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ABSTRACT 

In recent years, the space travel industry has grown exponentially, resulting in the need for a low-

cost, efficient rocket engine fuel. As such, there has been renewed interest in utilizing liquid natural gas 

(LNG) as it is less likely to soot than kerosene-based fuels and has widespread availability and low cost of 

use as compared to the traditional RP-X and even liquid methane (LCH4) fuels due to the reduced need for 

refinement. However, current literature does not fully cover varying blends of natural gas and the effects 

that impurities have on natural gas/methane fuels, with most studies being confined to low-pressure 

applications. Therefore, new experimental ignition delay time measurements at rocket engine relevant 

pressures are essential to ensure current chemical kinetic models capture the ignition behavior at these 

elevated conditions and to determine the optimal purity levels for a reliable, cost-efficient, aerospace-

grade LCH4/LNG fuel. The current work explores various blends of natural gas/methane fuel with various 

impurities, including higher hydrocarbons as well as nitrogen-carriers. A shock tube study was carried out 

to study the ignition delay times and carbon monoxide time histories of these natural gas blends utilizing 

chemiluminescence and laser absorption spectroscopy at 20, 50 and 100 atm over temperatures ranging 

from 1400-1700 K and at an equivalence ratio of 1. The experimental data was then compared to two 

different chemical kinetic mechanisms: the industry-standard GRI 3.0 and the in-house UCF 2022. The data 

is used to improve chemical kinetic mechanisms and modeling of LNG fuels for rocket engine applications.  
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CHAPTER ONE: INTRODUCTION 

Background 

Space travel is currently experiencing growth at its fastest pace in years as the commercial space 

industry matures, reaching a record value of $546 billion in 2022 with a projected annual revenue of one 

trillion dollars by 2040 [1]. While much of the growth has been generated by the commercial sector, there 

are considerable increases in government spending on both military and civil space programs in the United 

States. With such rapid growth underway, liquid methane (LCH4) and liquid natural gas (LNG) have gained 

popularity as a rocket fuel with the U.S. Department of Defense (DoD) and NASA because engines using 

these fuels are considered more reliable for multiple launches and such fuels are far less likely to soot than 

kerosene-based fuels. Also, commercially available CH4 has widespread availability and low cost compared 

to RP-x liquid aerospace fuels. However, there are stringent impurity standards implemented for rocket 

applications, as impurities may affect the ignition and chemical kinetic properties of aerospace-grade LCH4. 

As such, it is necessary to determine the optimal impurity level for these fuels by experimentally 

investigating methane fuel blends with varying impurities. 

Liquid natural gas used in aerospace engines is a highly refined form of pipeline natural gas, 

however, refinement is a process that often incurs significant costs and will still result in the final LCH4 

blend having extraneous species such as nitrogen and higher hydrocarbons at ppm levels [2]. Even at these 

ppm levels, the trace species can have chemically and thermally significant concentrations that may cause 

shifts in combustion characteristics. Therefore, to reduce the uncertainty introduced from these 

impurities, a highly refined and pure form of liquid methane is commonly used as a fuel during the design 

stage. For practical applications, the DOD has developed impurity guidelines for LCH4 fuels. Thus, to 

promote space access, it is essential to determine the optimal purity levels while complying with 
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government standards for a reliable, cost-efficient, aerospace-grade LCH4/LNG fuel. A selection of the 

Department of Defense’s breakdown of the grading standards used for LCH4 can be seen in Table 1.  

Table 1: Performance Specification of LCH4 as a Propellant[3]  

Property Grade 
A B C 

Purity (CH4), % Vol, min 98.7 99.9 99.97 
Water, ppmV, max 1 0.5 0.5 
Oxygen, ppmV, max 1 1 1 
Nitrogen, ppmV, max 5000 100 100 
Carbon dioxide, ppmV, max 125 50 50 
Other gaseous impurities, ppmV, max 
(i.e. Ar, H2, He, Ne) 5000 125 125 

Ethane (C2H6), ppmV, max 5000 500 100 
Propane (C3H8), ppmV, max 3000 500 100 
Other volatile hydrocarbons, ppmV, 
max 1 1 1 

Total volatile sulfur, ppmV, max 1 0.1 0.1 
Non-volatile residue (NVR) & 
particulates,  
mg/L, max 

10 1 1 

 

In order for the suitability of these impurity standards to be validated, an investigation into the 

ignition properties of these LCH4 and other CH4-based fuels is needed. Since N2 and N2-based species are 

known diluents in pipeline natural gas and appear in proportionally larger percentages of the LCH4 DoD 

graded blends, this study will also include N2 as an impurity in select natural gas mixtures. Different blends 

of natural gas will be studied in a shock tube to represent various time steps in the pipeline natural gas 

refinement process (varying levels of the higher hydrocarbon species, including ethane, propane, butane, 

nitrogen).  

While the composition of pipeline natural gas can vary based on location and vendor, a breakdown 

of a selected composition of pipeline natural gas is presented in Table 2 as a comparison. 
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Table 2: Composition of Pipeline Natural Gas [4] 

Species Purity 
CH4 C2H6 C3+ 

alkanes N2 CO2 O2 H2 CH3SH & Sulfur 
Species 

Conc. 94.9 % 
vol 

25,000 
ppm 

2,900 
ppm 

16,000 
ppm 

7,000 
ppm 

200 
ppm trace 2.7 ppm 

 

In addition to the study of various mixtures of natural gas and methane-based fuels, larger scale 

hot fire testing (with an average chamber pressure of 46 atm) will be carried out to provide additional 

validation targets and give a wholistic approach to improvement of rocket combustor analysis and 

modeling. CH* is closely related to combustion reactions and is often used as an indicator that ignition is 

occurring. The distribution of CH*/chemiluminescent images during hot fire testing gives important 

information about the combustion process including the presence/location of vigorous chemical reactions, 

information about the combustion stability, and can be used to reflect flame structure.  

Imaging also presents further validation targets as it can be compared to CFD simulations which 

will then allow for further refinement of the mechanism used, resulting in improved models for canonical 

rocket combustor flow analysis. This, with a modeling software used by NASA and DOD agencies called 

Two Dimensional Kinetics (TDK), will allow for direct comparison of chemical kinetic mechanism 

performance with outputs such as Isp [5, 6].  

The overall objective of this work is to gain a better understanding of the behavior of methane-

based fuels at conditions relevant to rocket engines (pressures up to 500 atm and temperatures from 1000 

to 3000 K) as current models lack relevant data and have yet to be validated experimentally. Combining 

different modes of investigation such as lower technology-readiness-level shock tube experiments and 

TDK studies with higher level analyses such as CFD simulations and CH* imaging during hot fire testing will 

allow for refinement of the chemical kinetic mechanisms resulting in improved models for canonical rocket 

combustor flow analysis and a comprehensive data set.  
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Literature Review 

Though there have been past efforts to understand the ignition characteristics of natural gas 

blends with varying levels of impurities, many studies focus on CO2 addition and are targeted at gas turbine 

applications. While there are a multitude of neat natural gas studies available in the literature, data is often 

confined to lower pressures (less than 50 atm) and such studies do not necessarily discuss different natural 

gas blends, rather focusing on one natural gas blend as compared to neat methane. 

