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ABSTRACT 

Liquid monopropellants are fuels capable of sustained combustion without a separate 

oxidizer, making them attractive for applications where oxygen is scarce, such as underwater or 

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 understood, and existing 

computational models describing these processes lack experimental validation under realistic 

operating conditions. 

This dissertation presents spectroscopic measurements of nitromethane flames burning at 

elevated pressures under both air-independent and air-supported conditions. Experiments were 

conducted using a custom-built high-pressure combustion assembly capable of sustaining 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 to spatially resolve individual intermediates in the flame under both atmospheric conditions. 

Measurements revealed the presence of three nitrogen-containing intermediates, CNϽ, 
NHϽ, and NH2Ͻ, that have not been previously reported in significant quantities in high-pressure 

nitromethane combustion and are largely absent from existing computational kinetic models. All 

three species were detected in air-independent 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 extracted from the spectroscopic data 

provided additional characterization of the flame environment. These experimental observations 

were found to be in qualitative agreement with new kinetic modeling simulations performed by 

collaborators, lending further support to the observed trends. 

These findings provide the first spatially resolved experimental measurements of 

nitrogen-containing intermediates in high-pressure nitromethane combustion and establish 

critical benchmarks for the validation and refinement of computational combustion models. The 

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 application-relevant conditions. 
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CHAPTER ONE 

Introduction 

Motivation 

Air -independent combustion describes monopropellants transforming into products and 

energy under inert atmospheres in contrast to air-supported combustion where fuel oxidation 

occurs in the presence of a separate oxidizing agent (e.g. O2 in air). Air-independent combustion 

does not require a separate oxidizer, but sustainable air-independent combustion of liquid fuels 

typically requires high pressures (Ó20 bar) [1, 2]. This requirement is due to monopropellants 

having to contain both their own oxidizing agent as well as the material to be oxidized. At low 

pressures monopropellant combustion kinetics are slow due to lower collision frequencies 

between reactive species. Higher pressures increase collisions between monopropellant 

molecules and the resulting intermediates, allowing for flame ignition and propagation to occur.  

While considerable work has been done studying air-supported combustion of common 

fuels including H2, CH4, and higher molecular weight hydrocarbons [3-6], much less is known 

about the steps responsible for air-independent combustion. What little modeling has been done 

often lacks direct experimental validation of speciation, spatial distribution of species, and 

temperature profiles. Most experimental data examining air-independent combustion are visual 

observations of empirical phenomena such as burning rate measurements, and a few limited 

chemiluminescence investigations [7, 8]. One reason why air-independent combustion studies 

are fewer than air-supported studies is that fuels capable of air-independent combustion are less 

common than fuels that burn in air. A second reason is that operando optical methods capable of 
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investigating air-independent combustion are limited by the extreme conditions required for 

sustained burning. 

 To better understand the steps required for air-independent combustion, quantitative data 

are needed to validate predictive mechanisms. The work described in this dissertation examines 

nitromethane (NM) air-independent combustion at high pressures. When appropriate, the air-

independent work will be compared with results from air-supported NM combustion at 

equivalent pressures. Specifically, the work will focus on the detection of nitrogen containing 

intermediates resulting from NM combustion in both air-independent and air-supported 

conditions. Focusing on species such as the cyano radical (CNϽ), the NHϽ radical and the NH2Ͻ 

radical, findings presented in this dissertation provide direct evidence that these species are 

created in air-independent combustion conditions with sufficient concentrations for excited state 

emission to be detected. Notably, most 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 over a limited length of air-independent flames. Virtually all simulations predict that 

most reactive intermediates formed during air-independent combustion are consumed within the 

first 1 mm of the flame front as species in the flame quickly converge to products. By using 

flame emission spectroscopy, these nitrogen containing 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 concentrations. This result is 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 mechanisms. In this dissertation, 

monopropellants are defined as fuels capable of self-oxidation (combustion) in inert 

atmospheres. Combustion is defined as being either air-independent (in inert atmospheres) or air-

supported (in air). Monopropellant fuels burning in air often have a bimodal structure where the 

fuel will begin to self-oxidize 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 air-supported 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 racing [16].  Liquid propellants enjoy several advantages over solid-state 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 used in a variety of 

applications listed above and range from small molecules, such as hydrazine, NM, or IPN, to 

larger ones, such as petroleum-based liquids, and even multicomponent fuels like Otto fuel II 

(OF-II) 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 dissertation. OF-II is comprised of 76% 

propylene glycol dinitrate, 22% dibutyl sebacate, and 1.5% 2-nitrodiphenylamine 

 

One of the earliest monopropellants was hydrazine [17]. This fuel was originally used for 

spaceship thrusters [18, 19]. NM is another monopropellant 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 C-Stoff was hydrazine, and it was combined with T-Stoff to 

be used as a multicomponent air-supported rocket fuel by the Germans in WW2 [24, 25]. 

Another example of a monopropellant mixture is OF-II which, is a ternary mixture, that is used 

by the U.S. Navy in torpedoes [26]. 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 completely, leading 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. However, air-independent combustion is 

different. Air-independent combustion requires high-pressure for efficient heat transfer to non-

combusted liquid fuel. This heat-transfer sustains the fuel vaporization and combustion leading 

to branching chain reactions that propagate and self-sustain the overall process. As pressure 

increases, the flame reaction zones are reduced in length, leading to more reactions occurring 

closer to the liquid propellant surface [21]. 

An example of the disparity between air-supported and air-independent monopropellant 

combustion is NM. In air-supported applications, NM combusts at pressures as low as ~0.05 bar. 

Under air-independent conditions, however, NM requires a minimum pressure of 28 bar to 

sustain combustion reactions. These differences imply changes in combustion mechanisms and 

speciation during the combustion process. These observations also highlight the challenges of 

studying air-independent combustion in sustained flames: direct, species-specific 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 they must also 
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be quantified whenever possible. In the absence of absolute quantitation, relative concentrations 

of species in flames are the next best metric to compare with simulated predictions. 

The vast majority of experimental data about air-independent monopropellant 

combustion has come from shock tube studies [27-31] where ignition delay times and speciation 

as a function of time were measured. However, the majority of shock tube studies are single 

combustion events occurring very rapidly, meaning that steady-state flame behavior and time-

dependent flame evolution are not a part of the recorded data.  Finally, shock tubes measure pure 

gas phase combustion which is not the same as combustion originating from liquid propellants. 

Stabilized liquid propellant flames are more appropriate systems to study when considering 

combustion in sustained applications. 

Stabilized flames create a time-independent, steady-state system where multiple, 

independent measurement methods can be used to identify species, characterize spatial 

distributions, and, provided that spectral data are sufficiently well resolved, determine 

temperatures. Air-supported flames are defined in one of two ways. The first is premixed flames 

that have the fuel and oxidizer mixing prior to the flame front. The second is diffusion flames 

where the oxidizing agent (usually air) diffuses into the flame. These distinctions matter when 

comparing experimental results to kinetic models, as flame structure and species distributions 

vary not only between air-independent and air-supported combustion, but also between premixed 

and diffusion experiments. The 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 

chemiluminescence [32-36], laser induced fluorescence [37-41], laser absorption [42, 43], and 
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Raman spectroscopy [36, 44, 45]. For NM combustion, most studies have focused on diffusion 

flames with some premixed flames using chemiluminescence and/or mass spectrometry [32, 34, 

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 LPSBs have been used to study combustion at pressures ranging from 

atmospheric up to as high as 3000 bar [21, 32, 51-54]. LPSBs consist of a straw (or 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 time-resolved imagery.   

To our knowledge, only two groups have examined high pressure NM combustion. 

Kelzenberg et al. performed experiments with 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 measured the OHϽ A2Ɇ+ XO2Ʉi 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 in air-independent environments, although mechanisms are 

likely to change with higher pressure conditions [20, 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 up to 345 bar [20, 21]. In 

these studies, however, Boyer et al. 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 



8 

 

of this work focused on burning rates and comparing them to simulated burning rates up to 100 

bar. This updated LPSB design served as an inspiration for the combustion assembly used in our 

studies [55]. Our assembly allows for both air-independent and air-supported combustion of NM 

up to 110 bar and has three optical access ports allowing for characterization. This assembly uses 

a continuous flow LPSB that maintains a constant, small positive pressure (~3-5 psi) 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 are several 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 

otherwise 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 approximately 90 minutes at 450 psi and 

depleting more quickly at higher pressures. 

The overall goal of this burner is to study OF-II monopropellant combustion. However, 

with how complex this OF-II is, this dissertation focuses on NM combustion due to its 

simplicity, availability, and abundance in literature [9, 20, 21, 28, 31, 56-59]. 

Liquid Propellants 

 As noted earlier, liquid propellants can have two types of combustion. Air-supported 

combustion requires a separate oxidizer. This type of combustion is primarily used between 1 

and 30 bar and used in engines for cars (gasoline or diesel) or a variety of different rockets. The 

other type is air-independent combustion where the fuel acts as its own oxidizer. This type of 
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combustion is used primarily in applications where a secondary oxidizer is unavailable such as in 

outer-space or underwater and carrying a separate oxidizer is either too costly or not possible due 

to volume considerations. Some examples and their uses, past and present, are noted below. 

Hydrazine (N2H2) is one of the oldest and most common propellants and has been around 

since the Germans were using it in a fuel mixture called C-Stoff for rockets [24, 60]. Anhydrous 

hydrazine as a monopropellant was demonstrated at the Jet Propulsion Laboratory in 1953, and 

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 launchers [24]. Nowadays, most military, commercial, and scientific 

satellites in orbit now use hydrazine propulsion for altitude control [61-63]. However, hydrazine 

is exceptionally toxic and thus, has motivated research into ñgreenò or less hazardous 

monopropellants. 

IPN (C3H7NO3) has been used in air-supported combustion applications such as jet 

engines and in air-independent applications such as rockets.  IPN has several advantages over 

hydrazine, such as being less toxic, less corrosive, less sensitive to detonation, and less expensive  

[64].  IPN as a monopropellant was first characterized in 1960 when researchers reported 

burning rates and flame temperatures [13]. Apart from that initial work, however, IPN 

combustion went largely unexplored until the 2010s when reports began focusing on IPN burn 

rates, laminar flame speeds, and ignition delay times [9, 11, 15, 65].  

A final example of a monopropellant fuel used in air-independent applications is Otto 

Fuel II (OF-II). OF-II is a ternary mixture, containing about 75% propylene glycol dinitrate as 

the monopropellant, 23% dibutyl sebacate as a desensitizer, and 2% 2-nitro-diphenylamine as a 
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radical scavenger (Figure 1). OF-II has 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 

ñgunkò or uncombusted/partially combusted fuel. These deposits are not only detrimental to the 

engine and the environment but also represent wasted energy that could improve torpedo range 

and/or velocity. OF-IIôs combustion mechanism is not well understood and the little 

experimental data that exist are limited to only limited burn rate measurements and incomplete 

kinetic models [15, 66, 67]. While Swami and coworkers were able to combust and maintain OF-

II monopropellant combustion above 20 bar, they were only interested in its burning rate and 

comparing results to IPN-dibutyl sebecate mixtures [15]. Fuller and Goldsmith computationally 

modeled OF-II combustion predicting water, CO and NO being the primary products [66]. 

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 OF-II combustion, scaling up to this heterogeneous, high molecular weight fuel 

presents challenges, so initial efforts to optically interrogate high-pressure, air-independent 

combustion processes have begun with a simpler monopropellant fuel, nitromethane. 

Nitromethane ï Mechanisms 

The simplest nitroparaffin is nitromethane [68], and NM has been studied as a ñgreenò 

monopropellant for in-space propulsion systems. NM can be used in both air-supported and air-

independent conditions, although it requires 28-30 bar for combustion in air-independent systems 

[9, 20, 55, 68, 69]. The high pressures are required as turbulence enhances the ignition and 

combustion kinetics allowing for sustained propagation [70]. 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 in air-independent studies [71]. 

However, switching fuels from hydrazine to NM requires updates to engine design due to 

increased chamber temperatures produced during NM combustion [71]. Nevertheless, with 

stabilizing additives, NM remains a very attractive monopropellant [20, 21, 72].  

NM was first used as a rocket monopropellant in the 1930s by Luigi Crocco for the 

Italian Rocket Society [20, 21, 73]. NM was then tested in the 1940s and 50s by the United 

States and Israel in rocket chambers, gas generators, and torpedoes [69]. Flow calorimetry 

studies in the 1950s investigated NMôs thermodynamic properties in support of its evaluation as 

a fuel [74, 75], but interest in NM waned due to hydrazineôs popularity until the 1980s when 

preliminary investigations into catalyst bed materials with NM were performed [76, 77]. 

Research into NM combustion accelerated in the 1990s and 2000s, when a multitude of kinetic 

models describing NMôs combustion were published. The majority of these models included 

over 30 species and hundreds, if not thousands, of elementary reactions [21, 28, 31, 78]. 

However, only a few groups looked at high pressure, air-independent combustion. One group, 

Boyer et al. noted earlier, assumed a two-part model where the first stage described the 

unreacted liquid 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 experimentally validate their 

proposed mechanism.  
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Another group, Mathieu et al. described NM combustion data collected from shock tube 

and microreactors over a variety of conditions [58]. 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 anticipated ï CO and H2O ï 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 species-specific, quantitative experimental data 

at various pressures to develop more accurate models. 

One of the first complete mechanisms describing air-independent NM combustion was 

proposed by Glarborg et al [28]. These authors also re-examined previously reported shock tube 

data and developed a more sophisticated mechanism identifying CH3Ͻ, NO2, and CH2NO2 as 

important reaction intermediates [28]. The authors assumed C-N bond scission as the first step 

and noted that while C-N bond scission dominates at high pressures, and hydrogen abstraction 

may become more prevalent at lower pressures. However, Glarborg, et al.ôs mechanism was only 

validated up to 6 bar, a pressure much lower than conditions required for sustained NM 

monopropellant flames. 

Following these early reports, reaction rates for the initial stages of NM decomposition 

were confirmed by Zhang et al., although they suggested that subsequent reaction rates should be 

re-examined and additional pathways included [59]. Their models were developed for NM/O2/Ar 

laminar flames and were based on previous work done by Glarborg et al. [79] and their own 

earlier studies [80]. All of Zhang et al.ôs experiments were performed in a chamber using tunable 

synchrotron vacuum ultraviolet radiation as a photoionization source. This chamber was filled 



13 

 

with a mixture of NM/O2/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 measurements. The authors reported good agreement 

between their experimental and kinetic models, were able to identify ~30 species using mass 

spectrometry and chemiluminescence, and were able to propose a model containing 88 species 

and over 700 elementary reactions. As with the work from Glarborg, these studies were not 

performed at pressures needed for sustained NM air-independent combustion. 

