviiiiiiiicccieeee e 94



iX

LIST OF FIGURES CONTINUED

Figure Page
3.6. NHOConcentration Profil@..........coooo oo 96
3.7. Low Resolution Spectrum Showing Emission

from Three EXcited State SPECIES.........ccovviiiiiiiiiieeee e 98
3.8. Spectrum oNH>Jrom Air-Independent

Nitromethane Combustion at 31 bar...........ooovvvviiiiiice e 100
3.9. Three Spectraf NH2Jemissionfrom Air-Supported

Nitromethane Combustion at 31 bar............oovvvviiiiiice e 101
3.10. NH23Concentration Profile............ooooiiiiiiiiiieeee e 103
4.1. Broad Emission Spectra for

Air-Independent and Aisupported NM Combustian...............ccceeeieisieeeennnnnnns 112
4.2. OHemission at 31 bar UNAEBNL...........uuuiiiiiiiiiiiieeeiiiiiieieee e 114
4.3. CNOemission at 31 bar UNAEBN............uuiiiiiiiiiiiiieeeiiiiiieeiieeeeee e 115
4.4. NHOemission at 31 bar under

Air-Independent and AiBupported Conditions............cccvvvvvviiiieeeniiiiiinieneee. 116
4.5. Comparison of Spectra at 367 nm

Under the FOUr CONAITIONS.........uuuiiiiiiiiiiiii e e e 117
4.6. Comparison of Spectra at 430 nm

Under the FOUr CONAItIONS..........covvuuieiiiiiime e eeeeee e 119
4.7. Comparison of Spectra at 470 nm

Under the Four CONAItIONS..........cevviiiiiiiiiimeeeeeiiiiii e 120
4.8. Spectra from 492 560 nm Under Akindependent

and a Spectrum Centered at 545 nm from Both Pieces

IN Air-Supported flame..........oouiii i 122
4.9. Comparison of Spectra at 516 nm

from All Three AirrSupported CoNItiONS............uuueeiieiiiiiieeeiiiiieiieeceee e 123

4.10. Spectra Showing Secot@@rder Diffraction fromOHD..............uueviiiiiiiiiieeeinnee. 124



Figure

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

4.17.

4.18.

4.19.

A.l.

A.2.

A3.

LIST OF FIGURES CONTINUED

Spectrum of Secon@rder Diffraction Tail............c.ccevvvviviiinieeee.

Comparison of Spectra at 690 nm

under the FOoUur ConNAitiONS.......cueve e

Emission from HO at 31 bar under

Air-Independent ConditionS.............ueueiiiiiiisceeciiiicie e

Unassigned Feature at 735 nm

from All Three Air-Supported Conditions..............eevvviiiiiiieeeenee.

Potassium Doublet in Aindependent Flame................ccccvvvveee.

Emission from 77877 nm

in Air-Independent Flame.........ccccoooiiieeiiiiieecii e

Emission from 890 nm

in Air-Independent Flame............ooooiiiie e

Emission from 90845 nm

in Air-Independent Flame.........cccoooiiiiiiiiieeeiiie e

Spatially Correlated Emission Imaging of
OH2and CNOn the Decomposition Piece from

Air-Supported FIames.............ccoeeiiiiiiiieee e

Spectrum of Cyano Radical from

Nitromethane Combustion at 31 bar under Argan....................

Comparison of AkindependenExperimental Data to
Simulated Spectrum from LIFBASE with

Trot = 5000 K and Tio 2500 Koo

Comparison of AkindependenExperimental Data to
Simulated Spectrum from LIFBASE with

Trot = 5000 K and Tio S 273 Koo

................... 161



Xi
LIST OF FIGURES CONTINUED

Figure Page

A.4.Comparison of AikindependenExperimental Data to
Simulated Spectrum from LIFBASE with
Trot =5000 K and Tib = 3250 K.ooriiiiiiiiiiee et 162

A.5. Comparison of AkindependenExperimental Data to
Simulated Spectrum from LIFBASE with
Trot = 5000 K and Wb = 3500 Koo 163

A.6. Comparison of AixindependenExperimental Data to
Simulated Spectrum from LIFBASE with
Trot = 4000 K and Fib = 3000 Ko...ooooiiiiiiiiie et 163

A.7.Comparison of Akindependent Experimental Data to
Simulated Spectrum from LIFBASE with
Trot = 6000 K and fib = 3000 K....oooiiiiiiiiieee ittt 164

A.8. Comparison of AkSupported Experimental Data to
Simulated Spectrum from LIFBASE with
Trot = 6000 K and Fib = 2500 K...oveuieeiiiieiiee e errne e e 14

A.9. Comparison of AkSupported Experimental Data to
Simulated Spectrum from LIFBASE with
Trot = 6000 K and o = 2750 K. .ooviiiiieeeeee e eeene e 165

A.10 Comparison of AkSupported Experimental Data to
Simulated Spectrum from LIFBASE with
Trot = 6000 K and fo = 3200 K. 165

A.11.Comparison of AkSupported Experimental Data to
Simulated Spectrum from LIFBASE with
Trot = 6000 K and Tib = 3500 Ko ..onienieieeee e eee et e e e e e e e e e e e e aaemaeeeeen 166

A.12.Comparison of AkSupported Experimental Data to
Simulated Spectrum from LIFBASE with
Trot = 5000 K and Tib = 3000 K.....vveiiieeeiiiiiiiie e 166

A.13.Comparison of AkSupported Experimental Data to
Simulated Spectrum from LIFBASE with
Trot=7000 K and Tib = 3000 K....ovuiiieeiiiiiiiiie e 167



Xii

LIST OF FIGURES CONTINUED

Figure Page
A.14.NO Concentration Profil..........ccoouiiiiiiiiiieeeiie et eeee e 167
A.15.Reaction Contributions to NO

Formation and COoNSUMPLION...........uuuuuueiiiis i e e e srenee e 168
A.16.CH2CN Concentration Profile..........ccccoiiiiiiiiiece e 168
A.17.Reaction Contributions to GEN

Formation and CONSUMPLION. .........uuuuiiiiiiiiiiieeeiiiiieieee e 169
B.1. Overlay of Experimental and HITRAN Data.............cccccvvvmiimmmniiiiiiiiiiieeeee, 171

B.2. SecondOrder Diffraction OfOHD . .......oe i 171



Xiii

ABSTRACT

Liguid monopropellants are fuels capable of sustained combustion without a separate
oxidizer, making them attractive for applications where oxygen is scarce, such as underwater
in space. However, these fuels require high pressures to combust reliably, making experimental
measurements technically challenging. As a result, the chemical processes governing
monopropellant combustion at elevated pressures remain poorly understoodstmgl ex
computational models describing these processes lack experimaittation under realistic
operating conditions.

This dissertation presents spectroscopic measurements of nitromethane flames burning at
elevated pressures under bothiagdtependent and agupported conditions. Experiments were
conducted using a custebuilt high-pressure combustion assembly capabkgustaining stable
flames at pressures relevant to propulsion applications. Optical emission spectroscopy, a
technique that measures the light emitted by a flame to identify the chemical species present, was
used tospatially resolve individual intermedest inthe flame under both atmospheric conditions.

Measurements revealed the presence of three nitmg#aining intermediate§NJ
NHJQandNH2Qthat have not been previously reported in significant quantities irphegsure
nitromethane combustion and are largely absent from existing computirmoetad models. All
three species were detected iniadependent flames and in the decomposition region -of air
supported flames, but were suppressed in regions where oxygen was available, consistent with
known oxidation chemistry. Temperature measurements tedr&rom the spectroscopic data
provided additional characterization of the flame environment. These experimental observations
were found to be in qualitative agreement wigdwkinetic modeling simulations performed by
collaborators, lending furér support to the observed trends.

These findings provide the first spatially resolved experimental measurements of
nitrogencontaining intermediates in higiressure nitromethane combustion and establish
critical benchmarks for the validation and refinement of computational combustiofsmiiuke
experimental platform demonstrated here is broadly applicable to other liquid propellant fuels,
offering a path toward more comprehensive experimental characterization of monopropellant
combustion chemistry under applicaticelevant conditions.
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CHAPTER ONE
Introduction
Motivation

Air-independent combustion describes monopropellants transforming into products and
energy under inert atmospheres in contrast tswgported combustion where fuel oxidation
occurs in the presence of a separate oxidizing agent (eig.a). Air-independent combustion
does not require a separate oxidizer,dudtainableir-independent combustion of liquid fuels
typically requires high pressure@Q bar) [1, Z]. This requirement is due to monopropellants
having to contain both their own oxidizing agent as well as the matebabxidized. At low
pressures monopropellant combustion kinetics are glmto lower collision frequencies
between reactive speciddigher pressures increasalisionsbetween monopropellant
molecules and the resulting intermediatd®wing for flame ignition and propagation to occur.

While considerable work has been done studying@iported combustion of common
fuels including H, CHs, and higher molecular weight hydrocarboB<], much less is known
about the steps responsible foriailependent combustion. What little modeling has been done
often lacks direct experimental validation of speciation, spatial distribution of species, and
temperature profiles. Most experimental dexamining ai#independent combustion are visual
observations of empirical phenomena such as burning rate measurements, and a few limited
chemiluminescence investigatiors f. One reason why aindependent combustion studies
are fewer than aisupported studies is that fuels capable ofralependent combustion are less

common than fuelthat burn in airA second reason is theperandooptical methods capable of



2
investigatingair-independentombustion are limited by the extreme conditions required for
sustained burning.

To better understand the steps required feingiependent combustion, quantitative data
are needed to validate predictive mechanisms. The work described in this dissertation examines
nitromethane (NM) atindependent combustiat high pressure When appropriate, the air
independent work will be compared with results frorsaipported NM combustion at
equivalent pressures. Specifically, the work will focus on the detection of nitrogen containing
intermediates resulting from NM combustion intbairindependent and agupported
conditions. Focusing on species such as the cyano radicgl (E&NHXxadical and the NED
radical, findings presented in this dissertation provide direct evidence that these species are
created in aindependent combustion conditions with sufficient concentrafmmexcited state
emission to be detected. Notahtyost kinetic models do not consider these species to be present
at concentrations relevant to affect the combustion process.

A second important finding described in this work is that these nitrogen containing
species, formerly believed to be inconsequential in terms of their flame chemistry, are spatially
distributed ovea limitedlength of airindependent flames. Virtually all simulations predict that
most reactive intermediates formed duringiattependent combustion are consumed within the
first 1 mm of the flame front as species in the flame quickly converge to productsingy us
flame emission spectroscopy, these nitrog@mtaining species are able to be directly quantified
and compared to existing models.

A final important outcome from the studies presented in this dissertation is a quantitative

comparison of different excited state intermediate concentrationsteBuilsis important as it is
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one of the ways to directly validate computational models and by reporting amounts of these
species, they can be used in computations to improve them.

The remainder of this chapter focuses on background information that motivated this
work including an overview of liquid propellants, NM combustion mechanisms, and finally, the
experimental methods employed to validate these mechanisthss dissertation,
monopropellants are defined as fuels capable ofos@diation (combustion) in inert
atmospheres. Combustion is defined as being eith@rd@pendent (in inert atmospheres) of air
supported (in air). Monopropellant fuels burninginoften have a hiodal structure where the
fuel will begin to seHoxidize before exposure to air and then combust more fully when air is
able to diffuse into the flame. These two pieces are described as the decomposition and diffusion

parts of an aisupported flame.

Overview

Different liquid propellants have been developed for a variety of propulsion applications
[9-15] such as rockets (space, military, torpedoes), internal combustion engines, jet engines, or
even in drag racindlp]. Liquid propellants enjoy several advantages over sttt and
gaseous equivalents. Liquid propellants have greater flexibility in fuel delivery mechanisms; they
have higher energy densities and are more easily managed than their solid or gaseous
counterparts. Due to these advantages, liquid propellants have been asediety of
applications listed above and range from small molecules, such as hydrazine, NM, or IPN, to
larger ones, such as petroledased liquids, and even multicomponent fuéds Dtto fuel Il
(OFII) or T-Stoff/C-Stoff. The molecular structure of some of these fuels can be seen in Figure

1.
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Figure 1: Structures for some of fuels mentioned in this dissertatioh.i©Eomprised of 76%
propylene glycol dinitrate, 22% dibutyl sebacate, and 1.5%r8diphenylamine

One of the earliest monopropellants was hydraZifig This fuel was originally used for
spaceship thruster$§, 19. NM is anothermonopropellant and while it is commonly used as an
additive in automobile racing fuel, NM has also been considered as an alternative to hydrazine
[20-23]. One of the components of&toff was hydrazine, and it was combined witsbff to
be used as a multicomponentsupported rocket fuel by the Germans in W\22, 5.

Another example of a monopropellant mixture is-KD#hich, is a ternary mixturghat is used
by the U.S. Navy in torpedoe2€]. The historical use of these fuels is described in greater detail
below.

However, despite their versatility, liquid propellants also have drawbacks, the largest
being that liquid propellants often fail to combust completelgding to soot production that

affects efficiency and device durability. As a result, considerable effort has focused on
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understanding monopropellant combustion mechanisms and creating predictive models that can
be used to better understand and optimize combustion mechanisms.

In general, understanding monopropellant combustion mechanisms is challenging. In air
supported combustion, the fuel oxidation from the secondary source is sufficient-for self
sustaining combustion at virtually all pressures. Howeveindependent comistion is
different. Airindependent combustion requires hjgiessure for efficient heat transfer to non
combusted liquid fuel. This hetransfer sustains the fuel vaporization and combustion leading
to branching chain reactions that propagate anessgfain the overall process. As pressure
increasesthe flame reaction zones are reduced in lerg#uing to more reactions occurring
closer to the liquid propellant surfacl].

An example of the disparity between-aupported and aindependent monopropellant
combustion is NM. In aisupported applications, NM combusts at pressures as le@.@sbar.
Under airindependent conditions, however, NM requires a minimum pressure of 28 bar to
sustain combustion reactions. These differences iatyngesn combustion mechanisms and
speciation during the combustion process. Tloeservationslsohighlightthe challenges of
studying aifindependent combustion in sustained flamegatirspeciespecific observation
must employ spectroscopic tools to examine chemistry occurring at extraordinarily high
pressures.

Validating proposed mechanisms requires overcoming additional challenges.
Experimental tools must be able to spatially resolve products and intermediates and measure

temperature profiles. Not only must intermediates and products be identified, but sSteglsau
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be quantified whenever possible.the absence obaolute quantitatigmrelative concentrations
of species in flameare the next best metric to compare with simulated predictions.

The vast majority oéxperimental data about airdependent monopropellant
combustion has come from shock tube stud&s3[l] where ignition delay times and speciation
as a function of tim&veremeasured. However, the majority of shock tube studiesiagée
combustion events occurring very rapidly, meaning that stetadg flame behavior and time
dependent flame evolution are ropart of the recorded dat&inally, shock tubes measupire
gas phase combustion which is not the sanmambustion originating frorfiquid propellants.
Stabilizedliquid propellantflamesare more appropriate systems to study when considering
combustion in sustained applications.

Stabilized flamesreate a timeéndependentsteadystatesystem where multiple,
independent measurement methods can be useerrttify speciescharacterizespatial
distributiors, and, provided that spectral data are sufficiently well resobletermine
temperature Air-supported flameare defined in one of two wayBhe first is premixed flames
that have the fuel and oxidizer mixing prior to the flame front. The second is diffusion flames
where the oxidizinggent(usually air) diffuses into the flam&hese distinctions matter when
comparing experimental results to kinetic models, as flame structure and species distributions
vary not only between aindependent and agupported combustion, but also between premixed
and diffusion experimentd he literature contains examples of all of these types of flames when
describing nitromethane combustion.

A wide variety of spectroscopic techniques have been used to study flames including

chemiluminescencep-36], laser induced fluorescenc&/f41l], laser absorptiondR, 43, and
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Raman spectroscop$6, 44, 45 For NM combustion, most studies have focused on diffusion
flames with some premixed flames using chemiluminescence and/or mass specti@in&dy [
46-50].

To measure combustion at higher pressures, a type of burner called a liquid propellant
strand burner (LPSB) has been developed. A LPSB is used primarily to study burning behavior
and burning rates, and LPSBave been used to study combustion at pressures ranging from
atmospheric up to as high as 3000 [24r, [32, 5154]. LPSBs consist of a strafer strand)
usually quartz but sometimes plastic, containing the propellant. The strand is enclosed in a high
temperature vessel with optical access. After flame ignition, the fuel burns down the length of
the strand and the burning rate is calculated from-tewselved imagery.

To our knowledge, only two groups have examined high pressure NM combustion.
Kelzenberget al. performed experimentsith NM diffusion flames at pressures up to 40 bar, but
models were developed based on 10 bar data that showed the best agreement with model fits
[32]. In these experiments, the authors measure@H@AZE* © X2G; transition by burning a
plastic strand filled with fuel in a pressurized chamber. The spectra had sufficient resolution for
the authors to calculate rotational temperatures. Results from these studies serve as starting
points for studying NM combustion air-independent environments, although mechanisms are
likely to change with higher pressure conditio28,[21, 46.

The second group to study high pressure NM combustion used a continuous flow LPSB
that allowed flames to be studied on a time scale of minutes at pressure upéo 2052]. In
these studies, however, Boyral had to ignite in air before transitioning to an inert

atmosphere, even noting that ignition in air was difficult at pressures below 41 bar. The majority
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of this work focused on burning rates and comparing them to simulated burning rates up to 100
bar. This updaté LPSBdesign served as an inspiration for the combustion assembly used in our
studies $5]. Our assembly allows for botir-independent and agupporteccombustion of NM
up to 110 bar and has three optical access ports allowing for characterization. This assambly use
a continuous flow LPSB that maintaia constant, small positive pressure-g-@si) on the fuel
reservoir, relative to the chamber pressure. This differential pressure allowed the fuel in the
strand to renew continuously. In these experiments, flames could be sustained for up to an hour
or more.In our LPSB system, there ageveral parameters that govern stable combustion and
burn durations. The most important parameter on a stable flame is maintaining the fuel flow rate
to match the burning rate of the fuel. At higher pressures, the fuel flow rate needs to be increased
othewmise it will drop down the quartz strand and put itself out. Another parameter is fuel and
pressurizing gas quantity. While depletion of liquid fuel is rarely an issue, the pressurizing gas is
consumed at elevated pressures, with a full tank lasting dppatety 90 minutes at 450 psi and
depleting more quickly at higher pressures.