There is currently a gap in the literature for the study of fuels at pressures relevant to rocket engine 

applications and ppm levels of impurities that may appear in such fuels. Further studies at higher pressures 

and varying levels of impurity would be beneficial to furthering the knowledge of the ignition of such 

natural gas fuels and are essential to ensure current chemical kinetic models capture the ignition behavior 

at these elevated conditions.  

Natural Gas Mixtures 

There is significant literature available on ignition characteristics of neat methane fuels, but most 

studies focus on lower pressures with applications towards gas turbines or gas engines [7-10]. Some 

natural gas mixtures have been covered in the literature, though data is often confined to lower pressures 

(less than 50 atm), well outside of the applications for rocket engines [11-15]. For example, a study carried 

out by Shao utilized methane/ethane/propane blends of natural gas, but carried out experiments at 

pressures near 12 atm [16]. Some shock tube-focused literature covers higher pressures, such as a study 

done by Karimi et al. that looked at methane autoignition at pressures up to 200 atm, though this study 

featured very high CO2 dilution [17]. Other works at higher pressures include past studies carried out by 

Petersen et al., that were able to obtain ignition delay times via pressure measurement techniques at up 

to 480 atm [18-20].  



5 
 

Other studies featuring natural gas blends tend to be focused on different applications and, while 

some do discuss emissions, these studies focus more heavily on different applications or strategies, 

including the effects of injection timing and fueling strategies with varying applications (such as 

supercritical CO2/pilot ignited engines) [21-23]. One such study carried out by Li looked at a wider pressure 

range up to 300 atm, but with applications towards injection strategies and nozzle parameters, not 

necessarily discussing ignition parameters [24]. Additionally, Naber studied a single natural gas mixture 

featuring methane/ethane/propane/butane and nitrogen, but carried out experiments in a combustion 

vessel targeting conditions relating to diesel engines [25].  

Many investigations into natural gas can be found that utilize either very high purity methane or such 

large percentages of diluents (such as ethane/propane) in the fuel composition that they are well beyond 

the DOD impurity level guidelines which would be representative of a raw/pipeline natural gas mixture 

[24, 26-29]. One shock tube study investigated ignition delay times at pressures up to 30 atm, but had 

large percentages of ethane and propane (10-20%), far surpassing what would be seen in crude natural 

gas [30].  

There are studies that do specifically look at the effects of higher-hydrocarbons on methane purity, 

but they tend to focus on one specific additive/impurity as opposed to modeling or recreating a natural 

gas blend that may be commercially available [21, 31, 32]. A study carried out by Lifshitz focused on the 

influence of propane on methane oxidation reactions in a shock tube, but utilized solely methane and 

propane, not including other higher hydrocarbons found in pipeline natural gas [33].  Additionally, Scheller 

investigated methane-oxygen mixtures with various amounts of ethane and propane as additives, but, 

again, utilized the additives individually, not necessarily representing the composition of an aerospace-

grade LNG blend [34].   
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There are few studies that directly compare different natural gas blends to assess purity standards. A 

study carried out by Vallabhuni did investigate two different LNG mixtures in a shock tube, but focused on 

lower-purity methane blends and lower pressures (up to 40 atm) for applications relating to gas engines 

[35]. Crane also investigated methane/ethane/propane/butane natural gas mixtures, but focused more on 

simulations with experimental measurements limited to a single blend and pressures at sub-atmospheric 

conditions [36]. Finally, Mehta carried out natural gas experiments in a shock tube at pressures up to 240 

atm, but did not include ignition data (such as ignition delay times), while Sahu investigated three different 

natural gas blends, but compared an aerospace-grade comparable blend to that of a methane purity much 

lower than the nominal crude natural gas blends (62.5% CH4) thereby limiting understanding of the effects 

of small amounts of diluents on the methane purity  [37, 38]. These studies represent the limited scope of 

work done to compare various natural gas blends and their ignition properties and performance. 

Additional work is needed in order to properly understand the behavior of natural gas fuels and the effects 

of purification at conditions relevant to rocket engine applications. 

Methane/Natural Gas+N2O 

More generally, there are some past studies featuring methane or natural gas blends with nitrogen-

carriers added as an impurity/diluent. For example, a study done by Grillo featured shock tube 

experiments with neat methane and nitrogen addition, but at much higher nitrogen composition than that 

found in crude natural gas [39]. There are also studies focused on NH3 or other nitrogen-carrier addition 

to natural gas fuels, but these studies largely focus on applications for power generation and are carried 

out at lower pressures [40-43].  

There are few studies in the high pressure range that utilize N2O as an impurity/additive to natural gas. 

Also, N2O is often found in literature combined with natural gas/methane at much higher percentages than 

ppm levels. For example, a shock tube study by Deng et al. studied N2O oxidation with methane and did 
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report ignition delay times, but was done at pressures up to only 16 atm [44]. Similarly, other studies with 

high percentages of N2O (or N2O utilized as an oxidizer) also appear in the literature, once again at 

pressures well below rocket engine applications [45-47]. There are two particularly relevant studies that 

focus on ppm levels of N2O addition. One study by Rahman et al. presents ignition delay time data from a 

shock tube study of natural gas+CO2 with 500 ppm impurity of N2O at 100 atm pressure condition [48]. 

This study, along with a shock tube ignition delay time investigation of CH4/N2O oxidation done by Mathieu 

et al., represent the limited scope of past work done on ppm levels of N2O impurity (though the Mathieu 

study covered a minimum of ~800 ppm of N2O at pressures up to 28 atm) [49]. Further studies at higher 

pressures and varying levels of N2O impurity would be beneficial to furthering the knowledge of the 

ignition of such natural gas fuels. 