 

 
Figure 2: Experimental and modeling mole fraction profiles of the major species in all three NM 

flames from Zhang et al. [59] 
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Figure 3: Experimental and modeling mole fraction profiles of the different intermediates in all 

three NM flames from Zhang et al. [59] 

 

 Several observations stand out in Zhang, et al.ôs results. First, virtually all products are 

produced, and all intermediates are consumed within the first 10 mm of the flame. Second, while 

the modeling for the products reproduces experimental observations reasonably well, the same 

cannot be said for the intermediates. Some of the intermediates are over- or under-predicted 

depending on the fuel:air ratio. For some, the models seem to incorrectly predict where the max 

concentration should be, with higher equivalence ratios pushing the distribution further away 

from the flame front than predicted in most cases. The authors note that the first step in their 

model is C-N bond scission and that NO plays a strong role in controlling hydrocarbon reactions. 
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Two other groups who explored NM decomposition and oxidation are Shrestha et al. [47] 

and Sheehe et al. [34]. Shrestha et 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 maintain an elevated temperature of 433 K (170ęC) to avoid condensation of products. 

The two experimental techniques they used were gas chromatography and Fourier Transform 

Infrared IR absorption. Shrestha et al. based their kinetic models off of previous modeling using 

rate constants from Glänzer et al. [81] and products from Glarborg et al. [28]. Shrestha et al. 

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

between experimental and calculated results.  

 

 
Figure 4: Detailed reaction mechanism for NM/He pyrolysis at 1.07 bar and 780 K from Shrestha 

et al. Blue lines are based on N-atom and black lines for C-atom. ñthermò and ñisoò refer to 

thermal dissociation and isomerization, respectively [47] 
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From their work, the authors concluded that among nitrogenous species, NO is a major 

product in both combustion assemblies, and that thermal dissociation (nitrogen-carbon bond 

scission) is the main pathway for NM decomposition. However, like Mathieu et al, Shrestha et 

al. noted that more work needs to be done regarding rate parameters for NM mechanisms.  

Sheehe et al. examined laminar, air-supported 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 to the wick surface via surface tension and they used flame 

emission spectroscopy to measure products and intermediates. Their kinetic model incorporated 

previous work done by Brequigny et al. [46] and Mathieu et 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 illustrates how concentrations 

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 having fuel-rich ratios. However, 

studies from Shrestha et al. and Sheehe et al., while suggestive of possible intermediates and 

products, were not performed at high-pressures where the earlier work from Boyer et al. strongly 

suggest that reaction mechanisms change. 
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Figure 5: Sheehe et al. [34] comparison of model and experiment. The predicted mole fraction 

profiles are shown in a) with solid lines being the Brequigny mechanism and dashed lines being 

the Mathieu mechanism. Their experimental profiles from x = 0 to x = -1.3 mm (Sheehe et al. 

measured laterally along the flame) are shown in b) 

 

 When considering high-pressure combustion mechanisms, the molecularly-resolved 

models are sparse. Mathieu et al. [58, 78] proposed a mechanism based on pervious work from 

Brequigny et al. [46] and Annesleyôs et al. [56] mechanisms. Mathieu et 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 Bauer [31], Hsu and Lin [29, 82], 

Glänzer and 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 reactions are more important, 
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the details about dominant elementary steps depend on specific environmental conditions such as 

pressure. However, again, the authors noted the need for improved experimental work. 

 Boyer and Kuoôs mechanism describing high pressure (30bar) NM monopropellant 

combustion [21] sought to improve upon Kelzenbergôs model [32]. Boyer and Kuo based their 

model on the RDX (Hexahydro-1,3,5-trinitro-1,3,5-triazine) reaction work done by Yetter et al 

[83] along with decomposition models proposed by Glarborg et al. [28]. The Boyer and Kuo 

model was grouped into three different zones. The first zone described NM decomposition from 

the C-N bond scission. Products in this zone were dominated by NO and CH4 and a relatively 

cool flame (<1300 K). The second zone consumed most remaining intermediates and included 

partial combustion of NO and CH4. Zone 2 was slightly hotter ranging from 1300 K to 1800 K. 

All remaining NO and CH4 was combusted in Zone 3 along with lingering intermediates. Final 

product speciation was complete in Zone 3, and this final zone was predicted to be much warmer 

at 2500 K. Boyer and Kuo noted that the dominant first step in air-independent 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 no other observable that could 

experimentally validate their proposed mechanism. The modeled data from this study are shown 

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

 

 Schwind et al. [14, 84] and Sinrud et al. [35, 36] have reported work focused on NM 

combustion in both air-independent and air-supported atmospheres at elevated pressures. 

Schwind et al. used a continuous LPSB and measured ignition temperatures as well as burning 

rates for NM under both conditions from 30 bar to 80 bar. This work showed that the ignition 

temperature is similar under air-supported conditions at increasing pressures, but the ignition 

temperature increases with pressure under air-independent conditions [84]. The authors were also 
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able to show a pressure dependence of the NM burning rate under air-independent conditions 

[14]. Sinrud et al. focused on speciation data for the rovibrationally excited water and hydroxyl 

radical. The authors used the same LPSB design as Schwind et al. and their studies identified 

strong emission from the (3,0,1) and (1,0,3) states of highly vibrationally excited H2O, as well as 

show a difference in CO and CO2 produced by NM combustion under air-supported and air-

independent conditions using FT-IR absorption spectroscopy. By dispersing emission onto a 

camera, Sinrud et al. were able to spatially resolve 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, Sinrud et al. reported 

calculated product speciation under air-independent (Figure 7) and air-supported conditions 

(Figure 8). These predictions are important as they provide a direct basis for comparison with 

spectroscopic work described given the absence of high-pressure kinetic models in the literature. 

 

 
Figure 7: Calculated products as a function of distance for air-independent conditions at 27.5 bar 

from Sinrud et al. [85] 

 



21 

 

 
Figure 8: Calculated products as a function of distance for air-supported conditions at 27.5 bar 

from Sinrud et al. [85] 

 

To conclude this section describing prior work studying NM combustion, most 

mechanisms describing elevated pressure NM combustion begin by assuming, as Glarborg first 

proposed, that the dominant initial reaction is the C-N bond scission. Most mechanisms also 

assume that NO plays a very important role in both air-independent and air-supported 

combustion. Several reports address pressure dependent NM combustion, and shock tube studies 

have proven useful in identifying intermediates, products, and dominant reactions. However, as 

noted above, while shock tube experiments are instructive when considering the early stages of 

NM ignition, findings donôt necessarily transfer to sustained flames where conditions can be 

evolving on 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 products in air-independent, high-

pressure flames are largely absent in the literature. This knowledge gap motivates the work 

described in Chapters 2, 3 and 4. 



22 

 

Spectroscopic Investigation 

In general, optical measurements intended to probe flame properties fall into two 

categories: passive and active. Passive measurements simply measure emission from the flame 

[32, 34, 68, 86-93]. Optical pyrometry attempts to fit the flameôs overall 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 limitation of 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 above, earlier work by Sinrud, et 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 fluorescence (LIF) [37, 38, 94-99], laser absorption spectroscopy 

[42, 43], and Raman spectroscopy [44, 45, 36]. LIF is species-specific and is able to probe 

ground state species in contrast with emission studies that require a pre-existing excited state 

population. LIFôs ability to quantify a species concentration can be challenging. Laser absorption 

spectroscopy works 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 noted above, adiabatic flame temperature is an important diagnostic for validating 

computational models. Temperatures can be determined from the flameôs blackbody emission. If, 

however, intermediates and/or products have not thermalized with the adiabatic flame 

temperature, then being able to resolve rovibrational features in emission spectra allow 



23 

 

vibrational and rotational temperatures to be determined from spectral fitting. Discrepancies 

from the flame temperature and these calculated temperatures provide insight into reaction 

mechanisms responsible for forming the species in question. For example, OHϽ, produced during 

NM combustion, exhibits vibrational temperatures roughly 1000 K higher than their 

corresponding rotational temperatures. This indicates that the OHϽ population 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 collision frequency to equilibrate. Spatially resolving these 

temperatures along the flame further shows that chemical excitation pathways dominate OHϽ 

formation near the primary reaction zone, while thermal excitation pathways dominate further 

downstream as vibrational and rotational temperatures gradually converge. Chemiluminescence 

is not the only optical technique that can be used to obtain non-thermalized temperature 

distributions. LIF can also be used to determine temperature in 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 and anti-Stokes fluorescence [96] (a method 

also available to Raman measurements).  

A second important quantity that comes from spectroscopic measurements of species in 

flames is concentration. Calculated kinetic models report on a variety of products and 

intermediates. The most common reported products are H2O, NO, CO2, and CO while the 

common intermediates are HCN, NO2, CH3Ͻ, N2O, and OHϽ. Being 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 be used to determine relative 

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 used to directly compare the relative 

concentrations of two different excited state species in a flame with parts per thousand accuracy. 

The rest of this section focuses specifically on chemiluminescence or flame emission 

spectroscopy, the 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 chemiluminescence has specific 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 vibrational and rotational states accompanying the electronic 

transition. Figure 9a shows the general scheme for rovibronic transitions. For transitions within a 

single electronic state, Figure 9b shows representative ro-vibrational transitions occurring 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 and small polyatomic species commonly observed in combustion 

environments (e.g., CNϽ, NHϽ, CHϽ, and N2
+), rotational structure is often described using the 

rigid rotor approximation. In this model, rotational energy levels are given by 

Ὁ ὄὐὐ ρ 

where ὄ is the rotational constant and ὐ is 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 rules control those rotational transitions that are 

spectroscopically allowed. For most electronic and rovibrational transitions in diatomic 

molecules, the primary rotational selection rule is 
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ɝὐ ρ 

These transitions give rise to two principal spectral branches: 

¶ R branch: ɝὐ ρ 

¶ P branch: ɝὐ ρ 

In some electronic transitions, particularly those involving appropriate changes in angular 

momentum coupling, a Q branch (ɝὐ π) 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 ὐ. The relative spacing between adjacent lines is determined by 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 increasing ὐ, causing 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 respect to ὐ approaches zero. 

For a transition between two electronic states with rotational constants ὄ(upper) and 

ὄ (lower), the line positions depend explicitly on the difference ὄ ὄ . If ὄ ὄ , rotational 

lines in the R branch progressively move closer together with increasing ὐ, eventually forming a 

sharp convergence point known as an R-branch band head. Conversely, if ὄ ὄ , convergence 

occurs in the P branch. At the band head, the derivative of the transition wavenumber with 

respect to ὐ becomes zero. Beyond this point, the ordering of rotational lines reverses direction, 

producing the characteristic ñdegradationò of the band toward longer or shorter wavelength 
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depending on the sign of ὄ ὄ .  The shape of these band heads is an important observable 

that helps identify emitting species in a flame. 

Figure 10(a) illustrates a representative P-branch band head for the N2
+ (BïX) electronic 

transition calculated using data from the HiTran data base [100]. In this spectrum decreasing 

rotational line spacing is observed approaching the head. Figure 10(b) shows an R-branch band 

head for a rovibrational transition of H2O. 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. 

 

 
Figure 10: A P branch for the N2

+ (B-X) electronic transition and H2O (3,0,1) to (0,0,0) 

vibrational transition. N2
+ was simulated at 2,700 K using Lifbase and H2O was simulated at 

2,000 K using HITRAN [100] data in PGOPHER [101] 
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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 valuable information for 

temperature calculations and species identification [35, 36, 102-104]. 

Spectral and spatial information contained in flame emission can be collected in 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 extracted. Some 

examples would be band 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 one-dimensional (1D) spectrally resolved imaging, an 

image of the flame is focused onto a narrow entrance slit of a spectrograph. The slit selects a thin 

vertical slice of the flame, which is then dispersed by a diffraction grating and projected onto a 

two-dimensional detector array. In this configuration, one axis of the detector corresponds to 

wavelength while the other axis corresponds to height along the flameôs long axis. Each 

horizontal row of pixels therefore represents a fully resolved emission spectrum originating from 

a specific vertical location within the flame. An example is shown in Figure 11. 

This 1-D imaging leads to spatially resolved spectra having the highest spectral resolution 

(depending on the grating being used).  In principle, the finest vertical resolution that this method 

can achieve is 50 mm given the imaging optics and pixel size.  In practice, small fluctuation in 

flame height during and experiment limits vertical resolution to ~0.5 mm. Because the slit 

integrates emission along the line of sight, the resulting measurement represents a path-
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integrated average through the flame depth. Nevertheless, 1D spectral imaging remains a 

practical compromise between spatial and spectral resolution for many laminar flame 

configurations.  

 

 
Figure 11: 1D spectrally imaged chemiluminescence showing the CNϽ (B-X) electronic 

transition. The R (0-0) branch is the rotational R branch of the 0-0 vibrational transition of the 

electronic (B-X) transition. The R (1-0) branch is a similar R branch transition of the (A-X) 

electronic transition but for the 1-0 vibrational transition. 

 

An alternative approach emphasizes spatial distribution over 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 or spectral band system. The filtered emission is then imaged directly onto a CCD, 

R (0-0) R (1-0) 
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producing a planar intensity map seen in Figure 12. Unlike the 1D dispersive collection 

described above, this 2D 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 concentration, 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. 

 

 
Figure 12: 2D CNϽ chemiluminescence image taken for 31 bar air-independent flame of NM 

using a 390 nm bandpass filter with a 10 nm bandwidth. The 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 CNϽ (or NHϽ) emission bands, while 1D spectrally resolved measurements provide the 

detailed rovibronic structure required for determining a species rotational and vibrational 

temperature. 

Objectives 

The initial objectives of this work focused on characterizing high-pressure NM 

combustion under both air-independent and air-supported conditions, with particular emphasis 

on identifying C2 emission as a marker for soot formation pathways. Early experiments, 

however, failed to produce any detectable C2 emission despite its expected presence. While C2 

emission was notably absent, nitrogen-containing intermediates were readily apparent, 

particularly CNϽ, NHϽ, and NH2. Given that these species were unexpected and largely absent in 

most previously published models describing NM combustion, our work shifted to nitrogen-

containing intermediates and the roles they play in high-pressure NM combustion chemistry. 

With this revised focus, three specific hypotheses were developed to guide the 

experimental work: 

1. Excited state CNϽ emission will be strongly suppressed under air-supported 

conditions due to oxidation of CNϽ through O2 mediated pathways. This 

hypothesis stemmed from simulations by Glarborg et al. predicting that O2 reacts 

readily with CNϽ to form NCO. This hypothesis was supported by measurements 

showing that CNϽ is present only when O2 is absent. CNϽ emission was observed 
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only in air-independent flames and in the decomposition part of air-supported 

diffusion flames. 