The overall goal of this burner is to study-@Fonopropellant combustion. However,
with how complex this OHl is, this dissertation focuses on NM combustion due to its

simplicity, availability, and abundance in literatuge 20, 21, 28, 31, 569].

Liquid Propellants

As noted earlier, liquid propellants can have two types of combusgtiosupported
combustiorrequiresa separate oxidizer. This type of combustion is primarily betaeen 1
and 30 bar andsed in engines for cars (gasoline or diesel) or a variety of different rockets. The

other type is atindependent combustion where the fuel acts as its own oxidizer. This type of



9

combustion is used primarily in applications where a secondary oxidizer is unavailable such as in
outerspace or underwater and carrying a separate oxidizer is either too costly or not possible due
to volume considerations. Some examples and their usgsanEhpresent, are noted below.

Hydrazine(N2H>) is one of the oldest and most common propellants and has been around
since the Germans were usih@n a fuel mixture called &Stoff for rockets 24, 6Q. Anhydrous
hydrazine as a monopropellant was demonstrated at the Jet Propulsion Laboratoryand. 953
production of it in the United States started in the late 50s. Hydrazine production increased in the
60s when it was used in a 50:50 mixture with unsymmetrical dimethylhydrazine (UDMH) to fuel
missiles and satellite launchegl]. Nowadays, most military, commercial, and scientific
satellites in orbit now use hydrazine propulsion for altitude coriie68]. However, hydrazine
is exceptionallytoxic and thus, has motivated research fintg r eoeleas®hazardous
monaropellants.

IPN (C3H7NOs) has been used in esupported combustion applications such as jet
engines and in aindependent applications such as rockets. IPN has several advantages over
hydrazine such adeinglesstoxic, lesscorrosive less sensitive to detonation, and less expensive
[64]. IPN as a monopropellant was first characterized in 1960 when researchers reported
burning rates and flame temperatured.[Apart from that initial work, however, IPN
combustion went largelynexploreduntil the 2010s when reports began focusing on IPN burn
rates, laminar flame speeds, and ignition delay tide$], 15, 6b

A final example of a monopropellant fuel used iriadependent applications is Otto
Fuel Il (OFII). OF-Il is aternarymixture, containing about 75% propylene glycol dinitrate as

the monopropellant, 23% dibutyl selate as a desensitizer, and 2%it2o-diphenylamine as a
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radical scavenger (Figure 1). @Fhas been used as a torpedo fuel by the United States Navy
since the 1960s. Torpedo engines following test firings are covered in a ~5 mm coating of black
Agunko or uncombusted/ par t i anotoglydetonmaialtetheed f ue
engine and the environment but also represent wasted energy that could improve torpedo range
and/orvelocity. OH | 6 s combustion mechanism is not well
experimental data that exist are limited to omyited burn rate measurements and incomplete
kinetic models 15, 66, 6T. While Swami and coworkers were able to combust and maintain OF
Il monopropellant combustion above 20 bar, they were only interested in its burning rate and
comparing results to IP™ibutyl sebecate mixture49]. Fuller and Goldsmith computationally
modeled OHI combustion predicting water, CO and NO being the primary prodG6}s [
However, the Fuller and Goldsmith model has not been experimentally validated or tested. While
the combustion assembly used for this research was constructed to perform optical measurements
examining OHI combustion, scaling up tihis heterogeneous, high molecular weight fuel
presents challenges, so initial efforts to optically interrogate-migbsure, aimdependent

combustion processes have begun waigsimpler monopropellant fughitromethane

Nitromethand Mechanisms

The simplest nitroparaffin is nitromethane
monopropellant for irspace propulsion systems. Nddnbe used in both asupported and air
independent conditions, although it requires3@8bar for combustion in aindependent systems
[9, 20, 55, 68, 9 The high pressures are required as turbulence enhances the ignition and
combustion kinetics allowing for sustained propagatifi. NM has a larger gravimetric

specific impulse, relatively small health index, and modest carbon index allowing it to be one of
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the few monopropellants that performs better than hydrazine-ind@pendent studie3 J].
However, switching fuels from hydrazine to NM requires updates to engine desida
increased chamber temperatures produced during NM combligtioNevertheless, with
stabilizing additives, NM remains a very attractive monopropel2ht1, 72

NM wasfirst usal as a rocket monopropellant in the 1930s by Luigi Crocco for the
Italian Rocket Society?D, 21, 73 NM was then tested in the 1940s and 50s by the United
States and Israel in rocket chambers, gas generators, and tor@Siides\v calorimetry
studiesin the 1950s investigatdd M6 s t h er mo d y nnesappoct of iisrevajuatioas i e s
afuel[f4,79 , but interest in NM waned due to hydra
preliminary investigations into catalyst bed materials with NM vperdormed 76, 77.
Research into NM combustion accelerated in the 1990s and 2000s, when a multitude of kinetic
model s describing NMéds combustion were publis
over 30 species and hundreds, if not thousands, of elementary rea21iop8,[31, 7B
However, only a few groups looked at high pressairandependent combustion. One group,
Boyeret al noted earlierassumed a twpart model where the first stage described the
unreacedliquid phase producing NM vapor using the heat conducted back from the flame. The
second stage included reactive gas phase chemistry where combustion reactions occurred. Boyer
et al then simulated this mechanism to produce speciation data and compared measured burn
rates to simulated ones. They found reasonable agreement between their predictions and their
measured burn rates, but they provided no other metric that could expeliyneidate their

proposed mechanism.
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Another group, Mathieet al. described NM combustion data collected from shock tube
and microreactors over a variety of conditiob8][ From their investigations, the authors
concluded that no single proposed mechanism could reproduce experimental observations. The
authors found that two of the most stable and abundant products anti¢iga@ednd HOi are
poorly predicted by current mechanisms. These same mechanisms also fail to predict different
hydrocarbon products observed by the authors in their own experiments. In their closing
comments, the authors emphasized the need for syg@edic, qantitative experimental data
at varbus pressures to develop more accurate models.

One of the first complete mechanisms describingnaiependent NM combustion was
proposed by Glarboret al[28]. These authors alge-examined previously reported shock tube
data and developed a more sophisticated mechadénttifying CHQNO,, and CHNO. as
important reaction intermediate2d. The authors assumedMCbond scission as the first step
and noted that while -Gl bond scission dominates at high pressures, and hydrogen abstraction
may become more prevalent at lower pressures. However, Glaghalgd s mechani sm wa
validated up to ®ar, a pressure mudbwerthan conditios requiredfor sustained NM
monopropellant flames.

Following these early reports, reaction rates for the initial stages of NM decomposition
were confirmed by Zhanet al, although they suggested that subsequent reaction rates should be
re-examined and additional pathways includg@.[ Their models were developed for NM/@r
laminar flames and were based on previous work done by Glaebatd79] and their own
earlier studiesdQ]. All of Zhangetal 6 s exper i me nt schambar gsingprablef or me d

synchrotron vacuum ultravioleadiation as @hotoionizatiorsource This chamber was filled
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with a mixture of NM/Q/Ar with 3 different equivalent ratios at 0.046 bar. and identified about
30 species using mass spectrometry and chemiluminescence. Figures 2 and 3 show their
experimental and calculated speciation measuremBmsauthors reportegbod agreement
between their experimental and kinetic models, were able to idefifgpecies using mass
spectrometry and chemiluminesceraed were able to propose a model containing 88 species
and over 700 elementary reactions. As with the work frdank®rg, these studies were not

performed at pressuregededor sustained NMir-independentombustion.
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Figure 2: Experimental and modeling mole fraction profiles of the major species in all three NM
flames from Zhangt al.[59]
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Figure 3: Experimental and modeling mole fraction profiles of the different intermediates in all
three NM flames from Zhangt al.[59]

Several observations stand out in Zhang, ees$ults6F#st, virtually alproducts are
produced, andll intermediates are consumed within the firstrii of the flameSecond, while

the modeling for the producteproducegxperimentabbservationseasonablyvell, the same
cannot be said for the intermediates. Some of the intermediates areravederpredicted
depending on thiuel:air ratio. For some, the models seem to incorrectly predict where the max
concentration should bejjth higher equivalence ratios pusg the distributiorfurtheraway

from the flame fronthan predictedh most caseslhe authorsiote that the first step in their

model is GN bond scission and that NO plays a strong roimtrolling hydrocarbon reactions.
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Two other groupsvho explored NM decomposition and oxidation are Shrestte. [47]

and Sheehet al.[34]. Shresthat al.examined both tubular and jet stirred reactors for pyrolysis
and oxidation at 1.07 bar. They used a heated transfer line from the reactor to the analytical
devices to maintaian elevated temperature4833 K( 1 7 Qtcga@)d condensation of products.
The two experimental techniques they used were gas chromatography and Fourier Transform
Infrared IR absorption. Shrestbaal based their kinetic models off of previous modeling using
rate constants froi@lanzeret al.[81] and products from Glarbowg al [28]. Shresthaet al

were able to develop a detailed reaction mechanism (Figure 4) having reasonable agreement

between experimental and calculated results.
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Figure 4: Detailed reaction mechanism for NM/He pyrolysis at 1.07 bar and 780 K from Shrestha
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From their workthe authorgoncludedhat among nitrogenous species, NO is a major
product in botlcombustion assembligand that thermal dissociation (nitrogearbon bond
scission) is the main pathway for NM decomposition. However, like Mattiali Shresthat
al. noted that more work needs to be done regarding rate parameters for NM mechanisms.

Sheeheet al. examinedaminar, airsupported diffusion flames at 0.776 bar in a quartz
test tube. The quartz tube was filled with NM and a brass shim held an aluminum oxide fibrous
wick inside it that brought fuel up tbewick surface via surface tension and they used flame
emission spectroscopy to measure products and intermediates. Their kinetic model incorporated
previous work done by Brequigmy al.[46] and Mathiewet al.[58, 78§. The comparison
between the two mechanisms and their own experimental observations is shown in Figure 5. This
figure demonstrates the complexity in modeling species and illustratesamoentrations
change with position in the flame. The order of occurrence for the experimental species agreed
well with the calculated species order of occurrence for flames havirgdhehtios. However,
studies from Shresthet al and Sheehet al, while suggestive of possible intermediates and
products, were not prmed at highpressures where the earlier work from Bogteal. strongly

suggest that reaction mechanisms change.
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Figure 5: Sheehet al.[34] comparison of model and experiment. The predicted mole fraction
profiles are shown in a) with solid lines beitng Brequigny mechanism and dashed lines being
the Mathieu mechanism. Their experimental profiles from x = 0 te1x3=mm (Sheehet al.
measured laterally along the flame) are shown in b)

When considering highressure combustion mechanisms, the molecutadglved
models are sparse. Mathietial [58, 7§ proposed a mechanism based on pervious work from
Brequignyetal.[46] a n d A setald5§Imechadisms. Mathieet al.predicted 166 species
and over 1,000 elementary reactions. They validated their predicted speciation data with data from
shock tube experiments previously performed by Zhang and BaijeHsu and Lin 29, 83,
Glanzerand Troe 81], along with comparing experimental ignition delay times to calculated ones.
The ignition delay times served as their experimental validation due to the lack of experimentally

resolved speciation data. The authors concluded that while certain reactionsrarimportant,
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the details about dominant elementary stigggend on specific environmental conditisngh as
pressure. However, agaihge authorsioted the need formproved experimental work.

Boyer and Kué mechanisndescribinghigh pressure (30bar) NM monopropellant
combustion 21] sought tamprove upon Kelzenbeégs m[82ll Bdyer and Kuo based their
model onthe RDX (Hexahydrel,3,5trinitro-1,3,5triazing reaction work done by Yettet al
[83] along with decomposition modgisoposedy Glarborget al [28]. The Boyer and Kuo
model was grouped into three different zones. The first deseribedNM decomposition from
the GN bond scission. Products in this zone were dominated by NO andr@Hh relatively
cool flame (<1300 K). The second zone consumed most remaining intermediaited uated
partial combustion of NO and GHZone 2 was slightly hotter ranging from 1300 K to 1800 K.
All remaining NO and Chwas combusted in Zone 3 alowith lingering intermediateg:inal
product speciation was compléteZone 3, and this final zoneas predicted to beuch warmer
at 2500 K. Boyer and Kuo noted that the dominant first step-inéd@&pendent NM combustion
is C-N bond scission and found overall good agreement between their predictions and their
measured burn rates up to 150 bar, but they provided noatikervable that could
experimentally validate their proposed mechanism. The modeled datéhfeostudyare shown

in figure 6.
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Figure 6: Boyeet al.[21] simulated speciation data at 30 bar for NM monopropellant flames

Schwindet al. [14, 84 and Sinruckt al [35, 39 have reported work focused on NM
combustion in both aiindependent and agupported atmospheres at elevated pressures.
Schwindet al. used a continuousPSBand measured ignition temperatures as well as burning
rates for NM under both conditions from 30 bar to 80 bar. This work showed thguitinen
temperatures similar under assupported conditions at increasimgessuresbut theignition

temperature increases with pressure undendependent conditior{84]. The authors were also
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able to show a pressure dependence of the NM burning rate unshetegiendent conditions
[14]. Sinrudet al focused on speciation data for the rovibrationally excited water and hydroxyl
radical. The authors used the same LPSB design as Schinah@dnd their stuésidentified
strong emission from the (3,0,1) and (1,0,3) states of highly vibrationally ekti@das well as
show a difference in CO and G@roduced by NM combustion under-aipported and air
independent conditions using AR absorption spectroscopy. By dispersing emission onto a
camera, Sinruét al. were able to spatially selve the hydroxyl radical and determine rotational
and vibrational temperatures as a function of location in the flame.

Particularly relevant for studies described in this dissertation, Satraidreported
calculated product speciation underianlependentHigure 7) and aksupported conditions
(Figure 8).These predictions are important as they provide a direct basis for comparison with

spectroscopic work described given the absence ofgnggsure kinetic models in the literature.
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Figure 7:Calculated products as a function of distance femaiependent conditions at 27.5 bar
from Sinrudet al.[85]
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Figure 8: Calculated products as a function of distance f@ugiported conditions at 27.5 bar
from Sinrudet al.[85]

To conclude this section describing prior work studying NM combustiost m
mechanisms describing elevated pressure NM combustion begin by assuming, as Glarborg first
proposed, that the dominant initial reaction is th 6ond scission. Most mechanisms also
assume that NO plays a very important role in botindiependent ahair-supported
combustion. Several reports address pressure dependent NM combustion, and shock tube studies
have proven useful in identifying intermediates, products, and dominatibrea However, as
noted above, while shock tube experiments are instructive when considering the early stages of
NM ignition, findings donét necessarily trans
evolvingon a minute or hour timescale. Few reports have focused on sustained combustion, and
these are limited primarily to determining burning rates and ignition temperatures. Experimental
data detailing the spatial distribution of intermediates and produatsimdependent, high
pressure flames alargely absent in the literature. This knowledge gap motivates the work

described in Chapters 2, 3 and 4.
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Spectroscopic Investigation

In general, optical measurements intended to probe flame properties fall into two
categories: passive and activasBive measurements simply measure emission from the flame
[32, 34, 68, 8®3]. Optical pyrometry attempts to fit the flaseoverall emission to a blackbody
curve to estimate flame temperature. Dispersing the flames emission in a spectrophotometer
enables researchers to identify specific species within the flame based on their emission spectra.
One important limitatiorf emission spectra is that they are sensitive only to excited state
species and cannot identify species in their ground state. Optical emission typically requires an
electronic transition, although as noted ab@aglier work by Sinrudet al.did report emission
from water having 4 quanta of vibrational excitation in its electronic ground state.

Active measurements interrogate species in the flame directly. Techniques in this
category include laser induced fluorescefid€) [37, 38, 9499], laser absorption spectroscopy
[42, 43, and Raman spectroscopdd] 45 36]. LIF is speciesspecific and is able to probe
ground state species in contrast with emission studies that requirexigineg excited state
popul ati on. LI'Fébs ability to quantify a speci
spectroscopy wiks well for stable species and is an effective tool for quantifying concentrations.
Raman, while less sensitive than techniques such as tunable diode laser absorption spectrometry,
is able to measure multiple species at once in stable flames.

As notedabove adiabatic flam@éemperature is an important diagnostic for validating
computational models. Temperatscean be determined from the f1l a
however, intermediates and/or products have not thermalized with the adiabatic flame

temperature, then being able to resatwabrational features in emission spectra allow
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vibrational and rotational temperatures to be determined from spectral fdiswgepancies
from the flame temperature and these calculated temperatures provide insight into reaction
mechanisms responsible for forming the species in questmrexample, OB produced during
NM combustion, exhibits vibrational temperatures roughly 1000 K higher than their
corresponding rotational temperatures. This indicates that ti@pdpidlation has not fully
thermalized with the surrounding flame. The rotational temperatures equilibrate more rapidly and
are consistent with calculated flame temperatures near 2780 K, but the vibrational temperatures
remain higher due to insufficient dision frequency to equilibrate. Spatially resolving these
temperatures along the flame further shows that chemical excitation pathways d@hiBate
formation near the primary reaction zone, while thermal excitation pathways dominate further
downstream as vibrational and rotational temperatures gradually con€@aegailuminescence
is not the only optical technique that can be used to obtaitheomalizedemperature
distributions LIF canalso beusal to determine temperatune a variety of ways including the
absolute fluorescence method (usable if pressure and number density is known), the scanning
excitation temperature (measure population of lower lying energy ratios and taking ratios to
deduce temperature), or by measuring the Stokes an8takgs fluorecence 96] (amethod
also availableo Ramanmeasuremenys

A second important quantity that comes from spectroscopic measurements of species in
flames is concentration. Calculated kinetic models repog variety of products and
intermediates. The most common reported products #de KO, CQ, and CO while the
common intermediates are HCNQ,, CHsQN-20, andOHOBeing able to quantitatively

evaluate species in flames is a critical step in assessing kinetic model accuracy. Traditionally,
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concentrations (or number densities) would be determined by using active techniques such as
direct IR absorption or LIF. However, these measurements are difficult to perform and even
more challenging to quantitate. Optical emission spectroscopy can bt ukgdrmineelative
concentrations of excited state species. With a wide enough spectral window, emission
measurements can record signals from 2 or more emitting species. After correcting for an
instrument response function, emission data can be usi@etly compare the relative
concentrations of two different excited state species in a flame with parts per thousand accuracy.