Imaging 

Additionally, there have been some past chemiluminescence studies of nozzles, but few exist at 

rocket engine relevant pressures ranges or observe OH*, with most imaging studies investigating general 

flame chemiluminescence or IR features over a broader wavelength [50-52], solid fuel rockets [53-55], or 

studying more compact setups on smaller magnitudes (such as the BEM-1/BEM-2 plumes) [56, 57]. The 

studies that do observe CH* are on smaller scale combustors. For example, a study done by Hu recorded 

CH* distribution but was carried out via spontaneous radiation imaging in a reverse-flow combustor at an 

inlet pressure of 1 atm [58]. Another study carried out by Jens recorded OH* chemiluminescence but with 

applications for solid fuels and pressures up to 15 atm, while An investigated flame chemiluminescence in 

a rocket-based combined cycle combustor at pressures up to 26 atm [50, 54]. There are various imaging 

studies carried out in rotating detonation engines, but these studies focus on detonation characteristics 

and are again at lower pressures [59, 60]. One such study carried out by Rankin used OH* 

chemiluminescence imaging of an RDE, but RDEs are optically accessible devices and offer support for 

more straight-forward chemiluminescence imaging, something that is not always possible during hot fire 



8 
 

tests. These studies represent the limited literature available on chemiluminescence studies for rocket 

engine plumes and related applications. Further investigation and data would be beneficial to furthering 

the state of knowledge and providing future validation targets for various simulations and mechanism 

improvements.   
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CHAPTER TWO: METHODOLOGY 

Shock Tube Facilities 

Shock tubes are nearly ideal devices for studying gas-phase high-temperature combustion 

phenomena as the entire heating process occurs on a microsecond time-scale with the system holding 

pressure and temperature throughout the test time and experiments having high reproducibility. The 

following facilities both feature high-purity, stainless steel shock tubes with an internally electropolished 

finish to reduce wall friction, and thus mitigate the ability of the boundary layer formation. 

Kinetics Shock Tube Facility 

Experiments carried out at the 2 and 20 atm pressure ranges utilized the University of Central 

Florida’s (UCF) lower pressure, kinetics shock tube facility. The kinetics shock tube is a high-purity, stainless 

steel shock tube facility with an inner diameter of 14.17 cm. The shock tube is divided into two sections: 

the driven and the driver which are separated by a thin Lexan diaphragm. The driven section is vacuumed 

down to less than 5E-5 torr before each experiment and is then filled with the mixture of interest. The 

driver is filled with an inert gas such as helium, and, when the pressure of the inert gas reaches the 

necessary amount, the diaphragm ruptures and propagates a normal shock wave down the length of the 

tube. 

The velocity of the incident shock wave was measured using five piezoelectric pressure 

transducers (PCB 113B26; 500 kHz frequency response) equally spaced along the last 1.4 m of the shock 

tube linked to four time-interval counters (Agilent53220A; 0.1 ns time resolution) which are then 

channeled through a logarithmic amplifier. An RTV-coated Kistler pressure transducer (Kistler 603B1-

piezoelectric) is used to obtain pressure traces during ignition while limiting thermal effects. 
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These incident shock velocity values were then linearly extrapolated to obtain the reflected shock 

velocity at the end wall location. The pressure and temperature after the reflected shock wave were 

calculated based on the extrapolated velocity, initial pressure, initial temperature, and normal 1-D shock 

relations. The test section consists of eight equally-spaced optical ports located 2 cm from the end wall, 

with one port being equipped with a pressure transducer (Kistler 603B1-piezoelectric). All measurements 

using the kinetics shock tube were taken at this 2 cm location. More information about the facility can be 

found in earlier publications and a diagram of the shock tube can be seen in Figure 1.  

 

Figure 1: Schematic of the UCF kinetics shock tube 

Mixture Preparation 

Test mixtures were made in the 33-liter, stainless steel, chemically inert mixing tank. The kinetics 

shock tube’s mixing tank is fitted with a magnetically driven stirrer to ensure homogeneity of the mixture. 

Mixtures were prepared manometrically, measuring the partial pressures with 100-Torr and 10,000 Torr 

baratrons and test mixtures were allowed to homogenize for 4+ hours before experiments were carried 

out. Research-grade quality gases were used to prepare the test mixtures and the mixing tank was 

vacuumed out to less than 0.10 torr between each mixture preparation.  

Diagnostics 

For the 2 and 20 atm measurements, ignition delay times (IDTs) were measured. IDTs can be 

determined in multiple different ways and, depending on the definition, can result in differences of more 
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than 100 µs [49]. For this study, IDT is defined as the time between the arrival of the reflected shockwave 

to the time coinciding with the point of the maximum logarithmic emission signal. A representative 

pressure and emission profile can be seen in Figure 2. Ignition delay time measurements were via a 

photomultiplier tube (Model 2032) with a 310 ± 2 nm bandpass filter to isolate the OH* emission at the 2 

cm location from the end wall. 

 

Figure 2:  Pressure and normalized OH* emission trace during stoichiometric ignition of NG mixture in 
the 2 atm pressure range 

Carbon monoxide time histories were also measured; these time histories measurements were 

taken at the 2 cm location utilizing fixed wavelength absorption spectroscopy with a distributed feedback 

quantum cascade laser (DFB QCL) targeting a CO absorbance peak at 2046.28 cm-1 where any potential 

interference from additional species was considered negligible. Data was recorded on a 500 MHz DAQ with 

5 million samples and measurements were taken with the shock tube in vacuum, filled in the target 

mixture, and then during the experiment. For all of the 2 and 20 atm measurements, CO time histories 
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were captured by aligning the laser through the shock tube. A schematic for the laser setup as well as an 

axial cross-section of the test section can be seen in Figure 3.  

 

Figure 3: Schematic for the kinetics shock tube and laser diagnostic setup (left) and axial cross-section 
(right) for 2 and 20 atm experiments 

The beam was first split via a 50/50 beam splitter which directed half of the beam into a reference 

detector (Vigo PVI-2TE-5.0) that allows for monitoring of power fluctuations in the laser during 

experiments. The other 50% of the beam was directed through a neutral density (1.0) filter which reduces 

extraneous emissions and ensures the output is purely CO. The beam then passes through the shock tube’s 

sapphire windows and is captured by the transmitted detector. The spectral output was periodically 

monitored via a Bristol Spectrum Analyzer to ensure stability of the system. The experimental mole 

fractions were obtained via the Beer-Lambert Law and absorbance equation given in Equations (1) and (2), 

respectively. 

𝑋𝑋𝐶𝐶𝐶𝐶 = 𝛼𝛼𝑣𝑣𝑅𝑅𝑅𝑅
𝜎𝜎𝜎𝜎𝜎𝜎

                                                                                  (1) 

𝛼𝛼𝑣𝑣 = −ln ( 𝐼𝐼
𝐼𝐼𝑜𝑜

)𝑣𝑣                                                                               (2) 
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Where 𝛼𝛼𝑣𝑣 is the absorbance at frequency ν; R (J/mol-K) is the universal gas constant; T (K) is the 

temperature of the gas; σ (m2/molecule) is the absorption cross-section of the absorbing species; P (Pa) 

is the pressure of the gas; L (m) is the path length of the shock tube; and in Equation (2), I and Io are the 

measured intensities of laser power in test gas mixture and in vacuum, respectively, at frequency ν. The 

absorption cross section values for these measurements were obtained from HITRAN 2016 database at 

each P5 and T5 condition where absorbance from potential interfering species was negligible [61]. 