2. Based on observations of rovibrationally excited water and OHϽ we expected that 

CNϽ would be rotationally thermalized but have an elevated vibrational 

temperature. This hypothesis turned out to be false, as the CNϽ emission could 

only be fit to rovibrational distributions that had elevated vibrational temperatures 

and even higher (non-thermal) rotational temperatures.   

3. Excited state NHϽ and NH2Ͻ should exhibit emission behavior similar to CNϽ, with 

detectable emission under air-independent conditions but suppression in the 

presence of oxygen. Given that NHϽ and NH2Ͻ are nitrogen-containing 

intermediates in NM decomposition, and that CNϽ, another nitrogen-containing 

radical, is known to be consumed by oxidation reactions, oxygen availability was 

expected to reduce their populations in a manner consistent with CNϽ. This 

hypothesis was supported by measurements showing that NHϽ and NH2Ͻ emission 

is present in air-independent flames and in the decomposition piece of air-

supported flames but is absent in the diffusion piece where oxygen is available. 

Integrated NHϽ/OHϽ emission intensity ratios further quantify the relative 

abundance of these intermediates under both atmospheric conditions, and kinetic 

modeling qualitatively reproduces the observed suppression of both species with 

increasing oxygen content. 

Testing these hypotheses required stable, reproducible, high-pressure flames with 

sufficient optical accessibility for spectroscopic interrogation. The LPSB described above 



33 

 

provided this capability, allowing for sustained air-independent and air-supported NM flames at 

a variety of pressures. Flame emission spectroscopy was used as 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 high-pressure NM combustion. Spatially resolved emission measurements 

characterize CNϽ and NHϽ behavior under air-independent and air-supported pressures not 

previously reported in literature. Temperature and spatially resolved emission extraction from 

CNϽ, spatially resolved emission of NHϽ, and their relative excited state concentrations, provide 

validation targets for kinetic models under conditions where experimental data remain scarce. 

These experimental observations are further supported by kinetic modeling simulations carried 

out by collaborators, showing qualitative agreement with the key trends in this work. Together, 

these results establish a more complete experimental picture of air-independent and air-supported 

NM combustion at elevated pressures and provide a foundation for future refinement of the 

kinetic mechanisms that govern monopropellant combustion chemistry.  
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SPECTRALLY AND SPATIALLY RESOLVED B2S+ XO2S+ CNϽ EMISSION IN AIR-

INDEPENDENT AND AIR-SUPPORTED NITROMETHANE FLAMES AT HIGH 

PRESSURE 
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Rhode Island 02912, USA 

Abstract 

Spectrally resolved B2S+ XO2S+ emission of the cyano radical (CNϽ) is measured in 

flames formed from liquid nitromethane (NM) combustion in both air-independent (AI) and 

air-supported (AS) atmospheres. Findings are compared with results from modeling studies 

focused on CNϽ production and consumption as a function of O2 content. All experiments are 

performed using a liquid newly developed liquid propellant strand burner under 31.0 bar of N2 

(air-independent) or air (air supported). Consistent with previous reports, NM combustion in air 

is characterized by a two-tiered flame structure that includes NM decomposition in the absence 

of O2 and a second region where O2 diffuses into the combusting mixture. CNϽ emission is 

spatially resolved in both air-independent and air-supported flames and is present only in flames 

that are not accessible to O2. Fitting the spectra leads to vibrational and rotational temperatures. 
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Based on calculated flame temperatures, the vibrational population of excited state CNϽ appears 

close to thermalized (Tvib = 3000K) while Trot (Ó5000 K) reflects a distinctly non-equilibrium 

rotational distribution. Low resolution spectra covering a wider wavelength range are used to 

determine that the excited state CNϽ population in air-independent flames is ~103 times less than 

the excited state OHϽ population (in its A2S+ state). This result is ~10x smaller than population 

ratios calculated from simulation. Possible CNϽ production sources are considered as are the 

roles CNϽ can play in both air-independent and air-supported 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 densities [1, 2], making 

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 air-independent environments. Examples of monopropellant 

fuels include hydrazine (N2H2) 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 applications.   

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, 

CH3NO2) (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, and torpedoes [3] where it 
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combusts at pressures above 28 bar [2, 4-6]. High pressures are needed as turbulence enhances the 

ignition and the combustion kinetics, allowing for sustained propagation [7]. 

 

 

Figure 1: Nitromethane structure 

 

Nitromethane has also been studied as a green alternative to hydrazine, given NMôs larger 

gravimetric specific impulse, relatively small health risk index, and modest carbon index.  In 

almost every respect, NM outperforms hydrazine in air-independent combustion applications. 

However, NM requires higher chamber temperatures than hydrazine, meaning that replacing 

hydrazine with NM entails re-engineering combustion assemblies [8]. Stable NM monopropellant 

combustion also has a strong pressure dependence and requires chamber pressures above 30 bar 

for stable, air-independent flames [3]. Both challenges have led to NM not being widely adopted 

as a practical source of air-independent propulsion. 
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For the few studies that do investigate NM combustion in inert atmospheres [2, 6, 9, 10], 

most available data are limited to regression rates and a small set of chemiluminescence data [11] 

that do not spatially resolve concentrations of intermediates/products or temperatures with enough 

resolution to validate proposed mechanisms. Most experimental studies use strand-type high-

pressure burners consisting of a tube, generally quartz, that is filled with the liquid propellant and 

contained in a high-pressure 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 air-supported NM combustion studies. Some of these reports describe shock-tube 

experiments where high-pressure combustion reactions are complete on the millisecond or shorter 

time scale [12, 13]. In other air-supported 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 out at 0.99 bar (1 atm) rather than the Ó30 bar 

required for monopropellant combustion [14, 15].  

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 pressure [15-18]. However, 

shock tube studies are limited to gas phase mixtures, and experiments can only sample combustion 

reactions occurring during the first few milliseconds after ignition. Missing are the bridges 

connecting early-stage combustion processes to the chemical reactions that occur in a steady-state 

flame environment.   

Directly identifying mechanisms responsible for NM combustion in inert atmospheres is 

challenging. Operando measurements must be made at high pressures and, ideally, with stable, 
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sustained flames. Methods must be able to resolve specific molecular speciesðboth products and 

intermediatesðand do so as a function of location in the flame. Being able to resolve individual 

ro-vibronic 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. A 

recent study of high-pressure, air-independent nitromethane combustion reported highly 

vibrationally excited water as a product formed throughout the entire ~1.2 cm flame [19].  With 4 

quanta 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 Trot relative to the calculated adiabatic flame temperature [20, 21]. A second study mapped 

the spatial distribution of excited state OHϽ within air-independent and air-supported flames, 

noting that in both conditions, Trot appeared thermalized while Tvib was ~1500K higher than the 

expected flame temperature [22]. 

Most mechanisms describing NM combustion (both air-independent and air-supported) 

predict the first step to be C-N bond scission. However, at very high pressures, Shaw et al. suggest 

that hydrogen transfer is the rate controlling step and not C-N bond fission [23].  At lower pressures 

hydrogen abstraction is expected to play a very minor role in NM combustion [17]. The primary 

products predicted to form from air-independent NM flames are HCO, CH4, NO, H2O, and CO2.  

Particularly relevant for the studies described below are the nitrogen-containing products.  

Modeling studies predict that the most abundant N-containing product should be nitric oxide (NO), 

with minor amounts of NCO and HCN accounting for the remaining nitrogen. The important 

nitrogen-containing intermediates are predicted to be NO2 and NH. A summary of different NM 

combustion models in both air-independent (decomposition) and air-supported (diffusion) 
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environments is shown in Table 1 with a column listing specific N-containing species in each 

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

diffusion and decomposition flames. 

Authors Type (AI or AS) Measurement/Sim N Species Pressure 

Glarborg [24] AI Shock tube NO 0.5 ï 6 bar 

Mathieu [16] AI Shock tube NO2 2.02 ï 35.46 bar 

Boyer [9] AI Simulated NO 30 bar 

Zhang [18] AS Photo Ionization NO, NO2, 

HCN, N2O 

0.046 bar 

Sheehe [15] AS Flame Emission HNO, NO, 

CNϽ 

0.776 bar 

Sinrud [25] AI and AS Simulation HCN, NO, 

NH3 

27.5 bar 

Kelzenberg [11] AS Simulation CNϽ, NHϽ Up to 40 bar 

Brequigny [14] AS Laminar burning 

velocity 

NO 0.5 ï 3 bar 

Tian [26] AS Molecular Beam 

Mass Spectroscopy 

and tunable vacuum 

ultraviolet 

synchrotron photo 

ionization 

NO, NH3, 

HCN 

0.0467 bar 
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Tricot [27] AI and AS Simulation NO, NO2, 

HCN 

0 ï 0.53 bar 

Guirguis [28] AI Shock tube, Mass 

Spectroscopy, and 

IR 

NO, NO2, 

HCN 

1.01 ï 10.13 bar 

Burke [29] AI Simulation NO, HCN 689.48 bar 

Weng [30] AI and AS Photoionization and 

Simulation 

NO, NO2, 

HCN 

0.0066 bar 

Shrestha [17] AI and AS GC, IR, and 

Simulation 

NO, NO2, 

HCN 

1.07 bar 

Juchmann* [31] AS LIF CNϽ, NO 0.013 bar 

Branch* [32] AS LIF NO, NO2, NHϽ, 

NH2Ͻ, CNϽ 

0.073 bar 

* - 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 0.5 ï 1.0 mm of the flame front, although 

validating experimental evidence supporting these models is sparse.  These 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 air-supported atmospheres). However, as noted above, most NM 

Table 1 Continued 
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combustion mechanisms developed to describe high pressure combustion in inert atmospheres rely 

on data from short-duration shock tube experiments or from simple burn rate measurements.  For 

example, Boyer and Kuo note that experimental and calculated burning rates 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 higher-pressure regime 

[9]. While intuitively appealing, this hypothesis remains to be tested. Schwind, et al. reported that 

NM ignition also shows a strong pressure dependence under inert conditions, rising 

discontinuously from ~500 K to ~600 K in air at pressures above ~4 MPa (40 bar) [33].  Schwind, 

et al. and Ambekar et al. have also noted that NM flames in high pressure, air-supported 

atmospheres show a distinct two-tiered structure with a lower flame being formed under 

decomposition conditions where air cannot affect combustion, and a diffusion flame that forms 

with O2 present several millimeters above the decomposition flame [4, 10]. 

Findings described below report on the presence and distribution of excited state cyano 

radicals (CNϽ) in air-independent and air-supported NM flames burning in N2 and air atmospheres 

of 31.0 bar. Specifically, optical emission spectroscopy resolves vibronic transitions in CNϽôs 

B2S+ XO2S+ band at 383-387 nm. These results are important for several reasons. First, many 

models do not consider CNϽ as a reactive intermediate in NM combustion chemistry. Second, CNϽ 

B2S+ XO2S+ emission is only present in flames when air is absent. Spatially resolved spectra show 

that emission extends throughout the flame in N2 but is present only in the decomposition portion 

of the air-supported NM flame. Third, careful measurements quantify the amount of excited state 

CNϽ in both N2 and air-supported (decomposition) flames relative to the amount of excited state 

OHϽ present 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 CNϽ emission spectra show that these excited state radicals are characterized by 

rotational temperatures that are considerably higher than both CNϽ vibrational temperatures and 

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 Engineering, Inc. The LPSB has a ıò (o.d.) 

quartz tube surrounded by a 4 in. diameter stainless steel chamber rated for high pressure. A series 

of ıò stainless steel tubes connect the quartz straw to a liquid propellant reservoir. The reservoir 

is pressurized with N2 gas that flows downstream to a ceramic filter and then a micro-orifice (89 

microns) with a differential pressure transducer that measures the pressure drop across the orifice 

to provide propellant flow rates. By adjusting the pressure on the 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 air-independent and air-supported atmospheres. 

For air-independent flames the diluent is N2; for air-supported flames, the diluent is air.  All 

experiments used industrial grade gases (95% pure N2; 99% air), although control experiments 

were performed for air-independent flames using high purity Ar.  Results from experiments 
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using N2 and Ar yielded equivalent results confirming that the N2 did 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 differential pressure is adjusted to stabilize a flame. The NM used 

for this experiment was from Alfa Aesar (98+% purity, CAS number: 75-52-5) and was used as 

received. 

A continuously flowing exhaust system was controlled by a back-pressure regulator to 

maintain diluent pressure for the duration of the experiment. The chamber was equipped with 

three 1İò-thick quartz windows that were sealed with Viton TM rings to allow for visual access. 

There is a full description of the LPSB and its operation available in previous reports [5, 10] 

where sustained NM burns under air-independent and air-supported conditions were achieved for 

more than 30 minutes. 

1D and 2D Chemiluminescence Detection  

Flame emission data were collected using a Princeton Teledyne (HRS-300) spectrograph 

with a PI-MAX first generation CCD. This spectrograph had a grating turret that contained three 

gratings: 300 l/mm, 1,200 l/mm, and 1800 l/mm. For experiments described below, most data 

were acquired using the 1200 l/mm grating, although the 300 l/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 CCD has a 512 by 512-pixel array with 19 

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

lens with a focal length of 250 mm, two 2ò alignment mirrors, and a focusing lens of 200 mm 
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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. 

 

 
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 

resolved images. 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. 

ŀύ 

ōύ Ŏύ 
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With the entrance slit fully opened and the grating moved to zeroth order to act as a low-quality 

mirror, 2D images were collected. This step ensured the flameôs image was centered on the 

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 images were taken 

showing the distribution of emitting species. After acquiring the filtered images, the filter was 

removed, and a full flame image was re-acquired 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 open to 15 mm 

and used to detect the spatially resolved 1D spectral images of CNϽ emission. CNϽ spectral 

images were collected with the grating centered at 388 nm with the 1200 l/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 resolution was determined by the magnification factor, 

pixel height, and flame front stability. These parameters resulted in a theoretical lateral spatial 

resolution of 12.5 mm and a vertical spatial resolution of 24.0 mm. In practice, instrument 

response and flame fluctuation limited lateral and vertical resolution to ~500 mm in each 

dimension. The differential pressure was lowered to separate the decomposition and diffusion 

flames in the air-supported experiments or increased to bring the two flames closer together. This 

practice enabled us to measure the decomposition and diffusion pieces of the air-supported 

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 input parameters for the 
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simulated spectrum and comparing to experimental data vibrational and rotational temperatures 

for CNϽ were calculated.  