The rest of this sectidiocuses specificallpn chemiluminescence or flame emission

spectroscopythe primary method used in this dissertation

Flame Emission Spectroscopy

Molecular species in flames can be thermally or chemically promoted to excited
electronic, vibrational, or rotational states depending on available energy. These species will then
relax to lower energy states, emitting photons. Emitted chemiluminescenspduific energies
relating to electronic, vibrational, and rotational transitions. In order to be detected in the visible
or UV regions of the optical spectrum, most transitions will involve relaxation between two
electronic states with changes in vilwagal and rotational states accompanying the electronic
transition.Figure 9a shows the general schemeadeibronic transitions. For transitions within a
single electronic state, Figure 9b stsompresentative-vibrational transition®ccurring within

a potential well.
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Figure 9: a) Rovibronic transition diagram showing the ground and excited electronic states and
their rovibrational transitions. b) Inset showing pure rovibrational transitions

For diatomic andgmall polyatomicspecies commonly observed in combustion
environments (e.gGCNJYNHQCHJandN>"), rotational structure is often described using the
rigid rotor approximation. In this model, rotational energy levels are given by

O 00 p

whereod is the rotational constant ands the rotational quantum number. The rotational
constant is inversely proportional to the molecular moment of inertia and therefore depends on
molecular geometry and bond length.

Electric dipole transition selection rulesntrolthoserotational transitionghatare
spectroscopically allowed. For most electronic and rovibrational transitions in diatomic

molecules, the primary rotational selection rule is
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30 P
These transitions give rise to two principal spectral branches:

1 R branch: 30 P
1 P branch: 30 P

In some electronic transitions, particularly those involving appropriate changes in angular
momentum coupling, @ branch (30 1) may also be observed. The presence or absence of a
Q branch depends on the specific electronic states involved and their associated angular
momentum selection rules.

Within a given vibronic band, rotational transitions form a series of lines whose spacings
vary with increasing). The relative spacing between adjacent lineeterminedy the
difference in rotational constants between the upper and lower states. These systematic variations
in line spacing lead directly to the formation of band heads. Band heads arise when rotational
line spacing decreases with increasingausing adjacent transitions to converge in frequency.
This effect occurs when the rotational constants of the upper and lower states differ sufficiently
that the slope of the transition wavenumber with respacapproaches zero.

For a transition between two electronic states with rotational constdntsper) and
0 (lower), the line positions depend explicitly on the differedce 6 .1f6 0 , rotational
lines in the R branch progressively move closer together with increasmgntually forming a
sharp convergence point known as abrBnch band head. Converselyyif 0 , convergence
occurs in the P branch. At the band head, the derivative of the transition wavenumber with
respect ta)becomes zero. Beyond this point, the ordering of rotational lines reverses direction,

producing the characteristic fidegradationo of
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depending on the sign 6f 6 . The shape of these band heads is an important observable
that helps identify emitting species in a flame.

Figure 10(a) illustrates a representativerBnch band head for the™NBT X) electronic
transition calculated using data from the HiTran data [fE3@. In this spectrum decreasing
rotational line spacing is observed approaching the head. Figure 10(b) shovisaatiRband
head for a rovibrational transition ob8. Although the specific molecular structures differ, the
underlying mechanism governing band head formation is identical: variation in rotational

constants between the upper and lower states.
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vibrational transition. B was simulated at 2,700 K using Lifbase an®Hhvas simulated at
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In combustion diagnostics, band heads are particularly important because they often
dominate the spectral appearance of emitting species. Even when individual rotational lines are
not fully resolved, the shape and location of band heads provide valuateation for
temperature calculations and species identificd&n 36, 102104].

Spectral and spatial information contained in flame emission caplleetedin different
ways depending on whether the priority is spectral resolution, spatial resolution, or both. The
choice of measurement configuration directly affects what information can be ext@aeel
examples would bband head position, rotational temperature, or spatial distribution of emitting
species.

Emission measurements may be configured to prioritize spectral resolution while
retaining limited spatial information. In ortémensional (1D) spectrally resolved imaging, an
image of the flame is focused onto a narrow entrance slit of a spectrograit $ekects a thin
vertical slice of the flame, which is then dispersed by a diffraction grating and projected onto a
two-dimensional detector arrain this configuration, one axis of the detector corresponds to
wavelength while the other axis correspetoh e i ght al ong t.lkach f |l amebds |
horizontal row of pixels therefore represents a fully resolved emission spectrum originating from
a specific vertical location within the flam&n example is shown in Figure 11.

This 1-D imaging leads tgpatially resolved@pectra having the highest spectral resolution
(depending on the grating being used). In principle, the finest vertical resolution that this method
can achieve is 50m given the imaging optics and pixel size. In practice, small fluctuation in
flame height during and experiment limits vertical resolution to ~0.5 Bevause the slit

integrates emission along the line of sight, the resulting measurement represents a path
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integrated average through the flame del#wvertheless, 1D spectral imaging remains a

practical compromise between spatial and spectral resolution for many laminar flame
configurations.
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Figure 11:1D spectrally imaged chemiluminescence showindR&B-X) electronic

transition. TheR (0-0) branch is the rotation& branch of the @ vibrational transition of the

electronic B-X) transition. TheR (1-0) branch is a similaR branch transition of the )
electronic transition but for the@vibrational transition

An alternative approach emphasizes spdistlibutionover spectral detail. In two

dimensional (2D) filtered chemiluminescence imaging, a bandpass filter is placed in front of a

detector to isolate emission within a selected wavelength range corresponding to a particular

species ospectraband system. The filtered emission is then imaged directly onto a CCD,
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producing a planar intensity mapen in Figure 12Jnlike the 1Ddispersivecollection
described abovehis2D method does not resolve individual rotational lines or vibronic
structure. Instead, it integrates emission across the filter bandwidth, providing a relative intensity
distribution for the selected transition. Such measurements are particularly useful for identifying
reaction zones, locating regions of peak radical eotmation, and visualizing flame structure.
Because the recorded intensity depends on local excited state population density and the optical
collection efficiency of the imaging system, these images provide relative rather than absolute
concentration information. Nevertheless, when combined with spectrally resolved measurements,

2D imaging offers valuable complementary insight into flame structure.

| 2) Decomposition under N2

Distance (mm)

Distance (mm)

Figure 12: 2D CNIchemiluminescence image taken for 31 bairalependent flame of NM
using a 390 nm bandpass filter with a 10 nm bandwithie white line indicates where the flame

front is
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In this work, 2D chemiluminescence imaging is used to map the spatial distribution of
selected CI9(or NHJ) emission bands, while 1D spectrally resolved measurements provide the
detailed rovibronic structure required filwtermining a species rotational and vibrational

temperature.

Objectives

The initial objectives of this wortocusedon characterizing higpressure NM
combustion under both aindependent and agupported conditions, with particulemphasis
onidentifying C> emission as a marker for soot formation pathways. Early experiments,
however, failed to produce any detectabje@ission despite its expected presence. While C
emission was notably absent, nitrogemtaining intermediates wereadily apparent
particularly CNDNHQand NH. Given that these species were unexpeatatilargely absent in
most previously published models describing NM combustion, our slofted to nitrogen
containingintermediategndtherolesthey playin high-pressurdNM combustion chemistry.
With this revised focus, three specific hypotheses were developed to guide the
experimental work:
1. Excitedlegni astse o@QN wi | | be stsopgodytsdppr e
conditions dueldthooaeméedi®at ech Thd sICWay s .
hypot hesi s st emnbeyd Glraotnipastegiiud taitr negacts lsa t
readi CYt witbarm NCO. This hypothesis was

showi ngdtsh ptr eGM N ki ® nd ®BDavMitesns iCon was obs

(
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onl y-iinndegpierndent fl ames and -swmppdiret edlecon
di ffusion fl ames.
2.Basedbsarvations of rovibroaei expédttyeaed xtcl

CNowoubael rotationally thermalized but hay

temperature. This hypot he@®ims stsuromedad oau td
only be fit to rovibrational distributi
and even -hhghmal X noomt ati onal temperatur ¢

3.Excit eNdDasntM&aIsehoul d exhi bi tsiemiilSédri ovm t he h a
detectabl e e-mhdsespendaentdecoadrti ons but
presence.Gofveohbgredttar e nicomogeéemi ng
i ntermedi at es i n NN Ngaencootmhipdorrso ajratroan ,n i anngd
radjigalown to be consumed by oxidation r
expected to reduce their peppDdhatsi ons i n
hypot hesi s was supportedHaoyNHEas ssemant
i's prasienndtependent fl ames pamadfei ami t he dec
supported fl ames bupgi eavdhbeeabkbsenrtygen { beatd
| nt e ]NrHZOtH&®dni ssi on intensity ratios furth
abundance of these intermediates under
modeling qualitatively reproduces the o

i ncreasing oxygen content.

Testing these hypotheses required stable, reprodubiglepressure flames with

sufficient optical accessibility for spectroscopic interrogation. OP8B described above
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provided this capability, allowing for sustained-mdependent and agupported NM flameat
a variety of pressures. Flame emission spectroscopyseaias the primary diagnostic
technique, as it provided simultaneous access to multiple emitting species, allowed relative
concentration comparison between excited state species with a single measurement, and allowed
for these species to be spatially resolved

The findings presented in this dissertation address several gaps in the current
understanding of highressure NM combustion. Spatially resolved emission measurements
characterize CBandNHbehavior under ailndependent and agupported pressures not
previously reported in literature. Temperature and spatially resolved emission extraction from
CNQspatially resolved emission MHOandtheir relative excited state concentratigmsyvide
validation targets for kinetic models under conditions where experimentakdasd#n scarce.
These experimental observations are further supported by kinetic modeling simulations carried
out by collaborators, showing qualitative agreement with the key trends in thishegether,
these results establish a more complete experimental pictureind@rendent and agsupported
NM combustion at elevated pressures and provide a foundation for future refinement of the

kinetic mechanisms that govern monopropellant combushemistry.
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CHAPTER TWO

SPECTRALLY AND SPATIALLY RESOLVED BS'© X2S" CNCEMISSION INAIR-
INDEPENDENT AND AIR-SUPPORTED NITROMETHANE FLAMES AT HIGH

PRESSURE
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Abstract

Spectrally resolved 0 X2S* emission of the cyano radical (QNs measured in
flames formed from liquid nitromethane (NM) combustion in bothralependent (Al) and
air-supported (AS) atmospheres. Findings are compared with results from modeling studies
focused on Cproduction and consumption as a function ett@ntent. All experiments are
performed using a liquid newly developed liquid propellant strand burner under 31.0 bar of N
(air-independent) or air (air supported). Consistent with previous reports, NM combustion in air
is characterized by a twitered flame structure that includes NM decomposition in the absence
of O» and a second region where @ffuses into the combusting mixture. Qdmission is
spatially resolved in both aindependent and agsupported flames and is present only in flames

that are not accessible to.@itting the spectra leads to vibrational and rotational temperatures.



45
Based on calculated flame temperatures, the vibrational population of excited stafgp€ats
close to thermalized (i = 3000K) while Ta ( O5000 K) r ef | equitibsuma di st i n
rotational distribution. Low resolution spectra covering a wider wavelength range are used to
determine that the excited state Qidpulation in akindependent flames is ~16mes less than
the excited state OBpopulation (in its AS* state). This result is ~10x smaller than population
ratios calculated from simulation. Possible pkbduction sources are considered as are the

roles CNxan play in both aimdependent and agupported combustion applications.

Introduction

In combustion applications intended to generate power, liquid fuels have distinct
advantages over solid and gaseous fuels. Liquid fuels have higher energy ddnsijesdking
them preferable to gaseous fuels, and liquid fuels also allow for flexible fuel delivery systems and
easier storage than solid fuels. Liquid monopropellant [MP] fuels are particularly well suited for
power and propulsion applications in-aidependent environments. Examples of monopropellant
fuels include hydrazine @R2) used in space vehicles, aqueous solutions of hydroxyl ammonium
nitrate (HAN) also used in space applications, and mixtures such as Otto Fuel used for underwater

propulsion apptations.

The common denominator of all monopropellants is that the fuel must contain its own
oxidizing agent. One of the simplest, single component monopropellant fuels is nitromethane (NM,
CHs3NOy) (Figure 1). NM has been commonly used as an industrial solvent or an additive in race
car gasoline where it burns in air. NM was tested as a monopropellant by the United States and

Israel in the 1940s and 1950s in rocket chambers, gas generators, pmubdsrd] where it
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combuss at pressures above 28 bar 4-6]. High pressures are needed as turbulence enhances the

ignition and the combustion kinetialowing for sustained propagation] |

H. o
H I— N
H O

Figure 1:Nitromethane structure

Nitromethane has also been studied as a gr
gravimetric specific impulse, relatively small health risk index, and modest carbon index. In
almost every respect, NM outperforms hydrazine irralependent comlstion applications.

However, NM requires higher chamber temperatures than hydramegening that replacing
hydrazine with NM entails rengineering combustion assembligks Stable NM monopropellant
combustion also has a strong pressure dependence and requires chamber pressures above 30 bar
for stable, akindependent flames]. Both challenges have led to Nt being widely adopted

as a practical source of andependent propulsion.
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For the few studies that do investigate NM combustion in inert atmospRe@s9, 10,
most available data are limited to regression rates and a small set of chemiluminesceddg data |
that do not spatially resolve concentrations of intermediates/products or temperatures with enough
resolution to validate proposed mechanisms. Most experimental studies usetygteahdh
pressure burners consisting of a tube, generally quartz, filktdswvith the liquid propellant and
contained in a higipressure vessel. The fuel is then ignited at the top of the tube and regression
rates are measured as the flame front moves down the tube. These studies stand in contrast to a
host of airsupportd NM combustion studies. Some of these reports describe -shoek
experiments where highressure combustion reactions are complete on the millisecond or shorter
time scale12, 13. In other airsupported experiments, steady state flames are sustained, allowing
different methods to probe the steady state concentrations of combustion intermediates and
products although these studies are typically carried outat 0.99 bar (Laemjrath han t he O3

required for monopropellant combustid| 13.

Valuable insight into NM monopropellant combustion has come from shock tube
experiments that measure ignition delay times and product speciation with respect to time. Shock
tube data have been used to determine reaction rates as a function of pt&ss8jre-However,
shock tube studies are limited to gas phase mixtures, and experiments can only sample combustion
reactions occurring duringhe first few milliseconds aftengnition. Missing are the bridges
connecting earhstage combustion processes to the chemical reactions that occur in estéady

flame environment.

Directly identifying mechanisms responsible for NM combustion in inert atmospheres is

challenging.Operandomeasurements must be made at high pressures and, ideally, with stable,
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sustained flames. Methods must be able to resolve specific molecular dgsatieproducts and
intermediated and do so as a function of location in the flame. Being able to resolve individual
ro-vibronic transitions helps assess if species are thermaliiethe adiabatic flame temperature,
and this information can also be used to infer reaction dynamics occurring within the flame. A
recent study of higipressure, aimdependent nitromethane combustion reported highly
vibrationally excited water as a pghact formed throughout the entire ~1.2 cm flarth@.[ With 4
guanta of vibrational excitation, these energetic water molecules were identified based on their
optical emission and the rotational distributions within the emission manifold suggested a very
high Tt relative to the calculated adiabatic flame temperdi20e 2. A second study mapped
the spatial distribution of excited state Owiithin air-independent and agsupported flames,
noting that in both conditions,of appeared thermalized whileisfwas ~1500K higher than the

expected flame temperatui2?].

Most mechanisms describing NM combustion (bothiradependent and asupported)
predict the first step to be-® bond scission. However, at very high pressu#baawet al.suggest
that hydrogen transfer is the rate controlling step and #nbGnd fission23]. At lower pressures
hydrogen abstraction is expected to play a very minor role in NM combu&#prThe primary
products predicted to form from dandependent NM flames are HCO, ¢HO, HO, and CQG.
Particularly relevant for the studies described below are the nit@geaining products.
Modeling studies predict that the most abundabNtaining product should be nitric oxi(hO),
with minor amountof NCO and HCNaccounting for the remaining nitrogen. The important
nitrogencontaining intermediates are predicted to be M@l NH. A summary of different NM

combustion models in both amdepaxdent (decomposition) and aupported (diffusion)
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environments is shown in Table 1 with a column listing specificoNtaining species in each

study.
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Table 1:Different nitromethane combustion experiments and models developed to describe both
diffusion and decomposition flames.