The overall uncertainty in the IDT measurements is less than ±10%, resulting from uncertainty in 

mixture composition and reflected shock temperatures. The uncertainty for the CO mole fraction is 

estimated via a time-varying root mean square quantity where the uncertainties from the parameters of 

Beer’s Law (Equation 1) are taken into account (parameters include pressure, temperature, absorbance, 

and absorption cross-section). More information about this method can be found in Ninnemann et al. [62]. 

HiPER-STAR Facility  

Experiments carried out in the 50 and 100 atm pressure ranges utilized UCF’s High Pressure, 

Extreme Range Shock Tube for Advanced Research (HiPER-STAR) facility. Functionally, the HiPER-STAR 

shock tube is very similar to the kinetics shock tube, so a broader overview focusing on the key differences 

will be highlighted here. The HiPER-STAR facility allows for high pressure combustion diagnostics relevant 

to rocket engine conditions. The shock tube has an inner diameter of 7.62 cm in the driven section and 

12.7 cm in the driver section with a transition section featuring two area reductions on the fore and aft 

sections, creating a smooth transition from the larger driver to the smaller driven with a final 10.16 cm 

cross section.  

HiPER-STAR’s shock tube is also divided into two sections (driven and driver) which are now 

separated by an aluminum diaphragm located in the diaphragm housing assembly. For increased 

repeatability, the diaphragms are cut and scored in-house using a CNC-arc cutter and 3-axis mill, 
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respectively. Aluminum diaphragms (6061-T6) with a thickness of 2.286 mm are used, with a 

corresponding fluoro-elastomer (Viton) spacer used to offset the gap and improve sealing. The diaphragms 

were scored to a depth of 0.635 mm to encourage uniform breaking and reliable test conditions. The driver 

is then filled with a combination of inert gases such as helium or mixtures of helium and nitrogen, in 

specific ratios (determined from previous experiments) to obtain the desired braking pressure.   

Velocity of the initial shock is calculated in the same way, with five pressure transducers now 

equally spaced along the last 2 m of the tube with the post-reflected shock properties calculated based on 

the normal shock relations as discussed in the previous section. The test section consists of eight equally-

spaced optical ports located 6 cm from the end wall, with one port again being equipped with an RTV-

coated Kistler pressure transducer (Kistler 603CAA) to obtain pressure traces during ignition. More 

information about the facility can be found in earlier publications and a diagram of the shock tube can be 

seen in Figure 4. 

 

Figure 4: HiPER-STAR shock tube schematic [63] 
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 Mixture Preparation 

The mixtures prepared at this facility were made in a 60-liter mixing tank fitted with magnetic 

stirring paddles to ensure homogeneity of the mixture. Again, a manometric approach was utilized, 

measuring the partial pressures with 100 torr and 20,000 torr baratrons and utilizing research grade gasses 

to make the mixture. The mixing tank was vacuumed to sufficiently lower pressures between mixtures. 

Diagnostics 

For the 50 and 100 atm experiments, no CO time histories were measured, only ignition delay time 

measurements were obtained. The other ports of the test section are sealed with contoured plugs that 

house windows, allowing for emission detection through the test section. IDTs were calculated as 

described in the kinetics shock tube section, with a 310 nm bandpass filter to isolate the OH* as well as a 

430 nm bandpass filter to isolate the CH* emission to provide a comparison for future measurements 

(where the OH* and CH* IDT peaks were within 3% of each other). A schematic for the axial cross section 

of the shock tube can be seen in Figure 5. 

 

Figure 5: Axial cross section for 50 and 100 atm experiments 
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Data is collected using two NI PCIe-6376 Data 19 Acquisition Devices, with a sampling rate of up 

to 3.5 MHz per channel. The absorption cross section values were obtained from a previous study using 

methane-based fuels and is validated throughout the pressure and temperature range for the current 

study and can be seen in Figure 6 [64]. The resulting uncertainty in temperature and pressure lead to an 

average uncertainty of mixture IDT below 20%, which is a standard practice in the combustion community.   

 

Figure 6: CO cross section correlation for high pressures 

Hot Fire Test Stand Experimental Setup 

Additionally, experiments run in collaboration with NASA Marshall Space Flight Center (MSFC) 

allow for unique opportunities to collect CH* chemiluminescent imaging data during hot fire testing. 

Combustion events occurring during hot fire testing of a lander class 7000-lbf thrust chamber using liquid 

oxygen (LOX)/LCH4 propellants were recorded. Tests were performed at an average chamber pressure of 

50 atm. Imaging was supporting the NASA RAMFIRE (Reactive Additive Manufacturing for Fourth Industrial 

Revolution) test series, focusing on hot fire testing of LOX/LCH4 fuels in 3-D printed nozzles. More 

information about the test program and experimental details of the nozzle itself can be found in the 

literature by Tinker and Fedotowsky [65, 66]. 
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Images were obtained using a high-speed camera (Photron Fastcam SA-Z), UV intensifier (Lambert 

HiCATT 25), and lens (Tamron 70-300 mm) with a 430 ± 5 nm bandpass filter to isolate the CH* emission, 

where most interfering species and effects of particles such as soot are outside the observable range and 

can be neglected. CO2* is one molecule that may have potential interference as it emits at the selected 

wavelength and can have greater intensity as compared to CH*. However, even with CO2* acting as a 

broad emitter, the intensity of the CH* signal can still be utilized to indicate intensity of the reaction and 

as an indicator of flame location under the assumption that CO2* production is proportional to CH* 

production. Additional information about this method can be found in the literature as described by Jens 

[54]. The sampling frequency was 2000 Hz and the intensifier gate width and camera frame rate were 

synced before each test to calibrate the system before image acquisition. Videos were obtained with a 

1024x688 resolution. A schematic for the test stand setup can be seen in Figure 7, where the nozzle is 

located at the ‘TS115 Cell’ outlined in blue and the camera was setup in the ‘Normal Video’ zone outlined 

in red, located approximately 20 feet perpendicular from the nozzle. 

 

Figure 7: Aerial Schematic of MSFC Test Stand 115 
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CHAPTER THREE: MODELING 

Chemical kinetic modeling will also be carried out to serve as a comparison and provide validation 

for the experimental data. A traditional 0-D CHEMKIN-Pro analysis is mostly used with the addition of 2-D 

TDK modeling to compare differences in Isp.  

0-Dimensional Chemical Kinetic Modeling 

Running preliminary simulations with initial estimates of how the species are expected to react 

under the tested environment assists in determining the range of experimental conditions that can be 

measured and the expected absorbance that the laser will detect. Initial simulations carried out at each 

relevant pressure (2, 20, 50, and 100 atm) and at the high and low end of each individual temperature 

range demonstrated that there will be negligible interference targeting the desired CO absorbance peak. 

Figure 8 shows a representative example of one such simulation, demonstrating that only CO will appear 

in the absorbance data. 