Computational Methodology  

One-dimensional adiabatic premixed flame simulations were performed in Cantera 

(v3.2.0) [34] using the same mechanism as our previous work [19, 22, 35]. These simulations 

combined the NM sub-mechanism of Annesley et al. [36] with the more extensive nitrogen 

chemistry of Glarborg et al. [24]. Because the current workôs methodology mirrors that of 

previous work, only a brief summary is provided here. The initial temperature was set to 500 K 

based on prior experiments [24]. The pressure was set at 31 bar to match the experimental 

conditions. The air-supported experiment corresponds to a multi-dimensional bipropellant 

diffusion flame, whereas the simulations represent premixed flames. Different cases of inlet 

compositions were therefore examined to isolate the effect of O2 on CNϽ formation. Of note, 

radical species are denoted with Ͻ and that this convention applies to all figures including those 

generated by Cantera where the softwareôs output omits the dot. 

Case 1 corresponds to air-independent combustion (100% NM, no secondary oxidizer). 

Cases 2ï4 represent bipropellant mixtures of NM with air: Case 2, 50% NM and 50% synthetic 

air (29% O , 71% N ); Case 3, a stoichiometric mixture (27.9% NM, 20.9% O , 51.2% N ); and 

Case 4, an equimolar NM-O  mixture (22.5% NM, 22.5% O , 55% N ). 

The nitromethane effective linear velocity at the burner inlet for Case 1 is 1.3 mm/sec, 

and Cases 2ï4 is 0.92 mm/sec. These values were chosen to match experimental conditions. 

Although the simulations do not attempt to replicate the experiments where O2 mixing in the 
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diffusion part of the air-supported flame cannot be well characterized, examining multiple cases 

helps to identify the chemical pathways governing CNϽ formation as a function of O2 availability. 

One example of this is how the temperature changes from the base of the burner. (Figure 

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. 

 

 
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 longer to equilibrate, 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 from B2S+ XO2S+ CNϽ emission integrated over the 

entire nitromethane flame at 31.0 bar N2. (An equivalent spectrum was acquired in a 31 bar Ar 

atmosphere and confirmed that ambient N2 was not contributing to CNϽ formation.  See 

Supporting Information.) 

 

  
Figure 4: Near UV emission spectrum of cyano radical (CNϽ) formed from nitromethane 

combustion under N2 at 31 bar. 

 

The spectrum corresponds to the 0-0 transition of electronically excited CNϽ in its 2nd 

excited electronic state (B2S+) to its X2S+ ground state and is characterized by a strong, sharp 

feature at 388.4 nm [31, 32, 37, 38].  Spectral intensity extends ~4 nm to shorter wavelengths 

reflecting the CNϽ radicalôs excited state higher vibrational frequency.  With rotational constants 
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of 1.973 and 1.900 cm-1 in the B2Ɇ+ and X2Ɇ+ states, respectively, individual rovibronic 

transitions cannot be resolved.  Nevertheless, the spectrumôs overall profile can be fit to 

determine vibrational and rotational temperatures, as described below. 

Given the complex flame structure shown in Figure 2, we used a 10 nm bandpass filter 

centered at 390 nm to assess the spatial distribution of excited state CNϽ in both air-independent 

and air-supported atmospheres. By raising or lowering the differential pressure, we were able to 

isolate or bring together the decomposition and diffusion portions of the air-supported flame.  

Figure 5 shows images of the CNϽ emission 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 

image of flame emission over the CCDôs entire spectral range. 
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Figure 5: 2D flame emission filtered images for air-independent and air-supported NM flames at 

31.0 bar.  The top images were acquired with a 10 nm band pass filter centered at 390 nm to 

capture emission from excited state CNϽ. The white horizontal lines correspond to the liquid 

surface in the LPSB quartz tube.  A) bandpass filtered emission in air-independent flame; b) 

bandpass filtered emission from both sections of an air-supported flame; c) bandpass filtered 

emission from NM decomposition part of an air-supported flame; d) bandpass filtered emission 

from the diffusion part of an air-supported flame, e) total emission from an air-independent NM 

flame (paired with image (a));  e) total emission from a complete air-supported NM flame 

(paired with image (b)); f) total emission from the decomposition part of an air-supported NM 

flame (paired with image (c)); h) total emission from the diffusion part of an air-supported 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 31.0 bar. This image identifies emission propagating ~2-3 

mm from the flame base. 1-D spectra (vide infra) show that all of this emission arises from CNϽ 

in the flame.  Figures 5b, 5c, and 5d report CNϽ emission 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 total air-supported flame, the 

decomposition part of the air-supported flame, and the diffusion part of the air-supported flame 

are shown in Figures 5f, 5g, 5h, respectively.  These images of the air-supported flames are 
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instructive.  First, when viewed in its entirety (5b), the air-fueled flame has band-pass filtered 

emission over its entire length.  However, when the individual pieces of the air-supported flames 

are examined, bandpass filtered emission is observed only in the decomposition part of the flame 

(5c) and not in the diffusion part of the flame (5d).  Based on the 1-D images shown below we 

confirm that the observed emission in 5c is from CNϽ, we attribute the bandpass filtered emission 

in the top part of the full air-supported flame to non-specific blackbody emission.  

In addition to the images shown in Figure 5, we spectrally resolved 1-dimensional images 

on the CCD detector.  Results for the air-independent flame, the full air-supported flame, the 

decomposition part of the air-supported flame, and the diffusion part of the air-supported flame 

are shown in Figures 6a-d. 

 

 
Figure 6: 1D spectral images collected for the B2S+ XO2S+ CNϽ emission at 31.0 bar with the 

white line now denoting the CCD strip responsible for the spectra shown below each image. 

a) air-independent flame; b) spectra acquired simultaneously from the decomposition and 

diffusion parts of an air-supported flame; c) the decomposition part of an air-supported flame; 

d) the diffusion part of an air-supported flame 
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Data comprising each image consist of ~84 spectra for the N2 and air-supported flames. 

Each individual spectrum has a wavelength resolution of 0.2 nm (~13 cm-1 at 388 nm) and 

features in each spectrum consist of overlapping rovibronic lines. Differences stand out between 

the spectra. First, band intensities in the air-independent emission spectrum (6a) are stronger than 

in any other spectrum.  Second, spectra acquired simultaneously from the full air-supported 

flame (6b) clearly show CNϽ in the decomposition 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 air-supported flame (6c) 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 CNϽ. Figures 7a and 7b show CNϽ emission spectra from the 

air-independent and air-supported decomposition flames. While the fits fail to capture the rising 

baselines at longer wavelengths ï a result we attribute to general blackbody radiation from the 

flame ï the fits quantitatively match the entire measured emission band profile in both cases.  

From the fits, we report vibrational and rotational temperatures for excited state CNϽ in the N2 

flame as Tvib = 3000 ± 200 K and Trot = 5000 ± 500 K.  For the CNϽ emitting in the air-supported 

decomposition flame, the corresponding temperatures are Tvib = 3000 ± 200 K and Trot = 6000 ± 

500 K. 
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Figure 7: a) Comparison of experimental data from the air-independent 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 experimental data from decomposition 

piece of nitromethane 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 the CNϽ radicals are slightly elevated relative to 

reported adiabatic thermal temperatures of ~2750 K (averaged over all 4 asymptotic 

temperatures in Figure 3).  Curiously, the rotational temperatures are much higher than the 

vibrational temperatures, even though rotational degrees of freedom typically equilibrate much 

faster than vibrational degrees of freedom [39]. Admittedly, the calculated rotational 

temperatures have large uncertainties, but these data stand in contrast to the behavior of OHϽ 

recently measured in air-independent and air-supported decomposition flames [22]. Other trial 

vibrational and rotational temperatures are reported in Supporting Information and demonstrate 

how the fits diverge from measured data with temperature changes of Ó Ñ200ęK.    

Figures 4-7 demonstrate that electronically excited CNϽ radicals are present in NM flames 

when O2 is absent.  The data also show that electronically excited CNϽ is not present when O2 is 

a) Decomposition 

under Nitrogen 

b) Decomposition 

under Air 
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a potential chemical partner.  Furthermore, the excited state CNϽ radicals 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 both air-independent and air-supported 

environments) consider CNϽ in any form as participating in flame chemistry.  Those models that 

do include CNϽ as a reactive intermediate do not treat the species as significant.  We note here 

that CNϽ has been observed in air-supported NM flames burning at 1 atm.  Sheehe and Jackson 

reported emission from CNϽ in its electronically excited A2Ʉ and that its formation is the result 

of C2 reacting with NO [15].  To our knowledge, the literature contains no reports of CNϽ state 

distributions. 

Using the mechanisms proposed by Annesley, et al. and Glarborg, et al. [24, 36], CNϽ 

concentration profiles were simulated using Cantera.  Simulations were carried out using the four 

cases noted in Section 2 with the ratio of fuel to O2 being the important variable (Figure 8).  

Consistent with the emission data presented above, the highest CNϽ concentration occurs in 

Case 1 with no O2 present.  As O2 content increases in the simulated, premixed inlet, CNϽ 

formation decreases. For the highest O2 content (22.5%, Case 4), the CNϽ concentrations are 

down almost 10-fold relative to the air-independent case. Also notable in Figure 8 is the spatial 

distribution of CNϽ in the flames. Not only does the air-independent flame (Case 1) produce the 

most CNϽ, but the CNϽ production reaches its maximum furthest from the inlet.  Increasing O2 

systematically shifts the CNϽ distribution closer to the burner surface.  We note that while these 

findings are qualitatively consistent with experimental results, quantitative differences persist.  

Specifically, simulations predict that CNϽ in the flame should largely disappear within the first 
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0.3 mm of the burner surface, while experimental images show excited state CNϽ persisting for 

more than 1 mm along the flameôs length. This discrepancy implies that CNϽ can 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 modelôs spatial 

distribution assumes no heat loss in the burner, which is not the case experimentally. With heat 

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

  

Figure 8: CNϽ concentration 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 of excited state species and not the total population including those 

same species in their electronic ground state. Given the emission energy (~26000 cm-1) and the 

calculated flame temperatures reported in Figure 3 (2600-2840K), Boltzmann statistics predict a 

vanishingly small (~10E-7) CNϽ excited state population resulting from thermal excitation.  This 
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consideration implies that excited state CNϽ continues to form as the result of chemical reactions 

occurring throughout the flame.  

Figure 9 shows the dominant CNϽ reaction pathways for all 4 simulated conditions.  The 

figures include reactions that both produce and consume CNϽ, and the reaction progress is plotted 

as a function of distance from the burner surface. 

 

 
Figure 9: Reaction contributions to CNϽ formation and consumption versus burner distance for 

all simulated cases 

 

Under air-independent pyrolysis conditions (Case 1), CNϽis produced primarily through 

two reactions (R1 and R2): 
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HCN + HϽ ᵶ H2 + CNϽ R1 

C2HϽ + NO ᵶ CNϽ + HCO R2 

R2 is important because it links CNϽ formation to HCN and NO chemistry, with NO 

predicted to be a dominant product of NM pyrolysis. With the addition of O  (Cases 2ï4), CNϽ 

formation shifts to oxidative pathways dominated by 

HCN + OH ᵶ CNϽ + H2O R3 

The highest CNϽ reactivity occurs in Case 3, where a larger number of reactions 

contribute to both CNϽ formation and consumption (Figure 9c). CNϽ consumption falls into two 

regimes. In fuel-rich and weakly oxidizing conditions (Cases 1ï2), CNϽ is removed primarily 

through reactions 4 and 5 (R4 and R5), forming the NCO as the product. 

CNϽ + OHϽ ᵶ HϽ + NCO R4 

CNϽ + CO2 ᵶ CO + NCO R5 

At higher O  concentrations (Cases 3ï4), CNϽ consumption is dominated by direct 

oxidation (R6), 

CNϽ + O2 ᵶ NCO + O R6 

indicating that O2 efficiently removes CNϽ and accounting for its absence in the air-supported 

conditions shown in Figures 5 and 6. 

Across all simulated cases, CNϽ formation predominantly involves reactions containing 

HCN, making this product an important target for future characterization efforts. Reducing the 

inlet molar concentration of NM decreases the amount of HCN formed and shifts both its 
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formation and consumption closer toward the burner surface (Figure 10), consistent with the 

positions where CNϽ is formed in different cases. 

 

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

cases 

 

While the majority of the CNϽ is formed from HCN, the CNϽ radical itself represents a 

comparatively minor channel in the overall HCN reaction network for all conditions (Figure 11), 

consistent with the low CNϽ concentrations reported in Figure 8. 
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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: 

CH3Ͻ + NO ᵶ H2O + HCN R7 

H2CN ᵶ HϽ + HCN R8 

Additional figures of NO and CH2CN chemistry are provided in the Supporting 

Information. 

As noted above, the CNϽ emission measurements are limited to detecting only the excited 

state species formed in the flame and are unable to account for the ground state CNϽ population. 

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 populations of intermediates most likely to be 
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present in NM air-supported 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 abundances of selected intermediates in NM flames at 40 bar from 

Kelzenberg [11] 

Intermediates  Max abundance 

OHϽ 0.01 (g/g) 

NHϽ 1E-7 (g/g) 

CNϽ 5E-6 (g/g) 

 

The data in Table 2 predict that the maximum population of CNϽ in air-supported NM 

flames should be ~0.05% of the OHϽ population. While the emission data described above cannot 

determine ground state populations of the different species including some shown in Table 2, 

ratios of excited state species can provide some estimate of relative abundances.  

Figure 12 shows integrated emission collected from an air-independent NM flame using a 

300 line/mm grating. The lower resolution grating results in a loss of ro-vibrational data in the 

emission spectrum, but the lower resolution does allow 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: CNϽ emission at 388 nm together with less intense emission centered at 338 nm 

and strong emission centered at 310 nm. These shorter wavelength emission features have been 

assigned to NHϽ (A3Pi XO3S- at 338 nm) and OHϽ (A2S+ XO2Pi at 310 nm). Electronically 

excited OHϽ is believed to be responsible for the formation of highly vibrationally excited H2O 
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observed in both air-independent and air-supported NM flames [19], and most models predict 

relatively large OHϽ concentrations in steady state flames within the first ~1 mm of the NM 

flame front [11]. Importantly for this work, the data in Figure 12 enable us to determine the 

amount of excited state CNϽ relative to the amount of excited state OHϽ by 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. 