Aut hors|Type (AllMeasuremeN Speci|Pressur

Gl ar Rdr Al Shock tubNO 0.T% bar

Mat hipul|Al Shock tubNQ 2. 025. 4¢

Boy#8r [ Al Si mul at edNO 30 bar

Zhand@ [ |AS Photo 1 onNO, 2NO (0. 046 b
HCN,2O N

S h e elhbe AS FI ame Emi|HNO, NOO. 776 b
CND

Si nf2dd Al and ASi mul ati oHCN, NO27.5 ba

N R
Kel zedfi|AS Simul ati gCN) O®H Up to 4
Brequl®|AS Laminar bNO 0.1 bar
vel ocity
Ti b AS Mol ecul arf[NO, 3NH |0. 0467

Mass SpecHCN
and tunahb
ul travi ol
synchrotr

i oni zati o
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Table 1 Continued

Tri 2@t Al and ASi mul ati gNO, 2NO |0iT0. 53 b

HCN

Guirg@ei Al Shock tubNO, 2NO |1.D010. 13
SpectroscHCN

I R

BurRkRpP [ |AI Simul ati oNO, HCNG689. 48

WengD| Al and APhotoioni|lNO, oNO |0. 0066

Si mul ati ooHCN

Shred¥V¥h Al and AGC, |l R, aNO, 2NO |1. 07 ba

Si mul ati ooHCN

Juchm8fi AS LI F CN)) NO 0.013 b
Brahsh AS LI F NO, ,NON|O. 073 b
NH2D ON

*- Methane and/or formaldehyde flames

Despite their differences, the kinetic models cited in Table 1 consistently predict that
intermediates are created and consumed within the first DG mm of the flame front, although
validating experimental evidence supporting these models is speEtsee same models predict

that most products will reach their asymptotic limits ~1 cm above the flame front.

Many mechanisms listed in Table 1 have been tested against measurements made with NM

flames at low pressures (and in-sirpported atmospheres). However, as noted above, most NM
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combustion mechanisms developed to describe high pressure combustion in inert atmospheres rely
on data from shomluration shock tube experiments or from simple burn rate measurements. For
example, Boyer and Kuo note that experimental and calculatedhuates match very well until
approximately 15 MPa (150 bar), where the divergence is attributed to the assumed pyrolysis law
for gasification not being able to fully capture the physical behavior in the pgbssure regime
[9]. While intuitively appealing, this hypothesis remains to be tested. Schetinireported that
NM ignition also shows a strong pressure dependemeder inert conditions, rising
discontinuously from ~500 K to ~600 K in air at pressures above ~4&0Hzar) B3]. Schwind
et al. and Ambekaret al. have also noted that NM flames in high pressureswgiported
atmospheres show a distinct ttvered structure with a lower flame being formed under
decomposition conditions where air cannot affect combustion, and a diffusion flame that forms

with Oz present several millimeters above the decomposition fldmE].

Findings described below report on the presence and distribution of excited state cyano
radicals (CNpin airr-independent and agupported NM flames burning in2ldnd air atmospheres
of 31.0 bar. Specifically, optical emission spectroscopy resolves vibronic transitions@nsCN
B2S'0 X2S* band at 38887 nm. These results are important for several reasons. First, many
models do not consider CHs a reactive intermediate in NM combustion chemistry. Secord, CN
B2S'0 X2S* emission is only present in flames when air is absent. Spatially resolved spectra show
that emission extends throughout the flame ibdt is present only in the decomposition portion
of the airsupported NM flame. Third, careful measurements quantify the amount of excited state
CN3n both N> and airsupported (decomposition) flames relative to the amount of excited state

OHOpresent in the same flames. These findings directly relate the relative abundance of both
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excited species and provide clear benchmarks for existing and emerging kinetic models. Finally,
analyses of CNemission spectra show that these excited state radicals are characterized by
rotational temperatures that are considerably higher than bafkiktdtional temperaturesnd

the predicted adiabatic flame temperature.

Experimental Design and Theoretical Models

Experimental Design

Liquid Propellant Strand Burner

To create sustained, stable flames, a continuous feed liquid propellant strand burner
(LPSB) was designed by Combustion Science and
guartz tube surrounded lay! in. diameter stainless steel chamber rated for high pressure. A series
of 10 stainless steel tubes connect the quart
is pressurized with Ngas that flows downstream to a ceramic filter and then a rordfioe (89
microns) with a differential pressut@nsducer that measures the pressure drop across the orifice
to provide propellant flow rates. By adjusting the pressuotbe reservoir, the differential pressure
changes accordingly allowing for the flow rate of the fuel to be matched to its intrinsic burning
rate. With the flow rate and burning rate matched, flames can be sustained for up to 1 hour or

longer.

The LPSB was built to support flames in-mdependent and agupported atmospheres.
For airindependent flames the diluent is; Kbr air-supported flames, the diluent is air. All
experiments used industrial grade gases (95% préd% air), although control experiments

were performed for aiindependent flames using high purity Ar. Results from experiments
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using N and Ar yielded equivalent results confirming that thedN not participate in the air
independent combustion chemistry. Once the quartz straw is filled, a nichrome wire wrapped
around the straw is resistively heated to serve as an ignition source. Once ignition is achieved,
the coil is turned off and the dé#fential pressure is adjusted to stabilize a flame. The NM used
for this experiment was from Alfa Aesar (98+% purity, CAS numbei5Z5) and was used as
received.

A continuously flowing exhaust system was controlled by a4paeksure regulator to
maintain diluent pressure for the duration of the experiment. The chamber was equipped with
t hr e dhickquartz windows that were sealed with Viton TM rings to allomvisual access.
There is a full description of the LPSB and its operation available in previous rgpdits
where sustained NM burns underiaidependent and agupported conditions were achieved for

more than 3@ninutes.

1D and 2D Chemiluminescence Detection

Flame emission dataerecollected using a Princeton Teledyne (HBI®) spectrograph

with a PEMAX first generation CCD. This spectrograph had a grating turret that contained three

gratings: 300 I/mm, 1,200 I/mm, and 1800 I/mm. For experiments described below, most data
were acqured using the 1200 I/mm grating, although the 300 I/mm grating was used to collect
spectra over a wider wavelength range that allowed absolute intensities of different emitting
species to be shown in the same spectrum. The CC8 B2 by 51zpixel array with 19

microns pixels. The emission was detected by collection optics that consisted of a collimating

|l ens with a focal |l ength of 250 mm, two 20

al
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that formed a flame image onto the entrance slit of the spectrograph. A schematic of the

experimental design is shown in Figure 2.

Spectrograph

o~

Camera
Collimating

/ Lens

Focusing
Lens

Optical
Port

Figure 2:a) Detection scheme of flame emission assembly. b) In red, NM decomposition flame
under nitrogen at 31 bar. c) In blue, NM diffusion flame under air at 31 bar. In red, NM
decomposition flame under air at 31 bar

This detection scheme allowed for the collection of 2D images and 1D spectrally
resolvedmages. The 2D images served as a reference for flame location and with the use of

bandpass filters, filtered images showing relative concentration in the flame can be acquired.
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With the entrance slit fully opened and the grating moved to zeroth order to act agualty
mirror,2 D i mages were collected. This step ensure
entrance slit and positioned properly to be fully captured by the CCD. When this task was
accomplished, a bandpass filter was placed in front of the slit and filtered imeaggetaken
showing the distribution of emitting species. After acquiring the filtered images, the filter was
removed, and a full flame image wasaaguired to confirm that the flame structure had not
changed in any substantive way.

After the 2D images were collected, the slit width was changed from fully opemim 15
and used to detect the spatially resolved 1D spectral imagesdein@dsion. CiDspectral
images were collected with the grating centered at 388 nm with the 1200 I/mm grating resulting
in a spectral window of 25 nm. The lateral spatial resolution for the 1D spectra was determined
by the slit width, while the vertical spatial resolutivas determined by the magnification factor,
pixel height, and flame front stability. These parameters resulted in a theoretical lateral spatial
resolution of 12.%1m and a vertical spatial resolution of 24u. In practice, instrument
response and flame fluctuation limited lateral and vertical resolution torB00 each
dimension. The differential pressure was lowered to separate the decomposition and diffusion
flames in the aisupported experiments or increased to bring the two flames closer together. This
practice enabled us to measure the decompositionitinsiah pieces of the aisupported
flames separately or together.

After the 1D data spectra were collected, the most intense spectrum within the integrated
1D image was extracted and plotted in LIFBASE. Experimental spectra were then compared

with spectra simulated within the LIFBASE software. By adjusting the inputrgdeas for the
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simulated spectrum and comparing to experimental data vibrational and rotational temperatures

for CNOwere calculated.

Computational Methodology

Onedimensional adiabatic premixed flame simulations were performed in Cantera
(v3.2.0) B4] using the same mechanism as our previous widk42, 3%. These simulations
combinal the NM submechanism of Anneslest al.[36] with the more extensive nitrogen
chemistry of Glarbor@t al.[24]. Becauseltec u r r e n imethodolodymiirsors that of
previous work, only &rief summaryis provided here. The initial temperature was set to 500 K
based on prior experiment&4]. The pressure was set at 31 bar to match the experimental
conditions. Thair-supportedexperiment corresponds to a midimensional bipropellant
diffusion flame, whereas the simulations represent premixed flames. Different cases of inlet
compositions were therefore examined to isolate the effeci ohGNJformation.Of note,
radical species are denoted widnd that this convention applies to all figures including those

generated by Cantera where the softwarebs out

Case 1 corresponds air-independent combustidd00% NM, no secondary oxidizer).
Cases P4 represent bipropellant mixtures of NM with air: Case 2, 50% NM and 50% synthetic
air (29% O , 71% N ); Case 3, a stoichiometr.i

Case 4, an equimolar NH@ mi xt9o &NM(222. 5% O , 55% N ).

The nitromethane effective linear velocity at the burner inlet for Case 1 is 1.3 mm/sec,
and Case&i 4 is 0.92 mm/sec. Hse values were chosenmatch experimental conditions.

Although the simulations do not attempt to replicate the experimdr@se Q mixing in the
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diffusion part of the atsupported flame cannot be well characterizémining multiple cases

helps to identify the chemical pathways goverr@dformation as a function of {availability.

One example of this is how the temperature changes from the base of the(bignes.
3) The temperature increases along the burner axis and approaches a constant value of

approximately 2710 K, 2810 K, 2840 K, and 2640 K for Case 1, 2, 3 and 4 respectively.

2500 7 e

20004 :

—— 100%NM, 0% O3, 0% N; (Case 1)
50.0% NM, 14.5%0;, 35.5%N; (Case 2)

=== 27.9%NM, 20.9%0,, 51.2% N, (Case 3)

----- 22.5%NM, 22.5%0;, 55.0% N, (Case 4)

1500

Temperature [K]

=

Ul o

o o

o o
1 1

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Distance from burner surface [mm]

Figure 3:Temperature profiles versus distance from the burner for all four simulated cases.

For three of the four cases, the temperature starts to plateau by 0.25 mm showcasing that
the terminal temperature is reached very quickly in the flame. Two of the three cases with
oxygen do burn hotter than pure NM but even with case 4 taking longeuilibrege, the final

temperatures for all 4 cases are very similar to each other.
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Results and Discussions

Figure 4 shows a spectrum resulting froR8® X?S* CNJOemission integrated over the
entire nitromethane flame 31.0 bar N. (An equivalent spectrum was acquired in @&t Ar

atmosphere and confirmed that ambieptAlds not contributing to CMormation. See

Supporting Information.)
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Figure 4:Near UV emission spectrum of cyano radi€@NJ formed from nitromethane
combustion under Nat 31 bar

The spectrum corresponds to th® @ansition of electronically excited Chh its 2
excited electronic state {B) to its X°S* ground state and is characterized by a strong, sharp

feature at 388.4 nn8|, 32, 37, 3B Spectral intensity extends +4n to shorter wavelengths

reflectingtheCir adi cal 6s excited state higher vibratdi
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of 1.973 and 1.900 ctin the BPE and X' states, respectively, individual rovibronic
transitions cannot be resolved. Neverthel ess
determinevibrational and rotational temperaturasdescribed below.

Given the complex flame structure shown in Figure 2, we used a 10 nm bandpass filter
centered at 390m to assess the spatial distribution of excited statarCibbth airindependent
and airsupported atmospheres. By raising or lowering the differential presgisgere able to
isolate or bring together the decomposition and diffusion portions of tHse@norted flame.
Figure 5 shows images of the Qdiission for both nitrogen and air flames at 31 bar. The
images come in pairs with the first image of each pair (5a, 5b, 5c, 5d) showing emission between
385 nm and 395 nm, and the second image of each pair (5e, 5f, 5g, 5h) showing the false color

imaged f |l ame emi ssion over the CCDO0s entire spe



b) Both . d) Diffusion under air

i under air

Distance (mm)

Distance (mm)

{ f)Both 4 I g) Decomp  h) Diffusion
l under air il under air I under air

Distance (mm)

o 2 4 6 8 10 12
Distance (mm) Distance (mm) Distance (mm) Distance (mm)

Figure 5:2D flame emission filtered images fair-independenandair-supported\M flames at
31.0bar. The top images were acquired with a 10band pass filter centered at 390 nm to
capture emission from excited state & he white horizontal lines correspond to the liquid
surface in the LPSB quartz tubAd) bandpass filtered emission in-&idependentiame b)
bandpass filtered emission from both sections of asugiported flameg) bandpass filtered
emission from NM decomposition part of an-sirpportedlame d) bandpass filtered emission
from thediffusion partof anair-supported flamee) total emission from an aindependent NM
flame (paired with image (a))) total emission from a complete @upported NM flame
(paired with image (b)X) total emission from the decomposition part of arsapported NM
flame (paired with image (c)h) total emission from the diffusion part of an-airpported NM
flame (paired with image (d))

Figure 5a shows the spatial distribution of bandpass filtered emission from an air
independent NM flame burning in a 3har. This image identifies emission propagating3~2
mm from the flame base:[} spectra (vide infra) show that all of this emissidses from CNXD
in the flame. Figures 5b, 5c¢, and 5d report3Nission between 385 nm and 395 nm for the
entire flame in air (5b), the decomposition portion of the flame (5c), and the diffusion portion of
the flame (5d). The corresponding broadband images for the tesalpgiorted flame, the
decomposition part dhe airsupported flame, and the diffusion part of thesaipported flame

are shown in Figures 5f, 5g, 5h, respectively. These images of thepaiorted flames are
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instructive. First, when viewed in its entirety (5b), thefagled flame has barglass filtered
emission over its entire length. However, when the individual pieces of tbepgiorted flames
are examined, bandpass filtered emission is observedrotilg decomposition part of the flame
(5¢) andnotin the diffusion part of the flame (5d). Based on tHe iinages shown below we
confirm that the observed emission in 5c¢ is fromJ@ié attribute the bandpass filtered emission
in the top part of the fuhir-supported flame to nespecific blackbody emission.

In addition to the images shown in Figure 5, we spectrally resokdithidnsional images
on the CCD detector. Results for theiaotependent flame, the full asupported flame, the
decomposition part of the asupported flame, and the diffusion partlud airsupported flame

are shown in Figures &

Intensity (Counts)

fou

Distance (mm)
EN
Distance (mm)
ol

0 0 .
2 ) A - |
n 4 X as - itk = i i
2% 2 3 vy, A £ ;
5 3.0 ast 5 5 \.'\,\:-.\'-J"."\\ £ § E @, M 8 ( k %% @}'%
C s iyt z '51 i . = - “—’f‘ 2 050 2 0 2L J W
£29 g,gvi ’ il 5‘20 wﬂ“'h‘»" :“,’gc)_.‘e“”‘m"‘w' B wc."’r "‘"" et ] th Ll
§ g £ 15w i LI L “l '
El.(l' P e Mo L -E].{} 10h u.m‘[
375 380 385 390 395 400 375 380 385 390 395 400 s 380 385 390 395 400 s 380 385 390 395 400
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 6:1D spectral images collected for &0 X2S* CNOemission at 31.0 bavith the

white line now denoting the CCD strip responsible for the spectra shown below each image.
a) air-independenflame b) spectra acquired simultaneously from the decomposition and
diffusion parts of an aisupported flameg) the decompositiopart of an aksupported flame;

d) the diffusionpart of an aisupported flame
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Data comprising each image consist of ~84 spectra for tlamdNairsupported flames.

Each individual spectrum has a wavelength resolution of 0.2 nm (~12ic888 nm) and
features in each spectrum consist of overlapping rovibronic lines. Differences stand out between
the spectra. First, band intensities in theraiependent emission spectrum (6a) are stronger than
in any other spectrum. Second, spectuaed simultaneously from the full esupported
flame (6b) clearly show CBIn the decompositio part of the flame but the spectrum from the
diffusion part of the flame is featureless. Third, the profile and relative band intensities in the
decomposition part of the asupported flame (6¢) are similar (but not identical) to data from the
air-independent data from Figure 6a. Finally, the spectrum solely from the diffusion part of the
air-supported flame is, again, featureless (6d).

The spectra shown in Figure 6 were fit with LIFBASE to determine the vibrational and
rotational temperatures of emitting QIiRigures 7a and 7b show Cimission spectra from the
air-independent and agupported decomposition flames. While the fits fail to capture the rising
baselines at longer wavelengtha result we attribute to general blackbody radiation from the
flame’ the fits quantitatively mah the entire measured emission band profile in both cases.
From the fits, we report vibrational and rotational temperatures for excitedC$taie the N
flame as Tir = 3000 £ 200 K and d: = 5000 + 500 K. For the Ch¢mitting in the aksupported
decomposition flame, the corresponding temperatures,are 3000 + 200 K and d: = 6000 +

500 K.
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Figure 7:a) Comparison of experimental data from theirmslependent flame at 31.0 bar under
to a simulated spectrum from LIFBASE showing rotational temperature of 5000 K and
vibrational temperature of 3000 K. b) Comparison of experimelatal from decomposition
piece ofnitromethane flame at 31 bar under air to simulated spectrum from LIFBASE showing
rotational temperature of 6000 K and vibrational temperature of 3000 K

These calculated results show that theX@Nicals are slightly elevated relative to
reported adiabatic thermal temperatures of ~2%8veraged over all 4 asymptotic
temperatures in Figui®. Curiously, the rotational temperatures are much higher than the
vibrational temperatures, even though rotational degrees of freedom typically equilibrate much
faster than vibrational degrees cdédom B9]. Admittedly, the calculated rotational
temperatures have large uncertainties, but these data stand in contrast to the behavior of OH
recently measured in aindependent and agupported decomposition flamex2]. Other trial
vibrational and rotational temperatures are reported in Supporting Information and demonstrate
how the fits diverge from measumKed data with
Figures 47 demonstrate that electronically excited @&dlicals are present in NM flames

when Q is absent. The data also show that electronically exciteds@igt present when @s
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a potential chemical partner. Furthermore, the excited stafea@idals have modestly higher
vibrational temperatures and much higher rotational temperatures than the adiabatic flame
temperature These findings are surprising for several reasons. First, as noted in the introduction,
very few models describing NM combustion (in bothiadependent and agsupported
environments) consider CIs any form as participating in flame chemistry. Those models that
do include CNas a reactive intermediate do not treat the species as significant. We note here
that CNChas been observed in-aupported NM flames burning at 1 atm. Sheehe and Jackson
reported emission from Clh its electronically excited& and t hat its format.i
of Co reacting with NO 15]. To our knowledge, the literature contains no reports distite
distributions.