 

Figure 8: Preliminary CHEMKIN-Pro Simulation of UCF 2022 mechanism for Natural Gas Mixture 4 at 100 
atm and 1500 K  
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Traditionally, numerical simulations of shock tube experiments are performed using ANSYS 

CHEMKIN-Pro with a closed, homogeneous (0-D) batch reactor under adiabatic conditions with constant 

UV assumption [67]. When the shock wave passes through the reaction mixture, the step change in 

temperature and pressure justifies the former assumption as both shock tubes are constant volume and 

any change in pressure would have been a result of boundary layer effects; both shock tubes have a large 

enough diameter compared to the boundary layer to minimize these effects. The adiabatic assumption 

can be justified as the whole process takes place on a millisecond time scale, minimizing heat transfer.  

To simulate autoignition delay times and CO time histories for natural gas/methane mixtures, two 

different chemical kinetic mechanisms were used: UCF 2022 and GrI 3.0 [68, 69]. Within each of the 

mechanisms, there is information consisting of reaction rate equations of the gas-phase kinetics, 

thermodynamic properties, and transport properties for each reaction. The gas-phase kinetics file contains 

reaction rates/rate constant in the form of the Arrhenius equation (Equation 3), which is dependent on 

the molar activation energy for the reaction (Ea), the frequency or Arrhenius factor (A), temperature (T), 

and universal gas constant (R). 

𝑘𝑘 = 𝐴𝐴𝑒𝑒
−𝐸𝐸𝑎𝑎

𝑅𝑅𝑅𝑅�                                                                                (3) 

The mechanism titled ‘UCF 2022’ was developed using a base mechanism from Rahman et al. that is 

proficient at predicting methane oxidation over a large pressure range[70]. The Rahman mechanism did 

not contain C3 and C4-hydrocarbon reactions, so it was combined with those higher hydrocarbon reactions 

from the Aramco 3.0 mechanism [71]. The UCF 2022 mechanism now consists of 121 species and 1040 

reactions and was updated to include higher hydrocarbon reactions and various nitrogen-bath gas related 

reactions rates. This mechanism is well validated for ignition delay times of methane oxidation for 

pressures up to 300 atm. It is also validated with experimental data for oxidation of smaller hydrocarbons 

in the presence of nitrogen oxides. The two mechanisms used include the industry standard GRI 3.0 
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mechanism as well as the in-house mechanism, UCF 2022. Model results from CHEMKIN-Pro, including CO 

time histories and IDT measurements, are reported in the following sections as a comparison to the 

experimental results. A sensitivity analysis and reaction pathway analysis are also offered here (conducted 

with the UCF 2022 mechanism), and will be discussed in more detail in the following sections.   

2-Dimensional Chemical Kinetic Modeling 

In addition to the 0-D modeling, NASA’s Two-Dimensional Kinetic code will also be used to validate 

predicted vs experimental Isp from hot fire tests. TDK gives performance parameters based on input 

geometry and a chemical kinetic mechanism, so it can be used to validate predicted versus experimental 

Isp from hot fire tests. This data could then potentially be used to predict Isp for various methane-blended 

fuels as well. TDK is the JANNAF standard for performance calculations as, unlike other ODE calculators, it 

includes kinetic losses in the nozzle which accounts for how long it takes for the chemistry to reach 

equilibrium. This will allow for a more robust chemical kinetic mechanism to be used in such modeling. 

TDK is highly useful for obtaining preliminary rocket engine performance parameters, but allows for only 

a maximum of 200 reactions, requiring a largely reduced mechanism. The UCF 2022 mechanism was 

heavily reduced in order to fit into the software and even further reduced to optimize software 

performance.  

The various inputs/outputs from TDK are often limited distribution/ITAR restricted (including 

geometry of the nozzle, specific testing conditions, exact input mechanisms, and exact Isp values), so 

percent difference in Isp will be the only output offered to show dependence of the modeling software on 

mechanism robustness and provide a comparison between the JANNAF standard mechanism and the 

updated and reduced UCF 2022 mechanism.  
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CHAPTER FOUR: EXPERIMENTAL RESULTS 

To provide a baseline validation for the in-house mechanism, Figure 9 demonstrates a past work 

done by the author utilizing one of the same neat natural gas (NG) mixtures (a 93% CH4 purity mixtures) 

that is used throughout the low, intermediate, and high pressure ranges in the upcoming sections [72]. 

The experiments for this NG mixture (NG1, the specific composition of which will be discussed shortly) 

were performed in the same kinetics shock tube, using the same method, and at the same equivalence 

ratio (Φ= 1), but at a lower, standard pressure of 2 atm. This baseline model validation compares the UCF 

2022 mechanism with the GRI 3.0 mechanism at a well-studied pressure range in order to further confirm 

basic model functionality. It can be seen that both of the mechanisms closely align with the experimental 

data (within the margin of error), which indicates good baseline agreement and functionality of the 

mechanisms.  

 

Figure 9: Comparison of shock tube IDTs during neat NG1 oxidation at 2 atm [68] 
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Low Pressure Natural Gas Blends 

Various natural gas blends were experimentally studied in the UCF kinetics shock tube at an 

average pressure of 20 atm with temperatures ranging from 1400-1700 K at an equivalence ratio of 1. 

Table 3 shows the composition of the test mixtures used for this low pressure campaign (and note that 

test mixture NG4 is modeled after the Department of Defense’s grade A LCH4 fuel and NG2 is modelled 

after the sample pipeline natural gas composition from the EIA). 

Table 3: Composition of Test Mixtures for Low Pressure Natural Gas Blends (by Percent Volume) 

Test Mixtures 
Compound 

CH4 C2H6 C3H8 C4H10 N2 N2O 
NG1 93 4.75 1.5 0.75 0 - 

NG1+N2O 93 4.75 1.5 0.75 0 0.1% 
NG2 94.9 2.5 0.3 0 2.3 - 

NG2+N2O 94.9 2.5 0.3 0 2.3 0.1% 
NG3 96.04 3.96 0 0 0 - 

NG3+N2O 96.04 3.96 0 0 0 0.1% 
NG4 98.7 0.5 0.3 0 0 - 

NG4+N2O 98.7 0.5 0.3 0 0 0.1% 
 

Ignition Delay Times 

Neat NG Mixtures 

Shock tube ignition delay times of various blends of natural gas are offered as a comparison to 

observe the effect of methane purity on LNG fuels at 20 atm. The experimental data with best fit lines can 

be seen in Figure 10. As a baseline check, the obvious trend of elevated temperature resulting in quicker 

IDT for every mixture is confirmed. It was also found that, when comparing various blends of natural gas, 

higher CH4 purity levels result in an increase in ignition delay time far outside of the margin of error. This 

indicates that the appearance of higher hydrocarbons such as ethane, propane, or butane have a 

significant impact on the ignition properties of natural gas blends, decreasing the ignition delay times.  