 

 

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 OHϽ, NHϽ, and CNϽ are present 

 

Table 3: Ratios of CNϽ/OHϽ integrated band intensities corrected for wavelength-dependent 

detector and grating efficiencies 
 Air-independent Air-supported (Both Pieces) 

ICNϽ/IOHϽ Experimental* (8.9 Ñ 2.0)E-4 (3.2 Ñ 1.9)E-4 

ICNϽ/IOHϽ Calculated 0.03 <0.015 

(*N = 9 for each atmosphere type; in air-supported NM flames, CNϽ emission is observed only in the 

decomposition piece of the air-supported NM flame.)  
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These ratios can be compared directly to predictions from modeling Cases 1-4.  The 

results are shown in Figure 13. 

 

 
Figure 13: CNϽ to OHϽ ratio versus distance from burner 

 

The modeled CNϽ to OHϽ ratio is highest in the monopropellant case and decreases with 

increasing O  inlet mole fraction (Figure 13), consistent with the experimental values in Table 3. 

The modeled CNϽ to OHϽ ratio tracks the CNϽ abundance data shown in Figure 8. The ratio is 

highest for Case 1 (air-independent) and grows smaller and smaller as O2 content increases. Two 

points stand out in Figures 12 and 13 and Table 3.  First, in terms of relative abundance, the air-

independent NM flame has a CNϽ/OHϽ ratio that is ~2.8x larger than in the air-supported flame, 

indicating the important role that O2 plays in removing excited state CNϽ from the combustion 

environment. The second point to note is that both ratios fall within a 10-3 to 10-5 range 

consistent with predictions from data in Table 2. The 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 10-fold larger than what is observed experimentally. Again, we 

note that the population ratios derived from experimental measurements are sensitive only to 

electronically excited state species whereas the data in Figure 13 refer exclusively to CNϽ and 

OHϽ in their electronic ground states. If weighted by their relevant Boltzmann distributions 

assuming a local temperature of 2750K, the OHϽ population should be only 2% of the CNϽ 

population, bringing the calculated ratios in Table 3 more in line with experimental observations. 

Allowing for these possible contributions, we 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 

(CNϽ) from NM in both AI and AS atmospheres. Simulations in Cantera calculated the flame 

temperatures for both AI and AS, with the AS being as a function of increasing O2. By fitting the 

experimental data, we were able to obtain the vibrational population of the excited state CNϽ (Tvib 

= 3000 K) while the rotational population (Trot Ó 5000 K) reflects a non-equilibrium rotational 

distribution. We were also able to show that the excited state population in AI flames is greater 

than that of AS flames, but both cases are ~10x smaller than the populations calculated from 

simulation. 

In AI flames, the dominant pathway for production is predicted to be HCN + H ᵶ H2 + 

CNϽ. This reaction is completed by the first quarter of a mm from the burner surface which 

agrees with the predicted maximum CNϽ concentration. Under AI or low oxygen presence the 
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main consumption pathway is predicted to be CNϽ + OHϽ ᵶ HϽ + NCO. This reaction occurred at 

a lower rate than the production showcasing the larger population of CNϽ in AI flames.  

For higher oxygen flames, the dominant pathway for production is HCN + OHϽ ᵶ CNϽ + 

H2O. This reaction happens even earlier than in the AI flames, with the max rate around a tenth 

of a mm from the base of the flame, again matching the predicted position of max CNϽ 

concentration. The cyano radical was consumed by CNϽ + O2 ᵶ NCO + OϽ at a roughly equal 

rate to its production showcasing the smaller amount of CNϽ in flames with a higher oxygen 

presence. 

More work regarding the CNϽ can 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 the CNϽ that can 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 sustained, air-independent 

combustion at pressures above 28 bar, yet the nitrogen-containing radical intermediates formed 

during high-pressure NM combustion remain poorly characterized experimentally. Here, optical 

emission spectroscopy and spatially resolved imaging are used to identify and map electronically 

excited NHϽ and NH2Ͻ in NM flames burning at 31 bar under both air-independent and 

air-supported atmospheres. NHϽ emission from the AįɄ Ÿ XįɆ  (0-0) transition at 336.0 nm is 

detected in the air-independent flame and in the decomposition zone of the air-supported flame. 

NHϽ emission is absent in the diffusion zone where oxygen exists. These observations are based 
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on two-dimensional spatial imaging and one-dimensional spectral imaging. Integrated NHϽ/OHϽ 

emission intensity ratios are quantified under both atmospheric conditions. NH2Ͻ emission from 

the ëĮA  ï XӉĮB  (0,10,0) band is similarly observed in the decomposition zone and absent in the 

diffusion zone, similar to the NHϽ behavior. 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 air-independent combustion are attractive 

for propulsion applications where a separate oxidizer is unavailable, such as in underwater and 

space systems. Nitromethane (NM, CH NO ) (Figure 1) is among the simplest single-component 

monopropellants and has been studied as a green alternative to hydrazine owing to its larger 

gravimetric specific impulse, lower toxicity, and modest carbon index [1]. NM combusts 

spontaneously in inert atmospheres at pressures above 28 bar, where turbulence enhances 

ignition kinetics and allows for sustained flame propagation [2-8]. Despite these advantages for 

air-independent propulsion, NM requires higher chamber temperatures than hydrazine, 

necessitating re-engineering of existing combustion assemblies, and its strong pressure 

dependence has limited its widespread adoption in air-independent propulsion [1, 8]. 
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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 strand-type high-

pressure burners, where liquid NM is contained in a quartz tube, ignited, and the flame front 

progression is tracked [3, 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 mechanisms [11]. Air -supported NM combustion has been more thoroughly 

characterized through shock tube experiments, which capture reaction chemistry on millisecond 

timescales and are more appropriate for identifying the reactions responsible for ignition rather 

than the species present in sustained, steady-state flames.  Steady-state flame studies of NM 

combustion do exist, although these experiments are typically conducted near atmospheric 

pressure and in air rather than the Ó30 bar required for air-independent combustion [12-15]. 

Directly identifying mechanisms responsible for NM combustion in inert atmospheres is 

challenging. Operando measurements 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 spectrally resolve 
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individual ro-vibronic 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 high-pressure, air-independent nitromethane combustion reported 

highly vibrationally excited water [16] and the spatial distribution of excited state OHϽ within 

air-independent and air-supported flames, noting that in both conditions, Trot appeared 

thermalized while Tvib was ~1500K higher than the expected adiabatic flame temperature [17]. 

An additional study has reported the spatial distribution of excited state CNϽ in air-independent 

and air-supported flames, noting that in both conditions, Tvib seemed closed to thermalized while 

Trot was ~2000-3000K higher than the expected flame temperature [5]. 

 From kinetic modeling of the nitrogen-containing species in NM combustion [5, 9, 11, 

12, 14, 18-27] shows that nitrogen in the form of NO accounts for most of the nitrogen balance. 

Only three mention other nitrogen containing species, and of these, only two identify the 

imidogen radical (NHĀ) [11, 28] and one acknowledges the amino radical, NH2Ā [28] as 

intermediates in the flame environment. Without direct, experimental information directly 

probing speciation within the flame, these models remain unvalidated. Kelzenberg et al. [11] 

notes NHĀ as an important radical in NM flames, and Branch et al. [28] predicts that NHĀ 

originates from NCO reacting with available HĀ atomes, itself a product of HCN oxidation, 

before reacting with NO to form N2O, which is then converted to N2 through reactions with OĀ, 

HĀ, or OHĀ. This pathway is relevant given the predicted abundance of both NO and HCN in NM 

flames. However, these papers were focused on NM pool flames (1 atm, air-supported) [11] and 

methane/formaldehyde flames (1 atm, air supported) [28]. The role of species including NHĀ and 

NH2Ͻ in NM flame chemistry remains virtually unknown. 
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 Emission from electronically excited NHĀ has been reported in specific combustion 

applications. For example, in ammonia-hydrogen flames, NHĀ chemiluminescence has been 

observed. Using combustion modeling software (ANSYS-CHEMKIN), the authors predicted a 

NHϽ concentration of 1.7x10-4 mol/cm3 [29]. They also reported that NHĀ emits along the cooler, 

outside edge of the flame, rather than in the hot flame center. In ammonia-methane flames, Zhu 

et al. note that NHĀ emission increases drastically with a small addition of ammonia but then 

starts to decrease with further ammonia addition [30]. Studies of solid propellant combustion, 

including ammonium perchlorate (AP) and HMX-based formulations, have also reported NHĀ as 

a strongly emitting combustion intermediate [31]. Edwards noted that HCN combustion goes 

through CNĀ, NCO, and NHx intermediates to form the products NO and N2. Edwards also note 

that NHĀ has been observed in HMX flames up to 700 bar but rapidly disappears in AP flames 

with increasing pressure. Interestingly, Edwards reports that NHĀ emission should be visible in 

decomposition flames but absent in diffusion flames [21]. Finally, the injection of hydroxyl 

ammonium nitrate (HAN) into hydrogen and air flames has produced detectable NHĀ emission.  

These studies were able to spatially resolve the emission with two-dimensional fluorescence 

imaging [32]. 

In the case of NM combustion, NHĀ emission has been reported in pool flame 

configurations and models predict the species to be thermally equilibrated [33]. Again, however, 

an important consideration relevant to air-independent combustion, is that these studies were 

conducted at or near atmospheric pressure in air with O2 readily available. Taken together, these 

observations provide benchmarks, establishing NHĀ as a species whose formation is connected to 

the availability of nitrogen containing precursors and whose presence is sensitive to the local 
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oxygen availability. NH2Ā is also mentioned in several of these works but this intermediate is not 

discussed in any detail. 

Findings described in this work report on the presence and spatial distribution of 

electronically excited NHĀ in NM flames burning at 31.0 bar. Optical emission spectroscopy 

resolves the AįɄ Ÿ XįɆ  (0-0) transition of NHĀ at 336.0 nm. The NHĀ species was spatially 

resolved with 2D filtered imaging and 1D spectral imaging that were used to map NHĀ emission 

across both the decomposition and diffusion zones of the flame. For clarity, NM flames burning 

in N2 are referred to as air-independent flames. NM flames burning in air show a distinctive two-

flame structure, reported by Ambekar et al [2].  The part of the flame within the fuel feed and 

inaccessible to air is referred to as the decomposition part of the air-supported flame. The second 

part of the flame is accessible to air and is identified as the diffusion part of the air-supported 

flame. 

The reported results are significant for several reasons. First, data represent the first 

spatially resolved characterization of NHĀ in high-pressure, air-independent NM combustion, 

directly addressing a gap in the experimental validation of existing kinetic models. Second, NHĀ 

emission is present in the air-independent 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 O2 availability. Third, integrated NHĀ intensities relative to OHĀ are 

quantified under both atmospheric conditions, providing benchmark ratios for kinetic models that 

have thus far lacked experimental benchmarks. Finally, emission from NH2Ā is reported in both 

air-independent and decomposition flames but not in diffusion flames, further supporting a 

picture of rapid NHx consumption by O2. 
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Experimental Design and Theoretical Models 

Experimental Design 

The assembly used in these studies has been described in depth previously [5, 6, 16, 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 

below were acquired at 31 bar for both air-independent (N2) and air-supported experiments. The 

assembly is built around a continuous flow liquid propellant strand burner (LPSB), based on an 

original design first described by Boyer and Kuo [4]. 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 resistively heated, serving 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 built to support flames in air-

independent and air-supported atmospheres. For air-independent flames the diluent is N2; for air-

supported flames, the diluent is air.  All experiments used industrial grade gases (95% pure N2; 

99% air). 

Flame emission data were collected using a Princeton Teledyne (HRS-300) spectrograph 

with a PI-MAX first generation CCD. This spectrograph had a grating turret that contained three 

gratings: 300 l/mm, 1,200 l/mm, and 1800 l/mm. The detection scheme (seen in Figure 2) 

allowed for the collection of 2D spatial images and 1D spectrally resolved images. 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 were acquired. In the case of NHϽ and NH2Ͻ 
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emission, the bandpass filters had 10 nm windows centered at 337 nm (NHϽ) and 570 nm (NH2Ͻ). 

After the 2D images were collected, the slit width was changed to 15 ɛm and used to detect the 

spatially resolved 1D spectral images of NHϽ emission. NHϽ spectral images were collected with 

the grating centered at 336 nm with the 1800 l/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 N2 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, the quartz tube has an o.d. of 0.25ò 

 

Computational Methodology 

One-dimensional adiabatic premixed flame simulations were performed in Cantera 

(v3.2.0) [34] using the same mechanism as our previous work [5, 16, 17, 35]. These simulations 

combined the NM sub-mechanism of Annesley et al. [36] with the more extensive nitrogen 
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chemistry of Glarborg et al. [19]. The initial temperature was set to 500 K based on prior 

experiments [19]. The pressure was set at 31 bar to match the experimental conditions. The air-

supported experiment corresponds to a multi-dimensional bipropellant diffusion flame, whereas 

the simulations represent premixed flames. Different cases of inlet compositions were therefore 

examined to isolate the effect of O2 on NHĀ formation. Of note, radical species are denoted with Ͻ 

and that this convention applies to all figures including those generated by Cantera where the 

softwareôs output omits the dot. 

Case 1 corresponds to air-independent combustion (100% NM, no secondary oxidizer). 

Cases 2ï4 represent bipropellant mixtures of NM with air: Case 2, 50% NM and 50% synthetic 

air (29% O , 71% N ); Case 3, a stoichiometric mixture (27.9% NM, 20.9% O , 51.2% N ); and 

Case 4, an equimolar NM-O  mixture (22.5% NM, 22.5% O , 55% N ). These conditions mirror 

those used in our earlier simulations and additional details can be found in those reports [5, 16, 

17, 23]. 

The nitromethane effective linear velocity at the burner inlet for Case 1 is 1.3 mm/sec, 

and Cases 2ï4 is 0.92 mm/sec. These values were chosen to match experimental conditions. 

Although the simulations do not attempt to replicate the experiments where O2 mixing in the 

diffusion part of the air-supported flame cannot be well characterized, examining multiple cases 

helps to identify the chemical pathways governing NHϽ formation as a function of O2 availability 

Results and Discussion 

Figure 3 shows a spectrum resulting from the AįɄ Ÿ XįɆ  (0-0) NHϽ emission integrated 

over the entire nitromethane flame at 31 bar under N2. 
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Figure 3: Near-UV emission spectrum of NHϽ formed from NM combustion at 31 bar under N2 

 

The spectrum corresponds to the 0-0 transition from NHϽ in its 1st excited electronic state 

(A3Ʉ) to its X3Ɇ- ground state and is characterized by a strong, sharp feature at 336.0 nm. Based 

on previous results from our studies of CNϽ that used Ar for the high-pressure atmosphere, we do 

not believe the nitrogen environment has an effect on the NHϽ emission [5]. 