Using the mechanisms proposed by Annesdép).and Glarborget al.[24, 3G, CNO
concentration profileaere simulated using Cantera. Simulations were carried out using the four
cases noted in Section 2 with the ratio of fuel td€ng the important variable (Figure 8).
Consistent with the emission data presented abbed)ighesCNJconcentration occurs in
Casel with no G present. As @content increases in the simulated, premixed QIO
formation decrease&or the highest £content (22.5%, Case 4), ti&concentrations are
down almost 16old relative to the aiindependent case. Also notabldrigure8 is the spatial
distribution ofCNJOn the flames. Not only does the-&idependent flame (Case 1) produce the
mostCNJ but theCNJproduction reaches its maximum furthest from the inlet. Increasing O
systematically shifts th€Ndistribution closer to the burner surface. We note that while these
findings are qualitatively consistent with experimental results, quantitative differences persist.

Specifically, simulations predict th&NJn the flame should largely disappear within the first
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0.3 mm of the burner surface, while experimental images show excite@bskatersisting for

more t ha

n 1

mm al ong the fl| am€Ndsanbeermagett h. Thi s

through reactions that are not accurately captured in the Glarborg and Annesley mechanisms. We

suspect

t hat

this difference arises from heat

distribution assumes no heat loss in the burner, whicbtithe case experimentally. With heat

loss,CNZformation (and emission) can extend further in the flame.

10% x CN mole fraction
S

= 100% NM, 0% O3, 0% N (Case 1)
50.0% NM, 14.5% O3, 35.5% N> (Case 2)
== 27.9%NM, 20.9% O3, 51.2% N, (Case 3)
+ 22.5%NM, 22.5% 03, 55.0% N; (Case 4)

0.2 0.3 0.4 0.5
Distance from burner surface [mm]

Figure 8:CNJconcentration profile versus distance from the burner for all four simulated cases

An important consideration when analyzing emission spectra from hot sources is that data

only report on the population ekcitedstate species and not the total population including those

same species in their electrogimundstate. Given the emission energy (~26000'cand the

calculated flame temperatures reported in Figure 3 28d0K), Boltzmann statistics predict a

vanishingly small (~10&) CNOexcited state population resulting from thermal excitation. This
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consideration implies that excited statJcontinues to form as the result of chemical reactions
occurring throughout the flame.
Figure 9 shows thdominant CNreaction pathways fall 4 simulatedconditions. The
figures include reactions that both produce and con<iiti@and the reaction progress is plotted

as a function of distance from the burner surface.

Reaction Contributions to CN (100% NM) Reaction Contributions to CN (50.0% NM, 14.5% O,, 35.5% N2)
4

—— CN+H;sH+HCN

=== C;H+NOsCN+HCO
CH,CN+0sCH,0+CN
CN+OHsH+ NCO
CN +CO,; 5 CO+NCO
CHs + CN s CH3 + HCN

—— CN+H;sH+HCN
=== C;H+NOsCN+HCO
«« HCN+OHsCN + H,0
CN+OHsH+NCO
CN +CO, = CO + NCO
CHs 4+ CN 5 CH; + HCN

Net rate of progress [kmol m~3 s~1]
|
Net rate of progress [kmol m~3 s7]
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Figure 9:Reaction contributions t6NJormation and consumption versus burner distance for
all simulated cases

Underair-independenpyrolysis conditions (Case 1), @bslproduced primarily through

two reactions (R1 and R2):
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HCN € H+CND R1

C:HOr NOCNDF HCO R2

R2 is important becauselibks CNJformation to HCN and NO chemistrwith NO
predicted to be a dominant product of NM pyrolysisWi t h t he addi#d)fGONon of
formation shifts to oxidative pathways dominated by

HCN +z ON* -8 R3

The highest CRreactivity occurs in Case 3, where a larger number of reactions
contribute to both C8formation and consumption (Figu®e). CNOxonsumptiorfalls intotwo
regimes. In fuelich and weakly oxidizing conditions (Casé2}), CNOs removed primarily
throughreactions 4 and 5 (R4 and R5), forming the NCO as the product.

CNo+r QHHO+ NCO R 4

CN+ @HOCO + NCO R5

At higher O c 0 M) @\Acbnsuamptiormisdeminat€daby @irect 3
oxidation(R6),

CND+r 2&6NCO + O R6

indicating that @ efficiently removes<CN2Oand accountindpr its absence in the asupported

conditions shown in Figures 5 and 6

Across all simulated cases, Gidrmation predominantly involves reactions containing
HCN, making this product an important target for future characterization efR@tkicing the

inlet molar concentration of NM decreases the amount of HCN formed and shifts both its
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formation and consumptiarioser towardhe burner surface (Figuld), consistent with the

positions where CNs formed in different cases.

= 100% NM, 0% O3, 0% N (Case 1)

0.04 A
50.0% NM, 14.5% O, 35.5% N, (Case 2)
— = 27.9%NM, 20.9% 05, 51.2% N, (Case 3)
0.03 - « 22.5%NM, 22.5% 05, 55.0% N, (Case 4)

0.02 -

0.01 A

HCN mole fraction

0.00

0.3 0.4 0.5
Distance from burner surface [mm]

Figure 10:HCN concentration profile versus distance from the burner for all four simulated
cases

While the majority of the CNs formed from HCN, the C®tadical itself represents a
comparatively minor channel in the overall HCN reaction network for all conditions (Higyre

consistent with the low Ctoncentrationseportedn Figure 8.
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Reaction Contributions to HCN (50.0% NM, 14.5% O, 35.5% N;)
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Figure 11:Reaction contributions to HCN formation and consumption versus burner distance for
all simulated cases

The dominant HCN formation pathways are identical across all four conditions:

CHO+ NeOHO +

HCN R7

H:CNz HO+ HCN R8
Additional figures of NO and CKCN chemistry are provided in tf8&upporting
Information
As noted above, the Cl¥mission measurements are limited to detecting only the excited
state species formed in the flame and are unable to account for the ground Staapudation.
A second limitation is that the measurements themselves are not quantitative in an absolute

sense. Several studies have reported relative abundances of intermediates in NM combustion

systems. Table 2 summarizes calculated maximum populatiamionediates most likely to be
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present in NM ahbsupported flames. Other studies focus on speciation for intermediates and

products from NM combustion, but the majority of these are focused on low pressure flames.

Table 2:Max calculated abundancess#lectedntermediates in NM flamest 40 bar from
Kelzenberg 11]
Il nter m¢gMax abuni

OHD 0.01 (g/ {
N HD 1 (9g/ 9g)
C \D 5B (9g/49)

The data in Table 2 predict that the maximum population diCBir-supported NM
flames should be ~0.05% of the Qbbpulation. While the emission data described above cannot
determine ground state populations of the different species including some shown B, Table
ratios of excited state species can provide some estimate of relative abundances.

Figure 12 shows integrated emission collected from am@apendent NM flame using a
300line/mm grating. The lower resolution grating results in a loss-wiln@tional data in the
emission spectrum, but the lower resolutitmesallow a spectrum to span a much wider
wavelength range. The spectrum in Figure 12 extends from 290 nm to 410 nm. Three features are
readily apparent: CBemission at 388 nm together with less intense emission centered at 338 nm
and strong emission centered at 310 nm. Thes¢eshveavelength emission features have been
assigned to NA(A3P; © X3S at 338 nm) and OF(A2S' © X?P; at 310 nm). Electronically

excited OHls believed to be responsible for the formation of highly vibrationally excit€d H
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observed in both aindependent and agsupported NM flameslp], and most models predict
relatively large OHconcentrations in steady state flames within the firshaiof the NM
flame front [L1]. Importantly for this work, the data in Figure 12 enable us to determine the
amount of excited stat@NJrelative to the amount of excited state O comparing the
integrated intensities of both emission bands and correcting for instrument response factors.

Table 3 reports the integrated intensity ratios of these two species.

18x 10°
16 -
14 -
12 -
10 -
s
6

Intensity (arb)

300 320 340 360 380 400
Wavelength (nm)

Figure 12:Low resolution spectrum showing spectrally resolved intensity integrated over an

entire NM flame burning at 31.0 bar in an air independent atmosphere. Emission from excited
state OFDNHQand CNbare present

Table 3:Ratios of CN2OHOnNtegrated band intensities corrected for waveletwgipendent
detector and grating efficiencies
Ai-irndepelAi-supp ¢gottehd )A

lcDIE X peri'n (8. 20 & 3.\ ) &

lcddi al cul a 0. 03 <0.015

("N =9 for each atmosphere type; in-airpported NM flamesCNOemissionis observed only in the
decomposition piecef the airsupported NM flamg.
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These ratios can be compared directly to predictions from modeling G4seBhk

results are shown in Figure 13.

0.03 -
m— 100% NM, 0% O3, 0% N; (Case 1)
50.0% NM, 14.5% O3, 35.5% N; (Case 2)
o 0.02 4 == 27.9%NM, 20.9% O3, 51.2%N; (Case 3)
s} « 22.5%NM, 22.5% O3, 55.0%N; (Case 4)
L
I
S 0.01 A
2
O

0.00 - oA LTI it 7 O ... a— S——

0.1 0.2 0.3 0.4 0.5
Distance from burner surface [mm]

Figure 13:CNZto OHOatio versus distance from burner

The modeledCNJo OHIratio is highest in the monopropellant case and decreases with
increasing O I n | 18),tconsmsteht avithfthe expetimental valuds in ga&ble e
The modeledNZo OHratio tracks th&€€NJabundance data shown in Figure 8. The ratio is
highest for Casé (airindependent) and grows smaller and smaller asoBtent increaseIwo
points stand out iffigures 12 and 13 arihble 3. First, in terms of relative abundance, the air
independent NM flame has a @8HJatio that is 2.8x larger than in the agupported flame,
indicating the important role that@lays in removing excited state Cikom the combustion
environmentThe second point to note is that both ratios fall withi® to 10° range
consistent with pedicionsfrom data in Table 2ZT'he experimental data are again in qualitative

agreement with the ratios derived from kinetic modeling, although the modeling results predict
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ratios that are approximately-f@ld larger than what is observed experimentaligain, we
notethat the population ratiaderived from experimental measurements are sensitiva@nly
electronically excited state species whereas the d&igume 13refer exclusively to CRand
OHJn their electronic ground statdsweighted by their relevant Boltzmann distributions
assuming a local temperature of 2750K, thedpdpulation should be only 2% of the ON
population, bringing the calculated ratios in Tabl@ore in line with experimental observations.
Allowing for these possible contributionse are encouraged by the agreement and suggest that

the calculated populations describe ground and excited states equally well.
Conclusion

This study spectrally and spatially resolves the excited state emission of the cyano radical
(CNYfrom NM in both Al and AS atmospheres. Simulations in Cantera calculated the flame
temperatures for both Al and AS, with the AS being as a function of increasiy @tting the
experimental data, we were able to obtain the vibrational population of the excited stifedCN
= 3000K) while the rotational population (& O5000K) reflects a norequilibriumrotational
distribution. We were also able to show that the excited state population in Al flames is greater
than that of AS flames, but both cases are ~10x smaller than the populations calculated from
simulation.

In Al flames, the dominant pathway for production is predicted to@d H Hz H> +
CNOThis reaction is completed by the first quarter of a mm from the burner surface which

agrees with the predicted maximum Gidncentration. Under Al or low oxygen presence the
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main consumption pathway is predicted tadO+ OH22 HO+ NCO. This reactioroccurredat
a lower rate than the production showcasing the larger population@h @Nflames.

For higher oxygen flames, the dominant pathway for productibi€ld + OH22 CNO+
H20O. This reaction happens even earlier timatine Al flames, with the max rate around a tenth
of a mm from the base of the flame, again matching the predicted position of max CN
concentration. The cyano radizg@ghsconsumed bYCNO+ O, z NCO + QDat a roughly equal
rate to its production showcasing the smaller amount adii€fiames with a higher oxygen
presence.

More work regarding the Ctan be done by focusing on its ground state and a focused
look at HCN. There could also be work done looking at another predicted product NCO.
However, this work has been able to provide spectroscopic data for thikaCisan be used as
experimental validation for combustion mechanisms focused on NM at high pressures under

inert or oxidative environments.
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Abstract

Nitromethane (NM) is a liquid monopropellant capable of sustainetdependent
combustion at pressures above 28 bar, yet the nitrogigtaining radical intermediates formed
during highpressure NM combustion remain poorly characterized experimertiaitg, optical
emission spectroscopy and spatially resolved imaging are used to identify and map electronically
excited NFHDand NHJn NM flames burning at 31 bar under bothiadependent and
air-supported atmospheres. Bimi s si on f r o m -D)hransitibn ag336&/0 nKjis E (0
detected in the aindependent flame and in the decomposition zone of theupported flame.

NHOemission is absent in the diffusion zone where oxygen exists. These observations are based
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on two-dimensional spatial imaging and edinensional spectral imaging. Integrated 3HO
emission intensity ratios are quantified under both atmospheric conditiopSemidsion from
t he 1EXHAB (0,120,0) band is similarly observed
diffusion zone, similar to the NBbehavior. Kinetic modeling using existing NM combustion
mechanisms qualitatively reproduces the suppression of both intermediates in the flame as

oxygen content increases.

Introduction

Liquid monopropellants capable of sustained@ilependent combustion are attractive
for propulsion applications where a separate oxidizer is unavailable, such as in underwater and
space systems. Nitromethane ( NM,singlgtomgddren) ( Fi g
monopropellants and has been studied as a green alternative to hydrazine owing to its larger
gravimetric specific impulse, lower toxicity, and modest carbon intlexXNM combusts
spontaneously in inert atmospheres at pressures above 28 bar, where turbulence enhances
ignition kinetics and allows for sustained flame propagae8|.[ Despite these advantages
air-independent propulsiogiNM requires higher chamber temperatures than hydrazine,
necessitating rengineering of existing combustion assemblies, and its strong pressure

dependence has limited its widespread adoption ima@pendent propulsiori|§.
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Figure 1:Nitromethane structure

Experimental characterization of NM combustion in inert atmospheres remains sparse.
Most available data are limited to burning regression rates measured using\gigahih
pressure burners, where liquid NM is contained in a quartz tube, ignited eafhahtie front
progression is tracke®[ 4, 9, 10. A small set of chemiluminescence measurements exists but
these do not spatially resolve species concentrations or temperatures with sufficient resolution to
validate proposed mechanisnd]l Air-supported NM combustion has been more thoroughly
characterized through shock tube experiments, which capture reaction chemistry on millisecond
timescalesand are more appropriate for identifying the reactions responsible for ignition rather
than the species present in sustained, stetadg flames. t8adystate flame studiesf NM
combustion do exist, although these experimarggypically conducted near atmospheric
pressur@ndinaimr at her t han t he -igp@ndénacombusdodBlbl.r ed f or
Directly identifying mechanisms responsible for NM combustion in inert atmospheres is
challengingOperandomeasurements must be made at high pressures and, ideally, with stable,
sustained flames. Methods must be able to resolve specific molecular species, both products and

intermediates, and do so as a function of location in the flame. Being able to spezscig
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individual rovibronic transitions helps assess if species are thermalized with the adiabatic flame
temperature, and this information can also be used to infer reaction dynamics occurring within
the flame. Recent studies of highessure, aimdependentitromethane combustion reported
highly vibrationally excited waterlp] and the spatial distribution of excited state Wiithin
air-independent and agupported flames, noting that in both conditions,appeared
thermalized while Vi, was ~1500K higher than the expected adiabatic flame temperafiire [
An additional study has reported the spatial distribution of excited stdim @Mindependent
and airsupported flames, noting that in both conditiong, Seemedlosed tahermalized while
Trot Was ~2006B000K higher thatheexpected flame temperatuig.[

Fromkinetic modeling of thaitrogencontaining species in Nidombustion{5, 9, 11,
12, 14, 1827] shows that nitrogen in the form of NO accounts for most of the nitrogen balance.
Only three mention other nitrogen containing spe@es d these only two identify the
imidogenr a d i c a 11, 28 Ahd éng acknowledges the amino radical ;AIB8] as
intermediates in the flame environment. Without direct, experimental information directly
probing speciation within the flame, these models remain unvalidated. Kelzemlad¢id 1]
notes NHA as an importanteta@8i paledictNMthlaa me
originates from NCO reacting with available H
before reacting with NO to formA9, which is then convertedtoM hr ough reacti ons
HA, or OHA. This pathway is relevant given th
flames. However, these papers were focused on NM pool flamam( airsupported) 11] and

methane/formaldehyde flames (1 atm, air suppor2#)) [ The r ol e of species

NH23n NM flame chemistry remainartually unknown.
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Emi ssion from electronically excited NHA h
applications. For example, inammotiay dr ogen f | ames, NHA chemil um
observed. Using combustion modeling software (ANSMEEMKIN), the authors predicted a
NHOconcentration of 1.7xI®mol/cn?®[29) . They al so repor towder,t hat N
outsideedgeof the flame, rather than in thet flame center. In ammonimethane flames, Zhu
etaknot e that NHA emission increases drasticall
starts to decrease with further ammonia additgth. [Studies of solid propellant combustion,
including ammonium perchlorate (AP) and HMXa s ed f or mul ati ons, have
a strongly emitting combustion intermediadd][ Edwards noted that HCN combustion goes
t hr ough CNA xint&r@eQiates dorfodm tié IHroducts NO and Bdwards also note
that NHA has been observed in HMX flames up t
with increasing pressure. I nterestingly, Edwa
decomposition flames but absent in diffusion féefj21]. Finally, the injection of hydroxyl
ammonium nitrate (HAN) into hydrogen and air
These stdies were able to spatially resolve the emission withdimmensional fluorescence
imaging B2.