23 
 

 

Figure 10: Comparison of shock tube IDTs during NG oxidation at 20 atm with best fit lines 

Figure 11 shows the model comparison for all neat NG mixtures at 20 atm with the UCF 2022 

mechanism shown in blue and the GRI 3.0 mechanism in red. It can be seen that the UCF 2022 mechanism 

is largely able to capture the experimental behavior of each mixture within the margin of error. The GRI 

3.0 mechanism tends to underpredict the IDT, with larger variation at lower temperature conditions, 

indicating the importance of temperature on the mechanism’s behavior.  
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Figure 11: Comparison of experimental IDTs and models during oxidation of NG1 (Top Left); NG2 (Top 
Right); NG3 (Bottom Left); NG4 (Bottom Right) 

Natural Gas + N2O Mixtures 
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outside of the margin of error, indicating the importance of the nitrogen-carrying reactions on the higher 

purity natural gas mixtures. 

 

 

Figure 12: Best Fit Lines of NG1 and NG1+1000 ppm N2O (Top Left); NG2 and NG2+1000 ppm N2O (Top 
Right); NG3 and NG3+1000 ppm N2O (Bottom Left); NG4 and NG4+1000 ppm N2O (Bottom Right) 
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also largely able to capture the results, with some slight variations in the neat mixtures at lower 

temperatures, once again indicating the wider variation of mechanism to experimental data at lower 

temperatures and the importance of temperature on the GRI 3.0 mechanism’s behavior. 

 

 

Figure 13: Comparison of experimental IDTs/models during oxidation of NG1+1000 ppm N2O (Top Left); 
NG2+1000 ppm N2O (Top Right); NG3+1000 ppm N2O (Bottom Left); NG4+1000 ppm N2O (Bottom Right) 
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can be seen in Figure 14. It was found that a lower equivalence ratio resulted in quicker ignition delay 

times while a high equivalence ratio resulted in slower ignition.  

 

Figure 14: Comparison of shock tube IDTs at varying equivalence ratios during NG oxidation at 20 atm 
with best fit lines 

A comparison of the three equivalence ratios at 20 atm with their complementary GRI 3.0 and UCF 

2022 chemical kinetic mechanism simulations can be seen Figure 15. It was found that, overall, the GRI 
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of the mechanism on temperature. 
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Figure 15: Comparison of shock tube IDTs during oxidation of NG1 at Φ=0.5 (Top Left); Φ=1 (Top Right); 
Φ=2.0 (Bottom) 

Carbon Monoxide Time Histories 

Neat Natural Gas Mixtures 
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the combustion process causes natural gas to oxidize rapidly, leading to the steep increase in CO mole 

fraction seen in the high temperature conditions.  

Comparing between NG blends is more difficult since each temperature condition was individually 

selected based on the available data points (i.e., the high temperature condition for NG1 is much lower 

than that of the other NG blends), making it more difficult to draw a direct comparison. Generally, at 

similar temperature conditions, the higher the CH4 concentration, the longer it takes CO to form and less 

CO will form. This trend can best be seen in an upcoming section. 

Figure 16: CO formation at low and high temperature for NG1 (Top Left); NG2 (Top Right); NG3 (Bottom 
Left); NG4 (Bottom Right) 
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The experimental data obtained for CO time histories was also used to validate the UCF 2022 

model. The results are shown in Figure 17 with the UCF 2022 model in dashes and the GRI 3.0 model in 

dots. For most cases, specifically NG2, NG3, and NG4, the UCF model is largely able to capture the initial 

formation of CO with variations beginning to show towards the peak as the mechanism predicts slightly 

higher/faster CO formation. The GRI 3.0 mechanism does capture some of the early CO formation, but 

deviates more drastically than the UCF 2022 mechanism once the formation rate increases, predicting 

both a higher CO mole fraction and quicker formation. 

Figure 17: Comparison of CO Time Histories Predicted by GRI 3.0 and UCF 2022 Models with 
Experimental Results of NG1 (Top Left); NG2 (Top Right); NG3 (Bottom Left); NG4 (Bottom Right) 
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Natural Gas + N2O Mixtures 

When comparing N2O addition to the neat cases, it is found that at the low temperature 

conditions, there is little difference in CO production when compared to the baseline mixtures. This is likely 

due to the low amount of N2O added (1000 ppm) and could indicate that these reactions are not as 

sensitive at lower temperatures. For the high temperature conditions, the addition of N2O to both NG2 

and NG4 results in the formation of CO occurring both more quickly and in higher amounts through the 

end of the test time. This once again indicates the dependence of the mechanism on temperature. These 

trends can be seen in Figure 18. 

Figure 18: CO formation at low and high temperature for NG1+N2O (Top Left); NG2+N2O (Top Right); 
NG3+N2O (Bottom Left); NG4+N2O (Bottom Right) 
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Again, these N2O addition cases were also compared against the UCF 2022 and GRI 3.0 

mechanisms and the results can be seen in Figure 19. The N2O addition mixtures follow a similar trend to 

the neat case where both models are able to capture early behavior and then begin to show variations 

later in the test time, predicting faster CO formation and overpredicting CO peak values. These cases are 

also similar to the neat NG mixtures as the GRI 3.0 mechanism does again deviate more drastically than 

the UCF 2022 mechanism once the formation rate increases, predicting higher CO mole fraction formation 

and faster reactions. 

Figure 19: Comparison of CO Time Histories Predicted by GRI 3.0 and UCF 2022 Models with 
Experimental Results of NG1+1000 ppm N2O (Top Left); NG2+1000 ppm N2O (Top Right); NG3+1000 ppm 

N2O (Bottom Left); NG4+1000 ppm N2O (Bottom Right) 
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Sensitivity Analysis 

The mechanism selected for use during the sensitivity analysis is the UCF 2022 mechanism. This 

was selected because, while both mechanisms match at certain conditions, the UCF mechanism is closer 

to the experimental data more often. OH* sensitivity analyses were carried out in order to identify key 

reactions that affect the ignition delay times of methane/natural gas mixtures. IDT sensitivity analyses 

were conducted at the time corresponding to when half of the fuel (CH4) had decomposed. This process 

was carried out focusing on the critical reactions and the specific reactions of interest were isolated. A 

positive sensitivity indicates increased ignition delay times (lower reactivity) while a negative sensitivity 

value indicates lower ignition delay times and higher reactivity. The trends seen in the sensitivity studies 

remain true for all NG mixtures and, as such, only NG2 will be shown for brevity.   