A 10 nm bandpass filter centered at 337 nm was used to assess the spatial distribution of 

the excited state NHϽ. By raising or lowering the differential pressure, we were able to isolate or 

bring together the decomposition and diffusion portions of the air-supported flame. Figure 4 

shows images of the NHϽ emission 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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and 342 nm, and the second image of the pairs (4e, 4f, 4g, 4h) showing the false color image of 

flame emission over the CCDôs entire spectral range. 

 

 

Figure 4: 2D flame emission filtered images for air-independent and air-supported 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 NHϽ. The white horizontal lines correspond to the liquid 

surface in the LPSB quartz tube. A) bandpass filtered emission in air-independent flame; b) 

bandpass filtered emission from both sections of an air-supported flame; c) bandpass filtered 

emission from NM decomposition part of an air-supported flame; d) bandpass filtered emission 

from the diffusion part of an air-supported flame, e) total emission from an air-independent NM 

flame (paired with image (a));  e) total emission from a complete air-supported NM flame 

(paired with image (b)); f) total emission from the decomposition part of an air-supported NM 

flame (paired with image (c)); h) total emission from the diffusion part of an air-supported NM 

flame (paired with image (d)) 

 

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

independent NM flame burning at 31.0 bar. This image identifies emission propagating ~6-7 mm 
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from the flame base. 1-D spectra (vide infra) show that all of the emission in this narrow spectral 

window arises from NHϽ. Figures 4b, 4c, and 4d show NHϽ emission 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 total air-supported flame, 

the decomposition part of the air-supported flame, and the diffusion part of the air-supported 

flame are shown in Figures 4f, 4g, 4h, respectively.  These images of the air-supported flames 

are instructive. First, when viewed in its entirety (4b), the air-fueled flame has band-pass filtered 

emission over its entire length. Even when examining just the decomposition part of the flame 

(4c) and the diffusion part (4d) individually, emission is observed. However, with the help of the 

1-D images shown below, we confirm emission of NHϽ is only visible in the decomposition 

piece. The glow seen in the top part of the air-supported flame arises from non-specific, 

blackbody emission.  

In addition to the 2D images, we spectrally resolved 1-dimensional images on the 

detector. Results for the air-independent, full air-supported flame, air-supported decomposition, 

and air-supported diffusion flames are shown in Figures 5a-d. 
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Figure 5: 1D spectral images collected for the A3ɄO  X3Ɇ- NHϽ emission 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 front. a) air-independent flame; b) spectra acquired 

simultaneously from the decomposition and diffusion parts of an air-supported flame; c) the 

decomposition part of an air-supported flame; d) the diffusion part of an air-supported flame 

 

Each image consists of 256 usable spectra for the air-independent and air-supported 

flames. There are some points that warrant discussion. First, the band intensity and features are 

similar (but not identical) between the air-independent (4a) and the decomposition part of the air-

supported flame (4b and 4c). Second, spectra acquired simultaneously from the full air-supported 

flame (4b) show NHϽ in the decomposition part of the flame but the spectrum from the diffusion 

part of the flame (4d) is featureless. 

Using the mechanisms proposed by Annesley et al. and Glarborg et al. [19, 36], NHϽ 

concentration profiles were simulated using Cantera. Simulations were carried out using the four 

cases noted in Section 2 with the ratio of fuel to O2 being the important variable (Figure 6). NHϽ 

concentrations in Case 1 with no O2 present are significantly higher than Cases 2, 3, and 4 when 
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O2 is present. As O2 content increases in the simulated pre-mixed flame, NHϽ formation 

decreases. For the two highest O2 concentrations (20.9% and 22.5%, Case 3-4), NHϽ 

concentrations are almost nonexistent. Also notable in Figure 6 is the spatial distribution of NHϽ 

in the flames. Not only does the air-independent flame (Case 1) produce the most NHϽ, but the 

NHϽ production reaches its maximum furthest from the inlet. Increasing O2 shifts the NHϽ 

distribution closer to the burner surface. While these findings are qualitatively consistent with 

experimental results, there are quantitative differences. Simulations predict that NHϽ in the flame 

should disappear within the first 0.3 mm of the burner surface, while experimental images show 

excited state NHϽ persisting for 5 mm along the flameôs length. This discrepancy implies that 

NHϽ can 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 

modelôs spatial distribution assumes no heat loss in the burner, which is not the case 

experimentally. With heat loss, NHϽ formation (and emission) can extend further in the flame 

[10].  We acknowledge that while the simulations in Figure 6 make clear predictions about NHϽ 

abundance and spatial distributions, direct comparison with experimental data is not appropriate.  

Experiments report on the excited state only of NHϽ in the flame whereas simulations implicitly 

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

 

Figure 6 shows the simulated NHϽ profiles for each case, emphasizing both the magnitude 

differences and spatial localization of NHϽ within the flame. However, the corresponding 

experimental NHϽ emission spectra were not suitable for quantitative spectroscopic fitting. 

Attempts to fit the NHϽ feature 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 NHϽ transition near 336 nm. Despite applying wavelength 

corrections and restricting the fitting region, the fitting routine did not consistently converge on 

the correct spectral feature. Consequently, NHϽ rotational and vibrational temperatures could not 

be calculated from the measured emission spectra. It is worth noting, however, that prior 

modeling work by Eckl et al. and Edwards [31, 33] treats NHϽ emission as thermally 

equilibrated, predicting equal rotational and vibrational temperatures for this species. 
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Figure 7 shows integrated emission collected from an air-independent NM flame using a 

300 line/mm grating. The lower resolution grating results in a loss of ro-vibrational data in the 

emission spectrum, but the lower resolution does allow 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: NHϽ emission at 336 nm together with less intense emission centered at 338 nm 

and strong emission centered at 310 nm. These other emission features have been assigned 

previously to CNϽ (B2Ɇ+ XO2Ɇ+ at 388 nm) and OHϽ (A2Ɇ+ XO2Ʉi at 310 nm). CNϽ is likely 

formed from hydrogen abstraction from HCN or from the elementary reaction between C2Ͻ and 

NO (to form CNϽ and CO) [5]. Electronically excited OHϽ is believed to be responsible for the 

formation of highly vibrationally excited H2O observed in both air-independent and air-

supported NM flames [16], and most models predict relatively large OHϽ concentrations in 

steady state flames within the first ~1 mm of the flame front [11]. Importantly for this work, the 

data in Figure 7 enable us to determine the amount of excited state NHϽ relative to the amount of 

excited state OHϽ and CNϽ by 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 in an air-independent atmosphere. Emission from excited state 

OHϽ, NHϽ, and CNϽ are present 

 

Table 1: Corrected ratios of NHϽ/OHϽ and NHϽ/CNϽ band integrated intensities 

 Air -independent Air -supported 

INHϽ/IOHϽ  (2.51±0.3)E-3 (1.17±0.1)E-3 

INHϽ/ICNϽ  (2.75±0.5)E0 (4.57±0.8)E0 

(*N = 9 for each atmosphere type; in air-supported flames, NHϽ emission is only visible in the 

decomposition piece of the air-supported NM flame.) 

 

Three points stand out in Figure 7 and Table 1. First, in terms of relative abundance, the 

air-independent NM flame has a NHϽ/OHϽ ratio that is ~2.1x larger than in the air-supported 

flame, indicating the important role O2 plays in removing excited state NHϽ. Second, the air-

supported flame has an NHϽ/CNϽ ratio that is ~1.7× larger than in the air-independent flame. This 
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suggests a shift in the balance between nitrogen-containing intermediates under oxidizing 

conditions. This increase may reflect either enhanced formation or reduced consumption of 

excited NHϽ relative to CNϽ, or conversely, more efficient quenching or conversion pathways for 

CNϽ in the presence of O2. The third point to note is that both experimental ratios for NHϽ/OHϽ 

are about an order of magnitude larger than the ratio of the data reported by Kelzenberg et al. 

[11]. Based on previous research regarding the CNϽ where the ratios were within a 10-3 to 10-5 

range, this could be indicative of an underreporting of the NHϽ abundance. We note that the 

population ratios derived from experimental measurements are sensitive only to electronically 

excited state species whereas the data reported by Kelzenberg et al. refer to electronic ground 

states. 

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

radical, NH2Ͻ. Figure 8 shows NH2Ͻ emission from a NM flame at 31 bar under nitrogen.  
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Figure 8: Emission spectrum of NH2Ͻ formed from NM combustion at 31 bar under N2 

 

This peak is assigned to the emission from the A2A1ïX
2B1 (0, 10, 0) band [37-39]. 

Second order diffraction from the OHϽ A2Ɇ+ XO2Ʉi (1-0) transition at 285 nm overlaps this 

spectral region (see Supporting Information), preventing spatial resolution of the NH2Ͻ emission. 

Even with this limitation, we also measured NH2Ͻ emission in an air-supported flame 

(Figure 9). 
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Figure 9: Emission spectrum from NH2Ͻ under 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 

show NH2Ͻ emission from each part of the air-supported flame. These results mirror those for the 

NHϽ radical: NH2Ͻ emits in the decomposition part of the flame but not in the diffusion part of the 

flame.   

Using the same mechanisms mentioned previously, NH2Ͻ concentration profiles 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, NH2Ͻ reaches a peak mole fraction at roughly 0.25 

mm from the burner surface. As oxygen is introduced into the oxidizer stream, the NH2Ͻ peak is 

dramatically suppressed and shifted closer to the burner surface. In the more oxygen-rich 

environments, Cases 3 and 4, there is near-complete suppression of NH2Ͻ. This matches what is 

observed experimentally.  
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Figure 10: NH2Ͻ concentration profile vs distance from the burner for all four simulated cases 

 

While we cannot propose specific elementary steps that lead to NH2Ͻ formation (and 

consumption), we note that the simulated NH2Ͻ mole fraction is ~10-fold higher than that of NHϽ. 

Conclusion 

When considering air-independent nitromethane combustion, carbon balance is easily 

accounted for by the formation of two prevalent products, CO and CO2.  Nitrogen 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 intermediates NHϽ and NH2Ͻ are 

present in both air-independent flames and the decomposition part of air-supported diffusion 

flames, all at 31 bar.  Furthermore, these intermediates persist in the flame for up to 6-7 mm, 

meaning that there must be persistent pathways leading to excited state NHϽ and NH2Ͻ formation. 

Emission from electronically excited NHĀ (AįɄ Ÿ XįɆ , 0-0 band at 336.0 nm) was 

spatially resolved using both 2D filtered imaging and 1D spectral imaging, confirming that NHĀ 
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is present throughout the air-independent flame and in the decomposition zone of the air-

supported flame, but is absent in the diffusion zone where the flame becomes susceptible to O2 

diffusion. The NHϽ/OHϽ integrated intensity ratio was found to be approximately 2.1 times larger 

in the air-independent flame relative to the air-supported flame. Emission from NH2Ͻ (ëĮA  ï 

XӉĮB , 0,10,0 band) was similarly observed under nitrogen and in the decomposition zone under 

air, with the signal absent in the diffusion zone, consistent with the behavior of NHĀ and 

supporting the picture of efficient, rapid oxygen-driven consumption of nitrogen-containing 

intermediates. 

Kinetic modeling using the Annesley and Glarborg mechanisms in Cantera qualitatively 

reproduces these trends for both species. Simulations predict that increasing O2 content 

suppresses and spatially confines NHϽ and NH2Ͻ formation closer to the burner surface, with 

near-complete suppression of these intermediates when O2 content approaches 20%. However, 

quantitative discrepancies between model predictions and experimental data persist. Excited state 

NHϽ persists over several millimeters of flame length, while the model predicts consumption 

within the first 0.3 mm, even when O2 is not present. This discrepancy is tentatively attributed to 

heat transfer effects not captured in the adiabatic model, which would extend the spatial range of 

NHϽ formation and emission experimentally [10]. The second-order diffraction of OHϽ overlap in 

the NH2Ͻ spectral region prevents a direct quantitative spatial analysis. Taken together, these 

results demonstrate that both NHĀ and NH2Ā are decomposition intermediates of nitromethane 

that are rapidly oxidized when O2 is present and that existing kinetic mechanisms capture the 

qualitative 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. The second-order diffraction of OHĀ 

that limits spatial analysis of NH2Ā could be addressed by burning hydrazine under similar 

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 producing these electronically excited states and, second, to what extent do excited state 

population distributions reflect the ground state chemistry? These questions are important to 

develop a more complete picture of nitrogen intermediate chemistry in high-pressure 

nitromethane combustion. 
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CHAPTER FOUR 

BROADBAND SPECTRAL SURVEY OF HIGH-PRESSURE NITROMETHANE 

COMBUSTION 

Introduction 

This chapter shows a broadband spectral survey of emission from high-pressure NM 

flames in both air-independent and air-supported conditions. This chapter has two goals. First, 

the broadband survey maps the emission landscape of NM in both air-independent and air-

supported conditions. Second, the spectra give clear direction as to where future studies seeking 

to identify intermediates and products in these flames should begin. Overall, these data show that 

even for a ñsimpleò or model fuel, there is much work to be done. 

Due to the large number of emissions found in NM combustion at elevated pressures, this 

chapter takes a deliberately broad view and notes differences between air-independent and air-

supported combustion where applicable. Such differences may reflect changes in flame 

stoichiometry, reaction pathways, or intermediate species populations. For reference throughout 

this chapter, flames are described as burning in either air-independent atmospheres (N2) or air-

supported atmospheres. Air-supported flames typically have 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 are air-independent) and diffusion (where 

O2 in air can diffuse into the flame), respectively. All data were acquired at chamber pressures of 

31.0 bar.  One final note is that the CCD detector used in these experiments has óbadô pixels that 
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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 the near-UV (starting at 

347 nm) through the near-infrared (finishing at 935 nm for air-independent and 735 nm for air-

supported). All measurements were taken under conditions at elevated pressure, with collection 

parameters held consistent across runs to ensure that results from different spectra could be 

compared in terms of signal to noise, line widths, etc. The specifics of the emission collection, 

detector configuration, and pressure conditions are described in detail in Chapter 2; the focus in 

Chapter 4 is on how spectra reveal information about flame 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 constant at 31.0 bar 

throughout the survey, as were the acquisition times and spectrophotometer slit widths, ensuring 

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 differences noted relied primarily on changes in structure and not 

intensity. Both air-independent and air-supported NM combustion configurations were sampled. 