I n the case of NM combustion, NHA emission
configurations and models predict the species to be thermally equilibB&teddain, however,
an important consideration relevant toiadependent combustion, is that these studies were
conducted at or near atmospheric pressure in air witle&lily available. Taken together, these
observations provide benchmar ks, establishing

the availability of nitrogen containing precursors and whose presence is sensitive to the local
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oxygen availability. NHA i s al so mentioned in several of t
discussed imnydetail.

Findings described in this work report on the presence and spatial distribution of
electronically excited NHA in NM flames burni
resolves theO)Ajtdr ayfnsXijtFi on Oof NHA atpatdlgé. 0 nm.
resolved with 2D filtered imaging and 1D spec
across both the decomposition and diffusion zones of the flame. For clarity, NM flames burning
in N2 are referred to as aiindependent flames. NM flamésirning in air show a distinctive two
flame structure, reported by Ambelaral[2]. The part of the flame within the fuel feed and
inaccessible to air is referred to as the decomposition part of theported flame. The second
part of the flame is accessible to air and is identified as the diffusion part of-fupported
flame

The reported results are significant for several reasons. First, data represent the first
spatially resol ved c-prassueecaindapendeat NM combustibon, NHA i n
directly addressing a gap in the experimental validation of existingkmet model s. Secon
emission is present in the @ndependent flame and in the decomposition region of the air
supported flame but is absent in the diffusion part of the flame, showing that this intermediate is
extremely sensitive to£availability. Thi r d, i ntegrated NHA intensit
guantified under both atmospheric conditions, providing benchmark ratios for kinetic models that
have thus far lacked experimental benchmarks. Finally, emissionfradANH s r epor t ed i
air-independent and decomposition flames but not in diffusion flames, further supporting a

picture of rapid NKHconsumption by @
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Experimental Design and Theoretical Models

Experimental Design

The assembly used in these studies has been described in depth prebjdysiyp] 17,
but a brief description will be provided here. The combustion apparatus is rated to atmospheres
up to 110 bar and has three optical access ports allowing for characterization. The data presented
belowwereacquired at 31 bar for both airdependent (B) and airsupported experiments. The
assembly is built around a continuous flow liquid propellant strand burner (LPSB), based on an
original design first described by Boyer and Kdp When a constant, small positive pressure
(~3-5 psi) is maintained on the fuel reservoir, relative to the chamber pressure, the fuel in the
strand renews continuously. Once the quartz straw is filled, a nichrome wire wrapped around the
straw is resistiilg heatedserving as an ignition source. Once ignition is achieved, the coil is
turned off and the differential pressure is adjusted to stabilize the flame. In these experiments,
flames can be sustained for up to an hour or more. The LPSB was builptotdigmes in ai
independent and asupported atmospheres. Foriaidependent flames the diluent is; fbr air-
supported flames, the diluent is air. All experiments used industrial grade gases (95% pure N

99% air)

Flame emission dataerecollected using a Princeton Teledyne (HBI®) spectrograph
with a PFEMAX first generation CCD. This spectrograph had a grating turret that contained three
gratings: 300 I/mm, 1,200 I/mm, and 1800 I/mm. The detection scheme (seen in Figure 2)
allowed forthe collection of 2D spatial images and 1D spectrally resolved images. The 2D
images served as a reference for flame locatiod with the use of bandpass filters, filtered

images showing relative concentration in the flame wegeiesd. In the case of NBnd NHO
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emission, the bandpass filters had 10 nm windows centered at 337 rpaffdFb70 nm (NBI.
After the 2D images were collected, the slit
spatially resolved 1D spectral images of Bérhission. NKspectral images were collected with
the grating centered at 336 nm with the 1800 |/mm grating resulting in a spectral window of 18

nm.
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Figure 2: a) Detection scheme of flame emission assembly. b) In red, NM decomposition flame
under N at 31 bar. c) In blue, NM diffusion flame under air at 31 bar. In red, NM decomposition
flame under air at 31 bar. For reference, t

Computational Methodology

Onedimensional adiabatic premixed flame simulations were performed in Cantera
(v3.2.0) B4] using the same mechanism as our previous work [5, 1851 7These simulations

combined the NM sumechanism of Anneslest al.[36] with the more extensive nitrogen
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chemistry of Glarbor@t al.[19]. The initial temperature was set to 500 K based on prior
experiments19]. The pressure was set at 31 bar to match the experimental conditions.-The air
supported experiment corresponds to a Adiftiensional bipropellant diffusion flame, whereas
the simulations represent premixed flames. Different cases of inlet compositimntherefore
examined to isolate the effectof®n N HA f @f notearadicab species are denoted V@ith
and that this convention applies to all figures including those gesieby Cantera where the

softwarebs output omits the dot.

Case 1 corresponds to-amdependent combustion (100% NM, no secondary oxidizer).
Cases P4 represent bipropellant mixtures of NM with air: Case 2, 50% NM and 50% synthetic
air (29% O , 71% N ); Case 3, a stoNchjoaedrTr i
Case 4, an equimolar N2 mi xture (22.5% NM, 22.5% O , 5509
those used in our earlier simulations and additional details can be found in those reports [5, 16,

17, 3.

The nitromethane effective linear velocity at the burner inlet for Case 1 is 1.3 mm/sec,
and Caseg&i 4 is 0.92 mm/sec. These values were chosen to match experimental conditions.
Although the simulations do not attempt to replicate the experiments wheri@g in the
diffusion part of the aisupported flame cannot be well characterized, examining multiple cases

helps to identify the chemical pathways governittgCformation as a function of £availability

Results and Discussion

Figure 3 shows a spectrum resulting fromahg ¥ X j FO) NHQetnission integrated

over the entire nitromethane flarae31 barunderNoa.
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Figure 3: NeatUV emission spectrum of NHormed from NM combustion at 31 bar under N

The spectrum corresponds to the @ransition from NKIn its 1% excited electronic state
(A®9) t OF dgroursl state and is characterized by a strong, sharp feature at 336.0 nm. Based
on previous results from our studies of @t used Ar for the higpressure atmosphere, we do

not believe the nitrogen environment has an effect on theehigsion 9.

A 10 nm bandpass filter centered at 337 nm was used to assess the spatial distribution of
the excited state NBIBy raising or lowering the differential pressure, we were able to isolate or
bring together the decomposition and diffusion portions of thewgiported flame. Figure 4
shows images of the NB#mission for both the nitrogen and air flames at 31 bar. The images

come in pairs with the first image of each pair (4a, 4b, 4c, 4d) showing emission between 332
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and342 nm, and the second image of the pairs (4e, 4f, 49, 4h) showing the false color image of

fl ame emission over the CCDO6s entire spectral

12 d) Diffusion under ‘
air-supported

c) Decomp nder
air-supported

112 ) Botfrom
air-supported

a) Air-ndependent 7

Distance (mm)
>

0 2 4 6 8 10 12 0 2 4 6 8 10 12 s
Distance (mm) Distance (mm) Distance (mm)

g) Decomp under
air-supported

) Both from
air-supported
SR reference

e) Air-independent
eference

R 8
g
g 6 6
2 -
A 4 4 4
2 2 ﬁ) g
0 2 4 6 8 0 12 0 2 4 6 8 0 12 0 2 4 6 8 0 12 0 2 4 6 8 10 12
Distance (mm) Distance (mm) Distance (mm) Distance (mm)

Figure 4: 2D flame emission filtered images foriaotependent and agupported NM flames at
31.0 bar. The top images were acquired with a 10 nm band pass filter centered at 337 nm to
capture emission from excited state DFhe white horizontal lines correspond to the liquid
surface in the LPSB quartz tube. A) bandpass filtered emissiorimdapendent flame; b)
bandpass filtered emission from both sections of aswgiported flame; c) bandpass filtered
emission from NMdecomposition part of an asupported flame; d) bandpass filtered emission
from the diffusion part of an asupported flame, e) total emission from anriagtependent NM
flame (paired with image (a)); e) total emission from a completeugiported NMlame

(paired with image (b)); f) total emission from the decomposition part of supported NM
flame (paired with image (c)); h) total emission from the diffusion part of esupported NM
flame (paired with image (d))

Figure 4a shows the spatial distribution of bandpass filtered emission from an air

independent NM flame burnirag 31.0bar. This image identifies emission propagating/~&m
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from the flame base-ID spectrayide infrg show that all of the emission in this narrow spectral
window arises from NBFigures 4b, 4c, and 4d show Reinission between 332 nm and 342
nm for the entire flame in air (4b), the decomposition portion of the flame (4c), and the diffusion
portion of the flame (4d). The corresponding broadband images for the tetapported flame,
the decomposition part tiie airsupported flame, and the diffusion part of thesaipported
flame are shown in Figures 4f, 4qg, 4h, respectively. These images of-thupparted flames
are instructive. First, when viewed in its entirety (4b), thdumted flame has barpassfiltered
emission over its entire length. Even wlexaminingjust the decomposition part of the flame
(4c) and the diffusion part (4d)dividually, emission is observed. However, with the help of the
1-D images shown below, we confirm emission of dd-bnly visible in the decomposition
piece. The glow seen in the top part of thesapported flame arises from nepecific,

blackbody emission.

In addition to the 2D images, we spectrally resolvetiniensional images on the
detector. Results for the airdependent, full aisupported flame, asupported decomposition,

and airsupported diffusion flames are shown in Figuresi5a
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Figure 5: 1D spectral images collected for tH&IA X3F NHemission at 31.0 bar with the

white line now denoting the CCD strip responsible for the spectra shown below each image. The
dashed line represents the flame fronaig)ndependent flame; b) spectra acquired

simultaneously from the decomposition andusifon parts of an aisupported flame; c) the
decomposition part of an asupported flame; dhe diffusion part of an asupported flame

Each image consists of 256 usable spectra for thad@pendent and agupported
flames. There are some points that warrant discussion. First, the band intensity and features are
similar (but not identical) between the-aidependent (4a) and the dequwsition part of the air
supported flame (4b and 4c). Second, spectra acquired simultaneously from thestigpairted
flame (4b) show NHEin the decomposition part of the flame but the spectrum from the diffusion

part of the flame (4d) is featureless.

Using the mechanisms proposed by Annestegl.and Glarborget al.[19, 36], NHO
concentratiomprofiles were simulated using Cantera. Simulations were carried out using the four
cases noted in Section 2 with the ratio of fuel td€ng the important variable (Figure 6). NH

concentrations in Cadewith no Q present are significantly higher than Cases 2, 3, and 4 when
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O is present. As @content increases in the simulated-prized flame, NFXormation
decreases. For the two highestdoncentrations (20.9% and 22.5%, Cagh,3NHO
concentrations are almost nonexistent. Also notable in Fjig¢he spatial distribution of NBA
in the flames. Not only does the-amdependent flame (Case 1) produce the mosDNiit the
NHproduction reaches its maximum furthest from the inlet. Increasirsipifds the NFD
distribution closer to the burner surface. While these findings are qualitatively consistent with
experimental results, there are quantitative differences. Simulations preditHtBatthe flame
should disappear within the first 0.3 mm of the burner surface, while experinmeaggs show
excitedstate Nper si sting for 5 mm along the fl ameds
NHOcan be created through reactions that are not accurately captured in the Glarborg and
Annesley mechanisms. We suspect that this difference arises from heat transfer mechanisms. The
model 6s spatial distribution npottiewases no heat
experimentally. With heat loss, Nfbrmation (and emission) can extend further in the flame
[10]. We acknowledge that while the simulations in Fighiraake clear predictions about 9H
abundance and spatial distributions, direct comparison with experimental data is not appropriate.
Experiments report on thexcited state onlgf NHJn the flame whereas simulations implicitly

reflect ground electronic state populations.
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Figure 6: NFHXoncentration profile vs distance from the burner for all four simulated cases

Figure 6 shows the simulated I9ptofiles for each case, emphasizing both the magnitude
differences and spatial localization of Rithin the flame. However, the corresponding
experimental Niemission spectra were not suitable for quantitative spectroscopic fitting.
Attempits to fit the NKfeature using Moose were unsuccessful, as the simulated band shape
remained significantly broader than the measured peak and could not be sufficiently constrained
to reliably isolate the primary NBransition near 336 nm. Despite applying wavelength
corrections and restricting the fitting region, the fitting routine did not consistently converge on
the correct spectral feature. Consequentlydithtional and vibrational temperatures could not
be calculated from the measured emission spectra. It is worth noting, however, that prior
modeling work by Eckeét al.and Edwards3l, 33] treats NFDemission as thermally

equilibrated, predicting equal rotational and vibrational temperatures for this species.
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Figure 7 shows integrated emission collected from amdependent NM flame using a
300line/mm grating. The lower resolution grating results in a loss-gfln@tional data in the
emission spectrum, but the lower resolutitmesallow the spectrum to span a much wider
wavelength range. The spectrum in Figure 7 extends from 290 nm to 410 nm. Three features are
readily apparent: NBemission at 336 nm together with less intense emission centered at 338 nm
and strong emission centered at 310 nm. These ethission features have been assigned
previously to CNB2E"0 X2 at 388 nm) and OFAZE* © X2G; at 310 nm). Cidis likely
formed from hydrogen abstraction from HCN or from the elementary reaction betw@smdC
NO (to form CNDand CO) §]. Electronically excited OHs believed to be responsible for the
formation of highly vibrationally excited # observed in both aindependent and air
supported NM flameslf], and most models predict relatively large @dncentrations in
steady state flames within the first riln of the flame front]1]. Importantly for this work, the
data in Figure 7 enable us to determine the amount of excited statelative to the amount of
excited state OBand CNCby comparing the integrated intensities of the emission bands and
correcting for instrument response factors. Table 1 reports the integrated intensity ratios of these

species.
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Figure 7: Low resolution spectrum showing spectrally resolved intensity integrated over an entire
NM flame burning at 31.0 bar enair-independent atmosphere. Emission from excited state

OHONHJand CNnare present

Table 1:Corrected ratios of NBEOH2andNH2ZCNOband integrated intensities

Air-independent Air-supported

Iwadord  (2510.3)E3  (1.170.1)E3

Inadend  (2.750.5)E0  (4.570.8)E0

(*N = 9 for each atmosphere type; in-airpported flames, NBemission is only visible in the
decomposition piece of the @upported NM flame.)

Threepoints stand out in Figure 7 and Table 1. First, in terms of relative abundance, the
air-independent NM flame has a IBHJatio that is ~2.1x larger than theair-supported
flame, indicating the important rolex@lays in removing excited state [I*$econd, the air

supported flame hasn & HICNJatio that is ~1.7x larger than in the-aidependent flameThis
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suggests a shift in the balance between nitramperiaining intermediates under oxidizing
conditions.This increase may reflect either enhanced formation or reduced consumption of
excitedNHXrelative to CND or conversely, more efficient quenching or conversion pathways for
CNQn the presence of OThethird point to note is that both experimental rafiomsNH2Z0HO
are about an order of magnitude larger than the ratio of the data reported by Kele¢aberg
[11]. Based on previous research regardingdN@where the ratios were within a-3@ 10°
range, this could be indicative of an underreporting oNH&@abundanceéWe note that the
population ratios derived from experimental measurements are sensitive only to electronically
excited state species whereas the data reported by Kelzentlaéngfer to electronic ground

states.

Along with the NFDemission, our data also showed evidence of emission from the amino

radical, NBOFigure8 shows NHJemission from a NM flame at 31 bar under nitrogen.
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Figure 8: Emission spectrum of MBormed from NM combustion at 31 bar under N

This peak is assigned to the emission from th&AX?B; (0, 10, 0) band37-39].
Second order diffraction from the GI?E+ © X5 (1-0) transition at 285 nm overlaps this

spectral region (see Supporting Information), preventing spatial resolution of #leridsion.

Even with this limitation, we also measured Xeimission in an aisupported flame

(Figure 9).
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Figure 9: Emission spectrum from NBlinder air where a) is both decomposition and diffusion
pieces together, b) is just the decomposition piece, and c) is only the diffusion piece
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Figure 9a shows the full flame integrated spectrum when the decomposition and diffusion
pieces are brought close enough together to be fully imaged on the detector. Figure 9b and 9c
showNH2>3emission from each part of the-apported flameThese results mirror those for the
NHZradical: NH3emits in the decomposition part of the flame ihoittin the diffusion part of the

flame.

Using the same mechanisms mentioned previobifigconcentratiorprofiles were
simulated using Cantera. These simulations were performed in the same fashion mentioned in

section 2 and shown in Figure 10.

In the pure nitromethane case, Case 1;i¢hches a peak mole fraction at roughly 0.25
mm from the burner surface. As oxygen is introduced into the oxidizer stream, tBpddk is
dramatically suppressed and shifted closer to the burner surface. In the morerctygen
environments, Cases 3 and 4, there is-uearplete suppression of NBIThis matches what is

observed experimentally.
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Figure 10: NHOzoncentration profile vs distance from the burner for all four simulated cases

While we cannot propose specific elementary steps that leadidddiMation (and

consumption), we note that the simulated.NHole fraction is ~18old higher than that of N&
Conclusion

When considering aiindependent nitromethane combustion, carbon balance is easily
accounted for by the formation of two prevalent products, CO and ®@ogen balance in
most models is dominated by NO with small amounts of HCN sometimes predicted by kinetic
modeling. In the findings described above, we show that the intermediatesdiNHare
present in both aiindependent flames and the decomposition part efugported diffusion
flames, all at 3bar. Furthermore, these intermediates peirsigte flame for up to-g mm,

meaning that there must be persistent pathways leading to excited staed\¥formation.