First comparing the NG2 mixtures for the low and high temperature cases, it is apparent that the 

scales of the reactions are quite different. While the top reactions are very similar, the 2CH3=>C2H6 reaction 

goes from a sensitivity coefficient of 27.4 at 1400 K to a sensitivity coefficient of 0.7 at 1700 K showing a 

large dependence on temperature. With the addition of N2O as an impurity, nitrogen-carriers and 

reactions begin to appear, though the top reactions seen in the neat cases still carry over. The bottom two 

graphs highlight the nitrogen reactions and a similar trend from the neat NG2 mixtures can be seen when 

comparing between low and high temperatures. The N2O(+M)=N2+O(+M) reaction has a sensitivity 

coefficient of -9.2 at 1400 K to -0.28 at 1700 K. Results can be seen in Figure 20 for the neat case, and 

Figure 21 for the NG2+N2O addition. 
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Figure 20: IDT Sensitivity analysis for NG2 for 20 atm at 1400 K (Top); at 1700 K (Bottom) 
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Figure 21: IDT Sensitivity analysis at 20 atm for NG2+1000 ppm N2O at 1400 K (Top); at 1700 K (Bottom) 
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Reaction Pathway Analysis  

The reaction path analysis was carried out for mixture 2 for oxidation of natural gas in order to 

understand important reaction pathways involved in CO formation and fuel decomposition. Since natural 

gas consists of multiple fuels, a reaction pathway analysis was carried out selecting CH4, C2H6, and C3H8 

each individually as the starting fuel and ending with CO in order to compare the effects of higher 

hydrocarbons on the reaction pathways. Similar trends are seen throughout the pressure range, so the 20 

atm experiments will be the only section showing all 3 starting fuels individually. The UCF 2022 reaction 

mechanism was used for reaction path analysis as it predicted IDTs with a good degree of accuracy. 

CH4 Decomposition 

Methane was first selected for use as the primary fuel and its decomposition pathways will be 

discussed in the following sections. A high and low temperature pathway analysis was carried out to 

investigate the effects of temperature on the decomposition pathways, but the pathways between the 

temperature conditions was found to be extremely similar. Trends were comparable since, as seen in the 

sensitivity analysis, the reactions have large overlap, with the sensitivity coefficient being the main change 

between temperatures. As such, the 1400 K condition will be the focus. Again, similar trends are seen 

throughout the various starting fuels, and, as such, this will hold true for C2H6 and C3H8 investigations.  

The initiation of methane combustion in a natural gas oxidation mixture at 1400 K begins with the 

unimolecular decomposition of methane at low temperatures resulting in the formation of CH3. This 

process at the low temperature condition readily forms H, O, and OH radicals in the presence of oxygen. 

The high concentration of these radicals in the natural gas oxidation mixture speeds up the decomposition 

of methane by hydrogen abstraction and reactions R1-R3. The methyl radical (CH3) proceeds to react with 

the free O-atom radicals to form CH2O via reaction R4, as well as an additional reaction pathway that sees 

CH3 react with a third body to release CH2 (reaction R5). In the first branch, CH2O forms HCO via hydrogen 
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abstraction and third body interactions (R6, R7) and then either terminates in CO formation via reactions 

R8 and R9 (a third body reaction and additional H-atom abstraction), or forms CO2 by interacting with the 

free O radicals (R10). In the second branch, CH2 either oxidizes to form CO2, or reacts with the free O 

radicals to form HCO, then terminating in CO formation as discussed above (R11, R12). Finally, CO2 reacts 

with H-atom radicals and additional third-bodies to decompose into CO via reactions R13 and R14. The 

reactions are listed in Table 4 and the reaction/decomposition pathways can be seen in Figure 22. 

Table 4: Reactions for 1400 K, 20 atm, CH4 decomposition of NG2 

R1 H+CH4 = CH3+H2 R8 HCO(+M) = CO+H(+M) 

R2 O+CH4 = OH+CH3 R9 HCO+H = CO+H2 

R3 OH+CH4 = CH3+H2O R10 HCO+O = CO2+H 

R4 CH3+O = CH2O+H R11 CH2+O2 = CO2+2H 

R5 CH3(+M) = CH2+H(+M) R12 CH2+O = HCO+H 

R6 CH2O+H = HCO+H2 R13 CO2+H = CO+OH 

R7 CH2O(+M) = HCO-H(+M) R14 CO2(+M) = CO+O(+M) 
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Figure 22: Major reaction pathways to CO for 1400 K, 20 atm, CH4 decomposition of NG2 

An additional reaction pathway analysis was carried out for the NG2+1000 ppm N2O case. For N2O 

addition, trends were once again comparable since, as seen in the sensitivity analysis, the reactions have 

large overlap, with the sensitivity coefficient being the main change between temperatures. As such, the 

N2O addition reaction pathway analysis will be only at the 1400 temperature condition and only for NG2. 

Figure 23 shows the reaction pathway diagram for this case, with the pathway in blue taking place only 

with N2O addition. 
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Figure 23: Major reaction pathways to CO for 1400 K, 20 atm, CH4 decomposition of NG2+1000 ppm N2O 

The methane reaction pathway for natural gas oxidation with N2O addition is similar. The reactions 

R1-R14 remain constant and are the primary method for CO formation. As for the N2O-specific reactions, 

N2O first decomposes into with NCO via reacting with CO2 or NO by reacting with either a hydrogen-atom 

or oxygen-atom radical (RN1-RN3). NO then reacts with CO2 to terminate in the formation of the CO 

molecule (RN4). NCO has two possible branches. The molecule can release a nitrogen radical and form CO2 

(then following the R13 and R14 reaction path to CO) or directly form CO by reacting with either a 

hydrogen-atom or oxygen-atom radical (RN5-RN7). The N2O-specific reactions are listed in Table 5. 

Table 5: Reactions for 1400 K, 20 atm, CH4 decomposition of NG2+1000 ppm N2O 

RN1 N2O+CO2 = NO2+NCO 

RN2 N2O+H = NO + NH 

RN3 N2O+O = 2NO 

RN4 CH2NO+CO2 = NO2+CO 

RN5 NCO+O = CO2+N 

RN7 NCO+H = CO+NH 

RN8 NCO+O = CO+NO 
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C2H6 Decomposition 

Utilizing ethane as the starting fuel, there are now additional interactions as a result of the higher 

hydrocarbons. Ethane decomposition in the NG2 oxidation mixture at 1400 K begins with the interaction 

of ethane with H, O, and OH radicals resulting in the formation of C2H5 via reactions R15-R17. C2H5 

proceeds to branch into three different paths. The first path features C2H5 reacting with the free O-atom 

radicals to release CH3 and form CH2O via reaction R18. From here, CH2O decomposition into the final 

product of CO by following the process described above, reactions R6-R9. In the second path, C2H5 

undergoes a third-body reaction to release a H atom and form C2H4 (R19).C2H4 then releases additional 

CH3 radicals via interactions with O-atom radicals, resulting in HCO formation (R20). HCO then 

disassociates and forms CO in the same reaction pathway described in the CH4 decomposition section 

above (R8, R9). The final branch sees C2H5 interacting with the H-atom radical and releasing two CH3 

radicals via reaction R21. From CH3, the same reactions are undergone, resulting in the formation of CO as 

described above and in reactions R4-R14. The additional new reactions are listed in Table 6 and the 

pathways can be seen in Figure 24.  