An important point to note is that the spectra reported in Chapter 4 are survey 

measurements intended to show the emission fingerprint from nitromethane flames. We did not 

attempt to spectrally resolve species or to spatially resolve them along the flame axis. In many 

cases, the features themselves remain unassigned, given an absence of data in the literature.  
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Detailed spectrally and spatially resolved studies of specific features identified here should be 

the focus of future work that can use the present survey as a guide. 

The broadband spectra reveal a number of active emission regions across the surveyed 

wavelength window. Figure 1 presents a representative full-range spectrum from NM flames 

burning in air-independent (1a) and both decomposition and diffusion pieces of air-supported 

(1b) atmospheres at 31.0 bar.  These spectra are integrated, whole-flame collections, with major 

features assigned to known band systems. Some assigned emission corresponds to OHϽ at 

310 nm, NHϽ at 336 nm, CNϽ at 388 nm, NH2Ͻ at 570 nm, and H2O at 717 nm. 
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Figure 1: Survey spectra showing emission from NM combustion with several assigned species 

labeled.  Spectra were acquired at 31.0 bar in a) air-independent (N2) and b) both pieces of air-

supported flames. The sodium D-line 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 regions may not be immediately 

obvious, but differences do exist. These differences are shown below using expanded views in 

specific spectral regions. In general, air-supported conditions produce enhanced OHϽ and H2O [1, 

2] emission relative to the air-independent case, while NHϽ and CNϽ emission is prominent in air-
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independent and the decomposition piece of the air-supported flames, but absent in the diffusion 

piece of air-supported flames. These observations reflect shifts in combustion mechanisms.  

Spectral Survey: 300-935 nm 

The spectral survey presented in this chapter covers the entire visible spectrum and 

includes the UV region down to 300 nm and the near-IR region up to 935 nm (in air-independent 

cases). This range was limited only by the sensitivity window of the CCD detector. Emission 

features below 300 nm, including possible emission from excited state NO, fall outside the 

accessible window.  Given 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 flame. Both 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 wavelength and grating dispersion. Spectra were acquired under constant 

pressure.  Air-independent flames were examined in N2 atmospheres. Earlier studies using Ar as 

the background atmosphere confirmed that N2 in the chamber did not contribute to the observed 

flame chemistry. Emission from air-supported flames was measured from the integrated flame 

and from each part ï decomposition and diffusion ï of the flame whenever possible. Features 

described below are organized by wavelength region, working from the ultraviolet to the near-

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. 

300ï400 nm 

The short-wavelength end of the survey contains the dominant UV emitters already 

characterized in literature or earlier chapters, including the OHϽ (A2Ɇ+ïX2Ʉ) emission near 310 

nm, the CNϽ violet system (B2Ɇ+ïX2Ɇ+) near 388 nm, and NHϽ (A3ɄïX3Ɇ-) emission near 336 

nm [1, 3, 4]. The OHϽ emission is consistent across burns and conditions, providing a definitive 

reference and establishing the position that gives rise to the second-order diffraction discussed 

later, seen in Figure 1. 

 

 
Figure 2: Spectrum showing OHϽ emission at 31 bar under N2 

 

Figure 3 shows the CNϽ system that was analyzed in detail in Chapter 2. 
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Figure 3: Spectrum showing CNϽ emission at 31 bar under N2 

 

The air-independent spectrum in Figure 4a shows NHϽ A3ɄïX3Ɇ- (0,0) emission at 336 

nm [4]. Figure 4b is the decomposition spectrum and it shows a structured broad peak centered 

near 347ï350 nm, just outside the measured range in the air-independent 336 nm spectrum. This 

intensity might come from NHϽ due to this radical having vibrational sequence bands extending 

to longer wavelengths from the (0,0) transition at 336 nm [5, 6]. In the diffusion part of the 

flame, Figure 4c, however, intensity at or near 347 nm is absent, consistent with this feature 

belonging to a N-containing intermediate. An additional feature is observed near 366 nm in both 

pieces of the air-supported spectrum and the decomposition piece. It is notably absent in the air-

independent and the diffusion piece of the air-supported flame. However, this feature could not 

be confidently assigned to a specific emitting species and warrants further investigation. 
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Figure 4: Emission from NHϽ under N2 in a), Possible NHϽ sequence in decomposition flame 

under air in b), featureless spectrum in 347 diffusion flame under air in c). All figures were taken 

at 31 bar 

 

The air-supported spectrum centered at 367 nm, Figure 5b, containing both 

decomposition and diffusion pieces, shows a broad structured feature centered near 365ï370 nm 

that is more prominent than in the decomposition only spectrum of this region, Figure 5c. This 

feature is notably absent in the air-independent spectrum (5a) and in the diffusion portion of the 

air-supported (5d). This region remains unassigned. 
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Figure 5: Comparison of air-independent in a), both pieces of air-supported in b), decomposition 

flame under air in c), and diffusion flame under air in d) all at 31 bar. The band is visible in the 

full air-supported flame (b) and decomposition region (c) but is absent in both the diffusion 

flame (d) and the air-independent flame (a), and remains unassigned 

 

400ï500 nm 

The shorter wavelength visible-wavelength part of the survey is dominated by broad, 

diffuse emission extending across the 400ï500 nm window. Figure 6b is the full air-supported 

spectrum that shows a prominent broad feature between 422ï430 nm with clearly resolved 

structures. Three of the four spectral windwos are centered at 430 nm (6b, c, and d), with the air-

a) b) 

c) d) 



118 

 

independent spectrum being centered at 440 nm (6a). Despite these similarities, differences 

between the spectra also exist. First, the air-independent (a) and air-supported 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. Specifically, contributions from the decomposition flame appear largely absent 

or too small to register in the integrated flame spectrum.   

We note that CHϽ A2ȹïX2Ʉ (0,0) emission is expected to fall within this range and 

should contribute to emission in these spectra [6, 7]. However, the CHϽ emission produces a 

sharp, narrow peak at ~431 nm that would be clearly distinguishable given S/N considerations. 

As there is no characteristic peak in any flames examined, we conclude that either a) any CHϽ in 

the flame is already in its electronic ground state; or b) CHϽ emission may be masked by the 

broad features between 420 and 450 nm; or it is being quenched by some not-yet-identified 

reaction. LIF experiments have identified NH2Ͻ emission in the 400-450 nm region that could 

potentially be playing a part in the broad peak [8]. However, similar to CHϽ, the reported features 

do not line up with the experimental spectra. 
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Figure 6: Comparison of air-independent in a), both pieces of air-supported in b), decomposition 

flame under air in c), and diffusion flame under air in d) all at 31 bar 

 

Moving into the 460-500 nm region (Figure 7), the four spectral conditions show a 

similarity to the 430 nm region. In these spectra, the air-independent spectrum has some features 

(7a), the integrated air-supported flame shows a broad emission with visible features (7b), the 

decomposition piece has no notable features (7c), and the diffusion piece is similar to both pieces 

(7d). These results could indicate that species emitting in this region require a more oxygen rich 

environment but can still weakly form in decomposition reactions. It is possible that the emission 

a) b) 

c) d) 
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in this region comes from NO2Ͻ as it has a continuum starting around 430 nm and extending to 

longer wavelengths [7]. The more structured emission coming from the oxygen-rich 

environments is consistent with NO2 as a possible species since the OϽ + NO + M generation 

pathway requires an oxidizer [6, 9]. 

 

 
Figure 7: Comparison of air-independent in a), both pieces of air-supported in b), decomposition 

flame under air in c), and diffusion flame under air in d) all at 31 bar 

 

 

a) b) 

c) d) 
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500ï560 nm 

This region contains some of the most distinctive and least easily assigned emission 

features in the survey. In the air-independent flame the transition from baseline to structured 

emission occurs abruptly as the grating center wavelength changes from 500 nm to 506 nm 

(Figure 8a and 8b). This abrupt onset is a key feature of the emission in this region and 

distinguishes it from the gradual rise of a simple continuum. Structured emission having different 

line shapes is also evident in 8c, 8d, and 8e, where a featured emission is seen at 525 nm and a 

broad, asymmetric peak is centered near 541ï545 nm. 
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Figure 8: a-d) show spectra from air-independent flames with the grating centered at 500, 506, 

525, and 545 nm respectively. The spectrum in panel (e) shows emission from both pieces of an 

air-supported flame. All spectra were taken at 31 bar 
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Figure 9: Four condition comparison near 500-525 nm at 31 bar. a) is both pieces from air-

supported, b) is decomposition piece from air-supported, and c) is diffusion piece from air-

supported flames 

 

Notably, the emission assigned to the C2 Swan band system (d3Ʉgïa3Ʉu) is completely 

absent in all of the emission spectra in this region (Figure 9). The Swan bands are some of the 

most studied emission transitions given their importance in astrochemistry and combustion 

science. Swan band emission is characterized by a characteristic strong, sharp band ȹv=0 

bandhead at 516.5 nm. In Figures 8 and 9, this feature is absent across all four flame conditions, 

effectively ruling out excited state C2 as a species in the NM flames. This observation is 

consistent with prior NM flame measurements where C2 absence has been interpreted as 

evidence of rapid consumption via reaction with NO [6]. 

Candidate assignments for the structured 500ï560 nm emission are NH2Ͻ vibronic bands 

and NO2Ͻ continuum emission [10, 11]. Distinguishing between these species is not possible 

given current instrumentation and limited spectral resolution. Targeted higher-resolution 

measurements may provide sufficient data to clarify this assignment. 

 

 

a) c) b) 
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560ï640 nm 

Figure 10 from the air-independent flame is the most instructive feature in this 

wavelength region. Figure 10b shows prominent structured emission with resolved peaks. These 

structured peaks are interpreted as second-order grating diffraction of OHϽ A2Ɇ+ïX2Ʉ emission 

that is observed between 306ï310 nm. The correspondence between the peak positions in the air-

independent 615 nm spectrum (10b) and twice the wavelength of the OHϽ rotational structure 

established in the air-independent spectrum in the 310 nm region (10a) confirms this assignment. 

The OHϽ bandhead at ~308ï310 nm (10a) maps quantitatively onto the observed signal at the 

doubled wavelength 616ï620 nm (10b). 

 

 
Figure 10: The spectra are a) OHϽ emission at ~308 nm and b) second-order diffraction of this 

emission at ~616 nm. Both images are taken under air-independent conditions and are at 31 bar 

 

a) b) 
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Figure 11 is from the air-independent flame and shows the long-wavelength tail of this 

second-order OHϽ artifact together with sharp peaks between 628ï632 nm that might arise from 

HNOϽ emission [6]. 

 

 
Figure 11: Tail of the second-order diffraction of OHϽ, with features beyond 632 nm predicted to 

be HNOϽ emission [6] 

 

640ï700 nm 

Figure 12a reveals a broad feature centered near 690ï695 nm with multiple resolved 

peaks. In air-supported flames (12b, c, and d), the feature sharpens and intensifies in both the 

decomposition and diffusion spectra. Figure 12b shows multiple sharp spikes across 652ï677 nm 

with no clear dominant feature. 
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Figure 12: Emission features between 660 and 700 nm.  Present under all four conditions so 

could also be potassium contamination [7, 12]. a) air-independent flame, b) 664-694 nm from an 

integrated from air-supported flame, c) decomposition piece of air-supported flame, and d) 

diffusion piece from air-supported flame. Of note is the strong feature at 693 nm present in all 

spectra 

 

While CNϽ has emission in this region assigned to the A2ɄïX2Ɇ+ transition, this emission 

has previously been reported as very weak [7].  A potassium atomic line between 693ï694 nm 

cannot be entirely excluded given the present spectral resolution [12]. 

 

 

a) b) 

c) d) 
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700ï780 nm 

This wavelength region contains several notable discrete features. Figure 13 shows a 

sharp peak that was previously identified and extensively characterized by Sinrud, et al. as 

emission from H2O having 4 quanta of vibrational excitation [2].  

 

 
Figure 13: Air-independent flame centered at 717 nm showing (3,0,1) H2O [2] 

 

Spectra centered at 740 nm (Figure 14) show a prominent sharp peak at 734ï735 nm. 

Importantly, this feature is observed in all four experimental conditions, distinguishing this 

feature from species whose emission varies with atmospheric oxygen content. Since this feature 

is independent of O2 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 both air-independent and 

air-supported conditions to produce stable emission regardless of the oxidizer environment.  
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Figure 14: Unassigned features between 730-750 nm that is present in all four conditions a) air-

independent flame, b) both pieces from air-supported, c) decomposition from air-supported 

flame, and d) diffusion from air-supported flame 

 

Figure 15 shows the potassium D-line doublet [12] as two sharp, well-resolved peaks at 

766.5 and 769.9 nm. This is the cleanest and most unambiguous atomic line identification in the 

entire survey and serves as the primary reference for K contamination. The K 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. 

a) b) 

c) d) 
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Figure 15: Potassium D-line doublet at 766.5 nm and 769.9 nm [12] in the air-independent flame. 

This feature is prevalent under all conditions  

 

780ï935 nm 

The near-infrared portion of the survey spans a spectrally complex region where multiple 

species contribute overlapping emission. Sheehe et al. [6] identify OHϽ, NHϽ, and CHϽ emission 

between 780ï890 nm in nitromethane diffusion flames, with H2O emission appearing near 890ï

900 nm and the CNϽ red system emission (A2ɄïX2Ɇ+ ) near 930 nm. H2O emission again 

dominates at longer wavelengths. We note that all spectra (including those in the near-IR region) 

were acquired at 31.0 bar and under often under air-independent conditions that differ 

significantly from the atmospheric air-supported conditions of Sheehe et al. Direct quantitative 

comparison of species assignments between the Sheehe et al. spectra and those reported in this 

chapter is not straightforward, and the Sheehe et al. assignments are used here as a qualitative 

guide rather than a definitive identification. CHϽ emission is not included as a candidate 
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contributor in the 780ï890 nm region, due to no positive evidence for CHϽ at earlier 

wavelengths. 

Figure 16a shows a broad feature centered near 788ï795 nm. Figure 16b shows a more 

prominently structured multi-peak profile across 805ï827 nm, with a sharp peak at 

approximately 812ï813 nm and multiple resolved peaks between 815ï825 nm. The structured, 

multi-peak character of the emission across this region is consistent with overlapping NHϽ and 

OHϽ vibrational-rotational band emission identified in the 780ï890 nm window by Sheehe et al. 

[6]. Figure 16c and 16d show declining structured emission through 852ï877 nm, consistent with 

the red edge of this multi-species NHϽ and OHϽ emission envelope. 