Emi ssion from el ectroni c@Haidpat32360am)tvassd NHA (

spatially resolved using both 2D filtered i ma



104
is present throughout the aimdependent flame and in the decomposition zone of the air
supported flame, but is absent in the diffusion zone where the flame becomes susceptible to O
diffusion. The NHDOHJntegrated intensity ratio was found to be approximately 2.1 times larger
in the airindependent flame relative to the-aurpported flame. Emission from NE{ &€ | TA
XHB , 0,10,0 band) was similarly observed unde
air, with the signal absent in the diffusion
supporting the picture of efficient, rapid oxygenven consmption of nitrogercontaining

intermediates.

Kinetic modeling using the Annesley and Glarborg mechanisms in Cantera qualitatively
reproduces these trends for both species. Simulations predict that incfe@asomgent
suppresses and spatially confinesIdHd NHformation closer to the burner surface, with
nearcomplete suppression of these intermediates whaoQent approaches 20%. However,
guantitative discrepancies between model predictions and experimental data persist. Excited state
NHpersists over several millimeters of flame length, while the model predicts consumption
within the first 0.3 mm, even when@ not present. This discrepancy is tentatively attributed to
heat transfer effects not captured in the adiabatic model, which would extend the spatial range of
NHformation and emission experimentally0[. The secondrder diffraction of OFoverlap in
the NH:Ospectral region prevents a direct quantitative spatial analysis. Taken together, these
results demonstr atAe arleatdeltompoNHA i @amd i NHer med
that are rapidly oxidized whed, is present and that existing kinetic mechanisms capture the
gualitative chemistry of nitrogen intermediate formation and consumption, while pointing to the

need for improved models.
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There are several avenues for future investigation. Thesecond er di f fracti on
that limits spatial analysisof N coul d be addressed by burning
conditions, providing a reference spectrum. Due to the deviation from experimental and
calculated ratios, questions arise that warrant further study. First, what pathways are responsible
for producingthese electronically excited states and, second, to what extent do excited state
population distributions reflect the ground staternistry? These questions are important to
develop a more complete picture of nitrogen intermediate chemistry irpregbure

nitromethane combustion.
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CHAPTER FOUR

BROADBAND SPECTRAL SURVEY OF HIGHPRESSURE NITROMETHANE

COMBUSTION

Introduction

This chapter shows a broadband spectral surveynagsion fromhigh-pressure NM
flames inboth airindependent and agupported conditiong.his chaptehas two goaldg-irst,
the broadband surveyays the emission landscape of NM in both-midependent and air
supported conditions. Second, the spegiva clear direction as to whehi@ture studies seeking
to identify intermediates and productghese flames should begi@verall,thesedata show that
evenfora A s i ommodedfuel, there is much wé& to be done.

Due to the largaumberof emissions found in NM combustion at elevated pressures, this
chapter takes a deliberately broad view and notes diffesbeteeen aiindependent and air
supported combustion where applical8achdifferences may reflect changes in flame
stoichiometry, reaction pathways, or intermediate species populd&aneference throughout
this chapter, flames are described as burning in eith@rdgpendent atmospheres{Nr air
supported atmospheres. Aupported flames typicallyave two stages including one within the
quartz straw of the liquid propellant strand burner and the second at the top of the quartz straw.
These two stages are referred to as decomposition (that-awdependent) and diffusion (where

Oz in air can diffuse into the flame), respectively. Aditawere acquired at chamber pressures of

31.0 bar. One final note is that the CCD det
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create spurious large signals. Such signals are artifacts, however, and are easily identified given
that they have spectral widths of only 1 pixel.

Spectra were collected across a wavelength window spanning tRgVi€atarting at
347 nm) through the nearfrared inishing at935 nm for aiindependent and 735 nm for-air
supported). All measurements were taken under conditions at elevated pressure, with collection
parameters held consistent across runs to etisaireesults from different spectra could be
compared in terms of signal to noise, line widths, Ehe specifics of the emission collection,
detector configuration, and pressure conditiaresdescribed in detail in Chapter 2; the foous

Chapter 4s onhow spectra reveahformation abouflame chemistry

Overview of Survey Spectra

The spectra presented in this chapter were acquired under a fixed set of conditions chosen
to maximize their utility as a reproducible baseline. Pressure was held catsart bar
throughout the survey, agere the acquisition times and spectrophotometer slit widtigiring
that intensity differences between spectra reflect genuine variation in flame chemistry rather than
instrumental artifacts. However, due to the variable nature of the system and extended burns
degrading the quartz straw, any diffaces noted reled primarily on changes in structure and not
intensity. Both akindependent and asupported NM combustion configurations were sampled.

An importantpoint to note ighatthe spectra reportesh Chapter 4are survey
measurementstended to show the emission fingerprint from nitromethane flaviesdid not
attempt tospectrally resolve species or to spatially resolve them along the flamé&axany

cases, the features themselves remain unassigned, given an absence of data in the literature.



111
Detailed pectrally and spatially resolvestudiesof specific features identified hesdould be
the focus ofuture workthat can uséhe present survegs aguide.

The broadband spectra reveal a bend active emission regions across the surveyed
wavelength window. Figure 1 presents a representativeaiugje spectrurfrom NM flames
burning inair-independent (1a) and balecomposition and diffusiguiecesof air-supported
(1b)atmospheres at 31.0 bar. These spectra are integrated;flahwdecollectionswith major
featuresassignedo known band systems. Somssignedmission corresponds to Chat

310nm,NH2at 336 nmCN2at 388 nm, NEHOat 570 nm, and ¥D at 717 nm.
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Figure 1:Survey spectra showingression from NM combustion witBeveral assignespecies
labeled. Spectra were acqui@d310 bar in a) aifindependen{N2) and b) both piecesf air-
supportedlames.The sodium Bline emission near 590 nm is excluded from the displayed
spectral range as its intensity saturates the detector

Looking at Figure 1, differences between the two regmag not be immediately
obvious, but differences do exist. These differences are shown below using expanded views in
specific spectral region general, aisupported conditions produce enhanceddand HO [1,

2] emission relative to the aindependent case, while KlBind CNDemissionis prominent in ai
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independent and the decomposition piece of theupportedlames,but absent in the diffusion

pieceof air-supported flamesThese observationgflect shifs in combustiormechanisms.

Spectral Survey: 36035 nm

The spectral survey presented in this chaggers the entire visible spectrum and
includes the UV region down to 300 nm and the +#iBaregion up to 935 nm (in aindependent
cases). This range was limited only by the sensitivity window of the CCD detentmsion
features below 300 nnincluding possible emission from excited state f&D,outside the
accessible windowGiven that NO figures prominently in virtually all models describing NM
combustion, future work attempting to identify and quantify NO should be a priority.

The survey was conducted by stepping the grating center wavelength in overlapping
increments across the full accessible range, yielding a continuous series of spectra that together
cover the complete emission landscape of the fl&@uath the 1200 g/mm and 1800 g/mm
gratings were used over the course of the survey, providing spectral resolutions of approximately
0.09 nm and 0.2 nm per pixel respectively, with resolution varying further across the full spectral
range as a function of walength and grating sibersionSpectra were acquired undasnstant
pressure Air-independent flames were examined mnaimospheres. Earlier studies using Ar as
the background atmosphere confirmed thainNthe chamber did not contribute to the observed
flame chemistry. Emission from asupported flamewasmeasuredrom theintegrated flame
and from each partdecomposition and diffusioinof the flame whenever possibleedtures
described below are organized by wavelength region, working from the ultravitietnear
infrared. Known species assignments are referenced to prior chapters and to the existing

literature where applicable; the focus here is on emission features outside those previously
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characterized and on comparisons between combustion configurations where meaningful

differences are observed.

300400 nm

The shortwavelength end of the survey contains the dominant UV emitters already
characterized ifiterature orearlier chapters, including t@HJA%E' T X28) emi ssi on near
nm, theCNQviolet system (BE'i X2E") near 388 nm, and NBA3G7 X3F) emission near 336
nm [1, 3, 4. The OHDemission is consistent across burns and conditions, providing a definitive

reference andstablishinghe position that gives rise to the secamder diffraction discussed

later, seen in Figure.l

25x10°

20—

Intensity (a.u.)

s

I I I I I I
305 310 315 320 325 330

Wavelength (nm)
Figure 2:Spectrum showin@H2emission at 31 bar undeepN

Figure3 shows theCN3system thatvas analyzed in detail in Chapter 2
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Theair-independenspectumin Figure 4ashows NHOA3Yi X3 (0,0) emissionat 336
nm[4]. Figure 4b is the decoropition spectrunand itshows a structured broad peak centered
near 347350 nm just outside the measured range in thenaiependent 336 nm spectruirhis
intensitymightcome fromNHQue to this radical havingbrationalsequencéands extending
to longer wavelengthisom the (0,0transition at 336 nrib, §. In the diffusion part of the
flame, Figure 4chowever, intensity at or ned@#7 nmis absent, consistent with this feature
belonging to a Ncontaining intermediatéAn additional feature is observed near 366 ninatih
pieces of thair-supportedspectrumand the decomposition piece. It is notably absent in the air
independent and the diffusion piece of thesaipported flame. élvever, this feature could not

be confidently assigned to a specific emitting species and warrants further investigation
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Figure 4:Emission fromNHQunder N in a), PossibleNH3sequence in decoropition flame
under air in b)featurelesspectrumn 347 diffusionflame under air in c). All figures were taken
at 31 bar

The airsupported spectrum centered at 367 Rigure 5h containing both

decomposition and diffusion pieces, shows a broad structured feature centered in&€z0 B65

that is more prominent than in the decompositinly spectrum of this regiofrigure 5¢c This

feature imnotablyabsent in the aiindependent spectru(ba)and in the diffusion portion of the

air-supported5d). This region remains unassigned.
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full air-supported flame (b) and decomposition region (c) but is absent in both the diffusion
flame (d) and the aindependent flame (a), and remains unassigned

400500 nm

Theshorter wavelengthisible-wavelength partf the survey is dominated by broad,
diffuse emission extending across theiD nm windowFigure 6b is théull air-supported
spectrunthatshows a prominent broad featlretweem22 430 nm with cledy resolved

structuresThree of the four spectraindwosare centered at 430 nf@b, c, and d)with the air
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independent spectrum being centered atQ6a) Despite these similaritiedjfferences
between the spectra also exist. First, thermiependent (a) and aupported decomposition (c)
spectra are both noisy but have different broad features between them. Second, the integrated air
supported spectrum does not appear to be a simple summation of the decomposition and
diffusion spectra. Sgifically, contributions from the decomposition flame appear largely absent
or too small to register in the integedtflame spectrum.

We note that CHA’qi X28  ( @mis®idn is expected to fall within this range and
shouldcontribute to emissiom these spectr®, 7]. However, the CBemission produces a
sharp, narrow peakt ~431 nnthat would be clearly distinguishaliézen S/N considerations
As there is no characteristic peak in dlaynes examined, we conclude that either a) and@€H
the flame is already in its electronic ground state; or bgdhkission may be masked by the
broad features between 420 and 450 nnit; isrbeing quenched by sometyetidentified
reaction LIF experiments have identifiddH.Jemission in the 40850 nm region that could
potentially be playing a part in the broad pe8lk However, similar ta&CHQthe reportedeatures

do not line up with the experimental spectra.
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Figure 6:Comparison of aiindependent in a), both pieces ofsipported in b), decomposition
flame under air in c), and diffusion flame under air in d) all at 31 bar

Moving into the 466600 nm regior{Figure 7) the four specttaonditions show a
similarity to the 430 nm region. In these spectra, thendependent spectrum has some features
(7a) the integrated aisupported flamshows a broad emission with visible featur@®), the
decomposition piece has no notable feat(ife} and the diffusion piece is similar to both pieces
(7d). These resultsould indicde thatspecies emitting in this region requirenareoxygen rich

environment but castill weakly form in decomposition reactions. It is possible that the emission
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in this region comes from NQas it has a continuum starting around 430 nmexteinding to
longer wavelengths/]. The more structured emission coming from the oxygemn
environments is consistent with N@s a possible species sirthe O3+ NO + M generation

pathway requires an oxidizes,[d.
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Figure7: Comparison of aiindependenin a), both pieces of asupported in b), decomposition
flame under air in c), and diffusion flame under air in d) all at 31 bar
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500’560 nm

This region contains some of the most distinctive and least easily assigned emission
features in the survey. In the-amdependent flame the transition from baseline to structured
emission occurabruptly as the grating center wavelength changes $@@mmto 506 nm
(Figure 8a and 8b)rhis abrupt onset is a key feature of the emission in this region and
distinguishes it from the gradual rise of a simple continustractured emissiohaving different
line shapess also evidenin 8c, 8d, and 8evhereafeatured emission is seen at 525 nmand

broad, asymmetric peakcentered near 54545 nm.
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Notably, heemission assigned to tii2 Swan band systend¥d d a8 u ) comnpetely
absent in all of the emission spectra in this regigure 9) The Swan bands are some of the
most studied emission transitions given their importance in astrochemistry and combustion
science. Swan band emission is characterizeal dharacterististrong,sharpbandgpv = 0
bandhead at 516.5 nim Figures 8 and 9, this featuseabsent across all foflame conditions,
effectively ruling outexcited stat€, asa speciesn the NM flamesThisobservation is
consistent with prior NM flame measurements wheralidence has been interpreted as
evidence of rapid consumption via reaction with D

Candidate assignments for the structured 560 nm emission afdH>Jvibronic bands
andNO>Ccontinuum emissiofil0, 1. Distinguishing between thespeciess not possible
given current instrumentation and limited spectral resoluiangeted higheresolution

measurementsiay provide sufficient data tolarify this assignment.
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560640 nm

Figure 10from the airindependent flamis the mostnstructive featuren this
wavelength regiorfigure 10bshows prominent structured emission with resolved p&dlese
structured peaks are interpreted as se@yddr grating diffraction oDHOAZE' T X?d e mi s si on
that is observed between 3@30 nm.The correspondence between the peak positiotheinair
independent 615 nm spectrifdb)andtwice the wavelength of th@Hrotational structure
established in thair-independenspectrumn the 310 nm regiofil0a)confirms thisassignment.
TheOHXbandhead at ~30810 nm(10a)mapsquantitatively oto the observed signal Hie

doubled wavelengtB16' 620 nm(10b)

a ) 5.0x10° ] b )
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Figure 10: The spectra are ajjCemission at ~308 nm arj seconebrder diffraction of this
emission at ~616 nm. Both images are taken undéndapendent conditions and are at 31 bar
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Figure 11 is from thair-independentlame andshows thdong-wavelength taibf this

secondorderOHartifacttogethemwith sharp peakbetweer628 632 nmthat might arise from

HNOZemission6].
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Figure 11: Tail of the secoratder diffraction of ®1Qwith features beyond 632 nm predicted to
be HNOemission 6]

640 700 nm
Figure 12aeveals a broad feature centered neai 699 nm with multiple resolved
peaksln air-supportedlames(12b, ¢, and dthe feature sharpens and intensifies in both the

decomposition and diffusion spectragure 12b showsultiple sharp spikes across 6527 nm

with no clear dominant feature.
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Figure 12: Emission features between 660 and 700Rm@sent under all four conditions so
could also be potassium contaminatidnld. a) airindependent flame, b) 6604 nm from an
integrated from aisupported flame, ¢) decomposition piece ofsaipported flame, and d)
diffusion piece from aksupported flame. Of note is themtg feature at 693 nm present in all

spectra

While CNChas emission in this region assigned toARei X" transition, this emission

has previously been reported as very w&ak A potassium atomic linbetweer693 694 nm

cannot be entirely excludegventhe present spectral resolutifgt®).
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700780 nm
This wavelength region contains several notable discrete fedtigase 13shows a
sharp peak that was previously identified and extensively characterized by Stralds

emission from HO having 4 quanta of vibrational excitatid).[

24x10°

2.2

2.0

Intensity (a.u.)

I I I I I
705 710 715 720 725

Wavelength (nm)
Figure 13: Airindependent flame centered at 717 nm showing (3,0Q)[§

Spectra centered at 740 rfigure 14)show a prominent sharp peak at 7335 nm
Importantly, this feature is observiedall four experimental conditions, distinguishitigs
featurefrom species whose emission variesmatmospheric oxygen contefSince this feature
is independent of £content and present in all four flame types, it is either a contaminant (such
as Na or K) or a molecular species that is sufficiently abundant under beiidapendent and

air-supported conditions to produce stabi@ssion regardless of the oxidizer environment.
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Figure 14: Unassigned features between 720 nm that is present in all four conditions a) air
independent flame, b) both pieces fromsipported, ¢) decomposition from-aipported
flame, and d) diffusion from asupported flame

Figure 15shows the potassium-Iine doublef12] as two sharp, wellesolved peaks at

766.5 and 769.9 nnThis is the cleanest and most unambiguous atomic line identification in the

entire survey and serves as the primary reference for K contamingteiK doublet originates

from trace contamination in the nitrogen and air supply tanks, is consistent across all

experimental conditions and runs, and is not associated with the NM combustion chemistry.
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Figure 15: Potassium-Iine doublet at 766.5 nm and 769.9 nt@][in the airindependent flame.
This feature is prevalent under all conditions

780'935 nm

The neatinfrared portion of the survey spans a spectrally complex region where multiple
species contribute overlapping emission. Shetlad [6] identify OHQ NHQ andCHOemission
between780' 890 nm in nitromethane diffusion flagyavith H-O emission appearing near 890
900 nm andhe CNred system emissiai\?di X2E* ) near 930 nmH-20 emission again
dominates at longer wavelengthge note that alspectrgincluding those in the nediR region)
were acquired €1.0 bar and under often underi@dependent conditiorthatdiffer
significantly from the atmospheric aupported conditions of Sheeéieal. Direct quantitative
comparison of species assignments betweeBlieehet al spectra and those reported in this
chapteris not straightforward, and the Sheedteaal. assignments are used here as a qualitative

guide rather than a definitive identificaticd@HOemission is not inaded as a candidate
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contributor in the 788B90nm region due tono positive evidence faCHOat earlier
wavelengths.

Figure 16ashows a broad feature centered neaii 788 nm Figure 16lshows a more
prominently structured mukpeak profile across 80B27 nm, with a sharp peak at
approximately 812813 nm and multiple resolved pedietweer815 825 nm. The structured,
multi-peak character ahe emission across this region is consistent with overlapgiigand
OHvibrationalrotational band emission identified in the Y800 nm window by Sheete al.
[6]. Figure 16c and 16show declining structured emission throughi8b27 nm consistent with

the red edge of this mulsipeciesSNHOandOHOemission envelope

a) b) C) 1.40x10° d)
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Figure 16: Neainfrared emission in the 77877 nm region of the aindependent flame. The
features of this region are consistent with overlapping NH and OH emission of NM f@mes [

Figure 17shows a sharp isolated peak at approximately 832 nm Sheehest al.

identify H2O emission astarting toappear near 89900 nm in the nitromethane flarf@.
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Figure 17: Airindependent spectrum centered at 890 nm. Possiyerhission based on
Sheehest al [6]

Figure 18ahows a comiike pattern of sharp spikes across 8825 nm Based on the
Sheeheet al. spectral assignments, this region falls within th®lemission window that begins
near 890900 nm; howevetthe transitions from the Ced system are known to extend into
this rangeand therefore could overlap ang®emission feature$].

Figure 18bshows a sharp asymmetric bandhead at approximateiyp228m. The
wavelength is consistent wiNJred system (Adi X2") emission identified near 930 nm by
Sheeheet al.[6]. Third-order diffraction ofOHOemission near 30812 nm would be expected
to appear at approximately 91986 nm. However, he asymmetric bandhead profile observed
here is more consistent with molecular emission thahofthird-order diffraction of Ok

supporting th&CNJred system assignment.
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Figure 18: NeatR emission near 90945 nm in the aiindependent flame. Possible overlap
between HO and CNDshown in @) and possible CAHi X2E") emission in b) §]

The spectral survey presented in this section documents the emission landscape of high
pressure NM combustion acras300' 935 nm window, establishingpssiblespecies
identifications, candidate assignments, and explicitaetections across four experimental
conditions. The survey reveals a chemically rich emission environment. Having established what
species are present and where they emit, the followingpeestamines the spatial relationship
between two of the most prominent identified emift€N2andOHJthrough filtered emission

imaging.

Spatially Correlated Emission Imaging@©N2and OHFD

The broadband spectral survey descrifedveestablishes the emission landscape of the
NM flame in the wavelength dimension but provides no information about the spatial
distribution of the emitting species within the flame volufeapecific motivation exists for

examining the spatial relationship betw&&{2andOHJnN this system: the reaction
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CNO+ OHZ2 HO+ NCO has been identified as a pathway in NM combustion kinetic modeling
[3], and this reaction requir€N2andOHJo bothbe present in the same spatial region to
proceed. Confirming wheth€@N2andOHOJoccupy overlapping spatial zones in the high
pressure NM flame is therefore a necessary first step toward understanding whether this pathway
is accessible under these conditiohs.a complement to the spectroscopic data, filtered
emission imaging was performed on thesipported flame under decomposition conditions to
capture the spatial extent GNoandOHOemission simultaneously, enabling a direct comparison
of where these two species reside within the flame and how their distributions relate to one
another.

Images were acquired usibgndpaséilters centered o€Nemission near 388 nm and
OH2emission aB10 nm. The raw filtered frames were processed in Python, Wwhekground
offset was estimated from the lemtensity tail of the pixel brightness distribution in each image
and subtracted as a fistder correction for detector background and stray light contributions
Pixelby-pixel correlation analysis was subsequently performed on the normalized images to
assess the spatial relationship betw@&dltandOHOemission intensity across the flame volume.
The Pearson correlation coefficieatmeasure of linear association between two variables
ranging from-1 (perfect inverse correlation) to +1 (perfect positive correlatrepprted below
should therefore be interpreted as indicative of the spatial relationship between the two emission
fields rather than as a calibrated quantity.

The results of this analysis are presented in Figlesk sixpanel compositelhe top
row shows the normalized emission mapsd@stJleft) andCNJcenter), where warmer colors

indicate higher relative intensit@HJemission is distributed broadly across the full imaged
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flame column, while Clemission is markedly more confined, appearing as a compact region
localized toward the lower portion of the flame near the primary reaction zone. The RGB overlay
(top right) encode€Nlemission as red ardHJemission as green, with yellow indicating
spatial presence of both species. The outer and upper flame regions appear predominantly green,
reflectingOHOemission without significanl€NQwhile the reaction core near the base appears
yellow where both species overlap. The bottom row show®H@MinusCNifference map
(left), where blue regions indica@Hdominant emission throughout the entire imaged volume
with no regions o€NJdominant emission visible within the slit boundaries. TiNOcontour
overlay on th@OHgrayscale image (bottom center) traces the boundary @N@emitting
region, showing that all CBtontours fall entirely within th®H3Jemitting flame body. The
pixel-by-pixel scatter plot (bottom right) shows the correlation between norma&iX&dndOHO
intensities across all imaged pixels. The sharp lateral boundaries visible in all panels reflect the
physical extent of the optical slit rather than the true flame boundary, and pixel coordinates on
the vertical axis correspond to approximate spatial ipasiong the flame with the base of the

flame nearest the bottom of the image.
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CN & OH Emission — Correlation Analysis RGB Overlay
OH Emission CN Emission (CN=Red, OH=Green)

OH - CN Difference Pixel Correlation
(Blue=OH dom., Red=CN dom.) OH (gray) + CN Contours (red) Pearson R = 0.852

Figure 19:Spatially correlated emission imaging@H2andCNJn the airsupported flame
under decomposition conditioriBhe bp rowis thenormalizedOHJemission map, normalized
CN2emission map, and RGB overlagN3red, OHZgreen, yellowsorrelated, respectively
The ottom rowis OHDCNOdifference mapOHgrayscale witlCNJcontours overlaid, and
pixel-by-pixel correlation scatter plot (Pearson R = 0.883pectively

Spatial Distribution

The normalized emission magsowimmediately thaCNJandOHJoccupy distinct but

overlapping spatial regions within the flan@2emission is distributed broadly across the full
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imaged flame columwith the strongest emissi@iong the central axis but extending laterally
into the surrounding gas with a smooth intensity gradient. This broad, volumetric distribution is
consistent wittODH® shemical charactesit is both a reactive intermediate generated
throughout the reaction zone and a relatively stable radical that persists ilatibethlealf of the
flame [1].

CNZemissionjn contrast, is strikingly confined. TR&NOmap shows a compact, roughly
oval bright region localized low in the flame near the primary reaction zone, with intensity
dropping sharply to nedrackground levels above and to the sides of this core. This spatial
confinement reflects the reactive intedrage character c€NJIt is generated during the early
stages of NM decomposition argdthenconsumed within a narrow reaction zone faster than it
can diffuse outward. Unlik®HQit does not accumulate throughout the flame volume but
appearanddisappearsvithin the regiorhaving themost active chemistry, consistent with the
spatial species profiles reported in atmospherassure NM diffusion flame measuremes [

The RGB overlay makes this spatial hierarchy immediately apparent. The outer flame
and the full extent of the upper flame column appear predominantly green, ind@gkihg
emission without significafl@NO The compact reaction core near the base of the flame appears
yellow, reflecting genuine epresence of both species. Notably, there is very little pure red
anywhere in the imageneaning thaivherevelCNJs detectedDHJs also presenHowever,
the inverse is not true &HJoccupies a volume substantially larger tizMO confirming that
the two species are not-pooduced by the same reaction step in a simple stoichiometric
relationship, but rather thatlfDaccumulates over a broader range of the combustion process

while CNOemains confined to its generating zone.
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The CHDCNifference map quantifies this spatial separation explicitly. Blue regions,
where (H2emission dominates, covédreentire flame columnThere are noegionswhere CND
emission matches or exceeds @rhission, including within th€NXrich core where both
species are most concentratédis result confirms thadH3Js the overwhelmingly dominant
emitter throughout the flame volume regardless of |@®d0concentration, and that the presence
of both CNDandOHJn the reaction coreeflects that CI9existsas a spatially confined
intermediatevithin a much large©HJemitting volume. Th&€NJcontour overlay on th©HO
grayscale image makes the boundary ofGN&emitting region explicit The innermost closed
contour traces the peak Chmission zone, anitisits entirely within the brightest portion of the

OH2emission column, with all out&NJcontours well within th@©HJemitting flame.

Pixel Correlation Analysis

The pixetby-pixel scatter plot provides the most quantitatively informative view of the
CND OH3spatial relationshiprhe Pearson correlation coefficient of R = 0.852 indicates a
strong positive association between the two emission fields across the imaged flame volume,
confirming that pixels with higiNJntensity tend to also have highHJntensity and that the
two species are spatially linked rather than varying independently. It should be noted that the
Pearson coefficient assumes a linear relationship between variables, and the scatter cloud follows
a nonlinear concave curve rather tlaastraight line, indicating that while tio species are
strongly correlateda strictly linear model does not fully describe @ddCNOrelationship
across the flame. The nonlinear character reflects the broader spatial distrib@iddrefative
to CNOAt low CNOvalues, corresponding to the outer flame regions w@dl@s near absent,

OH3Js already at moderate to high levgigenits independent production pathways, producing
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the steep initial rise in the scatter cloWdth higher CNOvalues corresponding to the reaction
core the relationship flatteng his behavior reflecthe convergence of both species toward their
respective maxima in the same spatial zone rather than evide@etdépletion.

Taken together, the imaging data confirm @BBKandOHOoccupy overlapping spatial
zones within the higipressure NM flame, establishing that the conditi@ugiiredfor the CNO+
OH22 HO+ NCO reaction to proceed are met under these combustion condsfio@dD
emission is localized to the primary decomposition zone v@ii€emissionpermeateshe
broader flame volume, dominating at every spatial location in the image includiGi\thieh
reaction core. This result is consistent WitHChaving robust independent production pathways
that sustain it throughout the flame regardless of the @Watoncentration. The imaging does
not provide evidence for or against active consumptiddHEby theCNO+ OHOreaction at this
spatial resolutionResolving whether this reaction produces a measu@@eficit would
require spatially resolved quantitative species concentration measurements rather than the

qualitative emission imaging presented here.

Limitations and Future Directions

The present imaging results carry several caveatsiisitbe acknowledged before
future work buitls on these preliminary analys@dl.images represent liref-sight integrated
emissionthe background correction applied here is an approximation, and the Pearson R value
should be treated as indicative rather than definitiavever, one of these limitations affect
the qualitative conclusions drawn from the spatial emission maps and difference image, which
are robust to moderate changes in backgroural bwd normalization choice, but they define a

clear path for improving the rigor of this analysis in future work.
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Extending this imaging approachNiJemissionandperforming simultaneous three
species correlation amo@NIOHY andNHOwould provide a substantially more complete
picture of the spatial reaction zone structure and could serve as a direct test of kinetic model
predictions for intermediate species distributions at high preskB+Eo[. Most directly,
spatially resolved imaging or spectroscopy targeting NCO emission would allow the product side
of theCNO+ OHZ2 HO+ NCO reaction to be characterized alongside the reactant distributions
documented here, providing a uniquely complete spatial picture of this pathway-jorésgre
NM combustion and a direct test of whether the spatigresence confirmed in this wo

translates to measurable reaction progréss [

Conclusion

This chapter set out to establish a comprehensive spsatvalyfor high-pressure
nitromethane combustiofhe intent was for this survey to beoad enough to serve as a
reference for future diagnostic and mechanistic work under bethdgipendent and air
supported conditions. That goal has been matthermore, the survey spectra in both air
independent and asupported atmospheres show clearly st combustion isa considerably
more complex systemthann e mi ght a s sstatmseas @sinhgmanopidpéidast.

Across the 300035 nm window, the flame produces identifiable emission from at least
six molecular species, a persistent alkali contamination signature, and a number of spectral
features that remain unassigned at the resolution of the present instrunegbiNiolet and
red systems together span from the ndtaviolet to the neainfrared, indicating thaCNJs
active across a wider wavelengéngethan prior work on this system had characterized.

Importantly, the presence 6INJed system emission in the-emdependent Nflame confirms
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thatCNOgeneration atthe™ | ev e | i's intrinsic to NM decompc

pressureThisresult has direct implications for kinetic modeling of @NJlexcitation pathways
[3, 6.

The experimental desigrapable of measuring four flame typesir-independent, air
supported (integrated), essupported (decomposition), and-aupported (diffusion) proved
essential to interpreting the emission landscape. Several species and features that would have
appeared as simple background emission in a soagidition survey reveal clear condition
dependences that constrain their chemical origin.NH&equence band enhancement under
decomposition conditions relative to diffusion conditiadentifiesNHOas a direct
decomposition product. The intensity enhancement in the5006nm window under the
combined aksupported conditiosupports a cooperative fuel and air dynamic rather than
additive contributions from the individual pieces.

The filtered emission imaging presented in Sedfiextends the spectral picture into the
spatial domain and confirms th@aNJandOHJ) despite their strong correlation (Pearson R =
0.852), occupy distinct regions within the flan@NJs localized to the primary decomposition
zone whileOHOpervades the broader flame volume, a spatial hierarchy consistent with their
respective roles as an easfage intermediate and a more persistent pregldetradical. This
result illustrates the kind of information that spatially resolved diagnostigsrosige that
spectral surveys alone cannot and motivates the extension of this imaging apphid&and
eventually to simultaneous mulipecies correlation.

Several important gaps remain. The spectral window below 30Where NO emission

is expected and represents a priority targetntirely inaccessible to the current detector, leaving



141
a key intermediate uncharacterized at high pressureuifesolvedstructured emission in the
5001558 nm range, present across all four conditions, suggests a stable intermediate species
population that current NM kinetic mechanisms may not fully capture. The teritidiVend
CNQassignments in the 78890 nm neaiR region require higheresolution followup
measurements under conditions directly comparable to the present survey before they can be
confirmed, and the conditieindependent unassigned feature at +73% nm has no ctent
spectroscopic explanation. Each of these gaps corresponds to afudyréo further reveal the
details of aifindependent combustion of NM.

Nitromethane has been studied as a fuel and energetic material for decades, yet this
survey demonstrates that even under-eefitrolled laboratory conditions the emission
landscape of the higbressure flame is not fully mapped and the species assignanemtst
complete Establishing which species emit, at what wavelengths, and where within the flame
they resideasdocumented in this chapter is intended to serve as the foundation from which that
mapping can continu&hese data dootactas a finaldesciption of NM combustionbut asone
of the most complete referersogurrently available for higipressure NM combustion

spectroscopy, and as a clear guide to where the most important unknowns remain.
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FigureA.2: Comparison of experimental data from theimilependent flame at 31.0 bar under
N2 to a simulated spectrum from LIFBASE showing rotational temperature of 5000 K and
vibrational temperature of 2500 K
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FigureA.3: Comparison of experimental data from theirgiependent flame at 31.0 bar under

N2 to a simulated spectrum from LIFBASE showing rotational temperature of 5000 K and
vibrational temperature of 2750 K
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FigureA.4: Comparison of experimental data from theimilependent flame at 31.0 bar under

N2 to a simulated spectrum from LIFBASE showing rotational temperature of 5000 K and
vibrational temperature of 3250 K
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FigureA.5: Comparison of experimental data from theirdiependent flame at 31.0 bar under

N2 to a simulated spectrum from LIFBASE showing rotational temperature of 5000 K and
vibrational temperature of 3500 K
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FigureA.6: Comparison of experimental data from theimilependent flame at 31.0 bar under

N2 to a simulated spectrum from LIFBASE showing rotational temperature of 4000 K and
vibrational temperature of 3000 K
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FigureA.7: Comparison of experimental data from theirdiependent flame at 31.0 bar under

N2 to a simulated spectrum from LIFBASE showing rotational temperature of 6000 K and
vibrational temperature of 2750 K
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FigureA.8: Comparison of experimental data from thed@pendent flame at 31.0 bar under air

to a simulated spectrum from LIFBASE showing rotational temperature of 6000 K and
vibrational temperature of 2500 K
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FigureA.9: Comparison of experimental data from thed@pendent flame at 31.0 bar under air

to a simulated spectrum from LIFBASE showing rotational temperature of 6000 K and
vibrational temperature of 2750 K
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FigureA.10: Comparison of experimental data from thedapendent flame at 31.0 bar under air

to a simulated spectrum from LIFBASE showing rotational temperature of 6000 K and
vibrational temperature of 3250 K
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FigureA.11: Comparison of experimental data from thedapendent flame at 31.0 bar under air

to a simulated spectrum from LIFBASE showing rotational temperature of 6000 K and
vibrational temperature of 3500 K
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FigureA.12: Comparison of experimental data from thedapendent flame at 31.0 bar under air
to a simulated spectrum from LIFBASE showing rotational temperature of 5000 K and
vibrational temperature of 3000 K
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FigureA.13: Comparison of experimental data from thedapendent flame at 31.0 bar under air
to a simulated spectrum from LIFBASE showing rotational temperature of 7000 K and
vibrational temperature of 3000 K
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FigureA.14: NO concentration profile versus distance from the burner for all four simulated
cases
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FigureA.15: Reaction contributions to NO formation and consumption versus burner distance

for all simulated cases
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FigureA.16: CHCN concentration profile versus distance from the burner for all four simulated

cases
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FigureA.17: Reaction contributions to GEIN formation and consumption versus burner
distance for all simulated cases
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