 

 
Figure 16: Near-infrared emission in the 778-877 nm region of the air-independent flame. The 

features of this region are consistent with overlapping NH and OH emission of NM flames [6] 

 

Figure 17 shows a sharp isolated peak at approximately 892ï893 nm. Sheehe et al. 

identify H2O emission as starting to appear near 890ï900 nm in the nitromethane flame [6].  
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Figure 17: Air-independent spectrum centered at 890 nm. Possibly H2O emission based on 

Sheehe et al. [6] 

 

Figure 18a shows a comb-like pattern of sharp spikes across 904ï925 nm. Based on the 

Sheehe et al. spectral assignments, this region falls within the H2O emission window that begins 

near 890ï900 nm; however, the transitions from the CNϽ red system are known to extend into 

this range and therefore could overlap any H2O emission features [6].  

Figure 18b shows a sharp asymmetric bandhead at approximately 928ï929 nm. The 

wavelength is consistent with CNϽ red system (A2ɄïX2Ɇ+) emission identified near 930 nm by 

Sheehe et al. [6]. Third-order diffraction of OHϽ emission near 306ï312 nm would be expected 

to appear at approximately 918ï936 nm. However, the asymmetric bandhead profile observed 

here is more consistent with molecular emission than that of third-order diffraction of OHϽ, 

supporting the CNϽ red system assignment. 
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Figure 18: Near-IR emission near 905-945 nm in the air-independent flame. Possible overlap 

between H2O and CNϽ shown in a) and possible CNϽ (A2ɄïX2Ɇ+) emission in b) [6] 

 

The spectral survey presented in this section documents the emission landscape of high-

pressure NM combustion across a 300ï935 nm window, establishing possible species 

identifications, candidate assignments, and explicit non-detections across four experimental 

conditions. The survey reveals a chemically rich emission environment. Having established what 

species are present and where they emit, the following section examines the spatial relationship 

between two of the most prominent identified emitters, CNϽ and OHϽ, through filtered emission 

imaging. 

Spatially Correlated Emission Imaging of CNϽ and OHϽ 

The broadband spectral survey described above establishes 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 volume. A specific motivation exists for 

examining the spatial relationship between CNϽ and OHϽ in this system: the reaction 

a) b) 
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CNϽ + OHϽ ᵶ HϽ + NCO has been identified as a pathway in NM combustion kinetic modeling 

[3], and this reaction requires CNϽ and OHϽ to both be present in the same spatial region to 

proceed. Confirming whether CNϽ and OHϽ occupy overlapping spatial zones in the high-

pressure NM flame is therefore a necessary first step toward understanding whether this pathway 

is accessible under these conditions. As a complement to the spectroscopic data, filtered 

emission imaging was performed on the air-supported flame under decomposition conditions to 

capture the spatial extent of CNϽ and OHϽ emission 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 using bandpass filters centered on CNϽ emission near 388 nm and 

OHϽ emission at 310 nm. The raw filtered frames were processed in Python, where background 

offset was estimated from the low-intensity tail of the pixel brightness distribution in each image 

and subtracted as a first-order correction for detector background and stray light contributions. 

Pixel-by-pixel correlation analysis was subsequently performed on the normalized images to 

assess the spatial relationship between CNϽ and OHϽ emission intensity across the flame volume. 

The Pearson correlation coefficient, a measure of linear association between two variables 

ranging from -1 (perfect inverse correlation) to +1 (perfect positive correlation), reported 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 Figure 19 as a six-panel composite. The top 

row shows the normalized emission maps for OHϽ (left) and CNϽ (center), where warmer colors 

indicate higher relative intensity. OHϽ emission is distributed broadly across the full imaged 
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flame column, while CNϽ emission 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) encodes CNϽ emission as red and OHϽ emission as green, with yellow indicating 

spatial presence of both species. The outer and upper flame regions appear predominantly green, 

reflecting OHϽ emission without significant CNϽ, while the reaction core near the base appears 

yellow where both species overlap. The bottom row shows the OHϽ minus CNϽ difference map 

(left), where blue regions indicate OHϽ dominant emission throughout the entire imaged volume 

with no regions of CNϽ dominant emission visible within the slit boundaries. The CNϽ contour 

overlay on the OHϽ grayscale image (bottom center) traces the boundary of the CNϽ emitting 

region, showing that all CNϽ contours fall entirely within the OHϽ emitting flame body. The 

pixel-by-pixel scatter plot (bottom right) shows the correlation between normalized CNϽ and OHϽ 

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 position along the flame with the base of the 

flame nearest the bottom of the image. 
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Figure 19: Spatially correlated emission imaging of OHϽ and CNϽ in the air-supported flame 

under decomposition conditions. The top row is the normalized OHϽ emission map, normalized 

CNϽ emission map, and RGB overlay (CNϽ=red, OHϽ=green, yellow=correlated), respectively. 

The bottom row is OHϽïCNϽ difference map, OHϽ grayscale with CNϽ contours overlaid, and 

pixel-by-pixel correlation scatter plot (Pearson R = 0.852), respectively.  

 

Spatial Distribution 

The normalized emission maps show immediately that CNϽ and OHϽ occupy distinct but 

overlapping spatial regions within the flame. OHϽ emission is distributed broadly across the full 
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imaged flame column with the strongest emission along the central axis but extending laterally 

into the surrounding gas with a smooth intensity gradient. This broad, volumetric distribution is 

consistent with OHϽôs chemical character as it is both a reactive intermediate generated 

throughout the reaction zone and a relatively stable radical that persists into the latter half of the 

flame [1]. 

CNϽ emission, in contrast, is strikingly confined. The CNϽ map shows a compact, roughly 

oval bright region localized low in the flame near the primary reaction zone, with intensity 

dropping sharply to near-background levels above and to the sides of this core. This spatial 

confinement reflects the reactive intermediate character of CNϽ. It is generated during the early 

stages of NM decomposition and is then consumed within a narrow reaction zone faster than it 

can diffuse outward. Unlike OHϽ, it does not accumulate throughout the flame volume but 

appears and disappears within the region having the most active chemistry, consistent with the 

spatial species profiles reported in atmospheric-pressure NM diffusion flame measurements [3]. 

The RGB overlay makes this spatial hierarchy immediately apparent. The outer flame 

and the full extent of the upper flame column appear predominantly green, indicating OHϽ 

emission without significant CNϽ. The compact reaction core near the base of the flame appears 

yellow, reflecting genuine co-presence of both species. Notably, there is very little pure red 

anywhere in the image, meaning that wherever CNϽ is detected, OHϽ is also present. However, 

the inverse is not true as OHϽ occupies a volume substantially larger than CNϽ, confirming that 

the two species are not co-produced by the same reaction step in a simple stoichiometric 

relationship, but rather that OHϽ  accumulates over a broader range of the combustion process 

while CNϽ remains confined to its generating zone. 
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The OHϽïCNϽ difference map quantifies this spatial separation explicitly. Blue regions, 

where OHϽ emission dominates, cover the entire flame column. There are no regions where CNϽ 

emission matches or exceeds OHϽ emission, including within the CNϽ rich core where both 

species are most concentrated. This result confirms that OHϽ is the overwhelmingly dominant 

emitter throughout the flame volume regardless of local CNϽ concentration, and that the presence 

of both CNϽ and OHϽ in the reaction core reflects that CNϽ exists as a spatially confined 

intermediate within a much larger OHϽ emitting volume. The CNϽ contour overlay on the OHϽ 

grayscale image makes the boundary of the CNϽ emitting region explicit. The innermost closed 

contour traces the peak CNϽ emission zone, and it sits entirely within the brightest portion of the 

OHϽ emission column, with all outer CNϽ contours well within the OHϽ emitting flame.  

Pixel Correlation Analysis 

The pixel-by-pixel scatter plot provides the most quantitatively informative view of the 

CNϽï OHϽ spatial relationship. The 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 high CNϽ intensity tend to also have high OHϽ intensity 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 than a straight line, indicating that while the two species are 

strongly correlated, a strictly linear model does not fully describe the OHϽïCNϽ relationship 

across the flame. The nonlinear character reflects the broader spatial distribution of OHϽ relative 

to CNϽ. At low CNϽ values, corresponding to the outer flame regions where CNϽ is near absent, 

OHϽ is already at moderate to high levels given its independent production pathways, producing 
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the steep initial rise in the scatter cloud. With higher CNϽ values corresponding to the reaction 

core, the relationship flattens. This behavior reflects the convergence of both species toward their 

respective maxima in the same spatial zone rather than evidence of OHϽ depletion.  

Taken together, the imaging data confirm that CNϽ and OHϽ occupy overlapping spatial 

zones within the high-pressure NM flame, establishing that the conditions required for the CNϽ + 

OHϽ ᵶ HϽ + NCO reaction to proceed are met under these combustion conditions [3]. CNϽ 

emission is localized to the primary decomposition zone while OHϽ emission permeates the 

broader flame volume, dominating at every spatial location in the image including the CNϽ rich 

reaction core. This result is consistent with OHϽ having robust independent production pathways 

that sustain it throughout the flame regardless of the local CNϽ concentration. The imaging does 

not provide evidence for or against active consumption of OHϽ by the CNϽ + OHϽ reaction at this 

spatial resolution. Resolving whether this reaction produces a measurable OHϽ deficit 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 caveats that must be acknowledged before 

future work builds on these preliminary analyses. All images represent line-of-sight integrated 

emission, the background correction applied here is an approximation, and the Pearson R value 

should be treated as indicative rather than definitive. However, none of these limitations affect 

the qualitative conclusions drawn from the spatial emission maps and difference image, which 

are robust to moderate changes in background level and 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 approach to NHϽ emission and performing simultaneous three-

species correlation among CNϽ, OHϽ, and NHϽ would 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 pressure [13-15]. Most directly, 

spatially resolved imaging or spectroscopy targeting NCO emission would allow the product side 

of the CNϽ + OHϽ ᵶ HϽ + NCO reaction to be characterized alongside the reactant distributions 

documented here, providing a uniquely complete spatial picture of this pathway in high-pressure 

NM combustion and a direct test of whether the spatial co-presence confirmed in this work 

translates to measurable reaction progress [3]. 

Conclusion 

This chapter set out to establish a comprehensive spectral survey for high-pressure 

nitromethane combustion. The intent was for this survey to be broad enough to serve as a 

reference for future diagnostic and mechanistic work under both air-independent and air-

supported conditions. That goal has been met. Furthermore, the survey spectra in both air-

independent and air-supported atmospheres show clearly that NM combustion is a considerably 

more complex system than one might assume given NMôs status as a simple monopropellant. 

Across the 300ï935 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 instrument. The CNϽ violet and 

red systems together span from the near-ultraviolet to the near-infrared, indicating that CNϽ is 

active across a wider wavelength range than prior work on this system had characterized. 

Importantly, the presence of CNϽ red system emission in the air-independent N2 flame confirms 
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that CNϽ generation at the A2Ʉ level is intrinsic to NM decomposition chemistry at high 

pressure. This result has direct implications for kinetic modeling of the CNϽ excitation pathways 

[3, 6]. 

The experimental design capable of measuring four flame types ï air-independent, air-

supported (integrated), air-supported (decomposition), and air-supported (diffusion) ï proved 

essential to interpreting the emission landscape. Several species and features that would have 

appeared as simple background emission in a single-condition survey reveal clear condition 

dependences that constrain their chemical origin. The NHϽ sequence band enhancement under 

decomposition conditions relative to diffusion conditions identifies NHϽ as a direct 

decomposition product. The intensity enhancement in the 415ï500 nm window under the 

combined air-supported condition supports a cooperative fuel and air dynamic rather than 

additive contributions from the individual pieces.  

The filtered emission imaging presented in Section 4 extends the spectral picture into the 

spatial domain and confirms that CNϽ and OHϽ, despite their strong correlation (Pearson R = 

0.852), occupy distinct regions within the flame. CNϽ is localized to the primary decomposition 

zone while OHϽ pervades the broader flame volume, a spatial hierarchy consistent with their 

respective roles as an early-stage intermediate and a more persistent product-side radical. This 

result illustrates the kind of information that spatially resolved diagnostics can provide that 

spectral surveys alone cannot and motivates the extension of this imaging approach to NHϽ and 

eventually to simultaneous multi-species correlation. 

Several important gaps remain. The spectral window below 300 nm, where NO emission 

is expected and represents a priority target, is entirely inaccessible to the current detector, leaving 
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a key intermediate uncharacterized at high pressure. The unresolved structured emission in the 

500ï558 nm range, present across all four conditions, suggests a stable intermediate species 

population that current NM kinetic mechanisms may not fully capture. The tentative NHϽ and 

CNϽ assignments in the 780ï890 nm near-IR region require higher-resolution follow-up 

measurements under conditions directly comparable to the present survey before they can be 

confirmed, and the condition-independent unassigned feature at ~734ï735 nm has no current 

spectroscopic explanation. Each of these gaps corresponds to a future study to further reveal the 

details of air-independent combustion of NM. 

Nitromethane has been studied as a fuel and energetic material for decades, yet this 

survey demonstrates that even under well-controlled laboratory conditions the emission 

landscape of the high-pressure flame is not fully mapped and the species assignments are not 

complete. Establishing which species emit, at what wavelengths, and where within the flame 

they reside as documented in this chapter is intended to serve as the foundation from which that 

mapping can continue. These data do not act as a final description of NM combustion, but as one 

of the most complete references currently available for high-pressure NM combustion 

spectroscopy, and as a clear guide to where the most important unknowns remain. 
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Figure A.1: Near UV emission spectrum of cyano radical formed from nitromethane combustion 

under Argon at 31 bar 

 

 
Figure A.2: Comparison of experimental data from the air-independent 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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Figure A.3: Comparison of experimental data from the air-independent 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 

 

 
Figure A.4: Comparison of experimental data from the air-independent 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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Figure A.5: Comparison of experimental data from the air-independent 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 

 

 
Figure A.6: Comparison of experimental data from the air-independent 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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Figure A.7: Comparison of experimental data from the air-independent 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 

 

 
Figure A.8: Comparison of experimental data from the air-dependent 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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Figure A.9: Comparison of experimental data from the air-dependent 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 

 

 
Figure A.10: Comparison of experimental data from the air-dependent 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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Figure A.11: Comparison of experimental data from the air-dependent 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 

 

 
Figure A.12: Comparison of experimental data from the air-dependent 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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Figure A.13: Comparison of experimental data from the air-dependent 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 

 

 
Figure A.14: NO concentration profile versus distance from the burner for all four simulated 

cases 
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Figure A.15: Reaction contributions to NO formation and consumption versus burner distance 

for all simulated cases 

 

 
Figure A.16: CH2CN concentration profile versus distance from the burner for all four simulated 

cases 
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Figure A.17: Reaction contributions to CH2CN formation and consumption versus burner 

distance for all simulated cases 
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