Table 6: Reactions for 1400 K, 20 atm, C2H6 decomposition of NG2 

R15 H+C2H6 = C2H5+H2 R19 C2H5(+M) = C2H4+H(+M) 

R16 O+C2H6 = OH+C2H5 R20 C2H4+O = HCO+CH3 

R17 OH+C2H6 = C2H5+H2O R21 C2H5+H = 2CH3 

R18 CH2O+O = CH2O+CH3  
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Figure 24: Major reaction pathways to CO for 1400 K, 20 atm, C2H6 decomposition of NG2 

C3H8 Decomposition 

Finally, selecting C3H8 as the starting fuel results in even more interactions as a result of the 

increased carbon and hydrogen atoms. Decomposition of C3H8 in NG2 at 1400 K begins with the formation 

of C2H5 and C3H7; hydrogen abstraction releases C3H7 and third body interactions with C3H8 forms C2H5 as 

well as the methyl radical (R22, R23). These larger hydrocarbons will then react further, releasing 

additional radicals, including multiple methyl radicals. For example, C3H7 will react with the H-atom radical, 

forming both the methyl radical and C2H5 in reaction R24. C3H7 will also experience a third body reaction, 

resulting in the formation of CH3 once again (reaction R25). On the other hand, C2H5 will interact with an 

oxygen-atom radical, resulting in the formation of a methyl group as well as CH2O; an additional path for 
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C2H5 includes the interaction of the molecule with a hydrogen-atom radical, which results in the formation 

of two methyl radical groups (R26, R27). 

From CH3, the same reaction pathway from the CH4 and C2H6 starting fuels also exists (reactions 

R4-R14), but due to the increase in methyl groups, there are additional, more prevalent reaction pathways 

which will be addressed. The methyl group will react to form CH2OH and then CH2O (R28, R29). CH2O can 

then form HCO from hydrogen abstraction or third-body interactions, or directly form CO (R30-R32). 

Finally, HCO will experience additional hydrogen abstraction and third body interactions to terminate the 

reaction with the formation of CO (R33, R34). The additional new reactions are listed in Table 7 and the 

pathways can be seen in Figure 25.  

Table 7: Reactions for 1400 K, 20 atm, C3H8 decomposition of NG2 

R22 C3H8+H= C3H7+H2 R29 CH2OH(+M) = CH2O+H(+M) 

R23 C3H8(+M) = C2H5+CH3(+M) R30 CH2O+H = HCO+H2 

R24 C3H7+H = CH3+C2H5 R31 CH2O(+M) = HCO+H(+M) 

R25 C3H7(+M) = C2H4(+M) R32 CH2O(+M) = CO+H2(+M) 

R26 C2H5+H = 2CH3 R33 HCO(+M) = CO+H(+M) 

R27 C2H5O+O = CH2O+CH3 R34 HCO+H = CO+H2 

R28 CH3+OH = CH2OH+H  
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Figure 25: Major reaction pathways to CO for 1400 K, 20 atm, C3H8 decomposition of NG2 

 

Intermediate Pressure Natural Gas Blends 

Ignition Delay Times 

Shock tube ignition delay times of various blends of natural gas at 50 atm are offered as a 

comparison to observe the effect of methane purity on LNG fuels. The experimental data with best fit lines 

can be seen in Figure 26. As a baseline check, the obvious trend of elevated temperature resulting in 

quicker IDT for every mixture is confirmed. It was also found that, when comparing various blends of 

natural gas, higher CH4 purity levels generally result in an increase in ignition delay time. In comparison to 
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the 20 atm experiments, the margin of error is much smaller with NG2, NG3, and NG4 largely overlapping 

throughout the temperature range with only the 93% methane-purity NG1 blend being outside of the 

margin of error. This indicates that at higher pressures, the effect of methane purity in the natural gas 

blends may not be as prominent, at least for higher purity mixtures.  

 

Figure 26: Comparison of shock tube IDTs during NG oxidation at 50 atm with best fit lines 

Figure 27 shows the model comparison for all neat NG mixtures at 50 atm with the UCF 2022 

mechanism shown in blue and the GRI 3.0 mechanism in red. While for the 20 atm condition, the 

mechanism was able to largely capture the entirety of the experimental behavior throughout the 

temperature range, the 50 atm condition begins to show some variation. It can be seen that the UCF 2022 

mechanism matches the experimental points well for the NG1 mixture, but for NG2, NG3, and NG4, the 

mechanism begins to overpredict the IDTs just barely on the margin of error. The overprediction is also 
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largely standard throughout the temperature range, not varying based on a low or high temperature 

condition. The GRI 3.0 mechanism underpredicts the IDTs for each case. This indicates the importance of 

pressure on mechanism performance. 

 

Figure 27: Comparison of 50 atm experimental IDTs and models during oxidation of NG1 (Top Left); NG2 
(Top Right); NG3 (Bottom Left); NG4 (Bottom Right) 
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Sensitivity Analysis 

The UCF 2022 mechanism is once again used for the 50 atm sensitivity analysis and the analysis 

was carried out in the same way as described in the low-pressure sensitivity analysis section. Again, trends 

in the sensitivity studies hold true for all NG mixtures and, as such, only NG2 will be shown. 

Similar to the 20 atm condition, when comparing the NG2 mixtures for the low and high 

temperature cases, the scales of the reactions are very different. While the top reactions are similar, the 

2CH3=>C2H6 reaction goes from a sensitivity coefficient of 32.0 at 1450 K to a sensitivity coefficient of 0.64 

at 1700 K showing a large dependence on temperature. Comparing this 50 atm pressure case to the lower, 

20 atm analysis, it can be seen that, in general, most of the higher-pressure reactions are less sensitive in 

comparison to their lower pressure counterparts. This aligns with the results seen in the IDTs, indicating 

that, at these intermediate pressures, the effect of methane purity in natural gas blends is not as prevalent 

as it is at lower pressures. The sensitivity results can be seen in Figure 28. 
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Figure 28: IDT Sensitivity analysis at 50 atm for NG2 at 1400 K (Top); at 1700 K (Bottom) 
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Reaction Pathway Analysis  

Similar to the 20 atm condition, the reaction path analysis was carried out for mixture 2 at 50 atm 

for natural gas oxidation in order to understand the important reaction pathways involved in CO formation. 

The UCF 2022 reaction mechanism was again used for this analysis. 

The initiation of methane combustion in a natural gas oxidation mixture at 50 atm is very similar 

to the 20 atm condition. It begins in the same manner, following reactions R4-R5 to branch and form both 

CH2 and CH2O from the methyl radical obtained from the initial methane decomposition. In the first 

branch, CH2O will form HCO which will continue on to either form CO2 (the same pathway as the 20 atm 

condition, reactions R6, R7, R10) or CO directly via the same hydrogen abstraction and third body 

interactions as before (R8, R9). The second branch will see CH2 behaving in a similar matter to the 20 atm 

condition, following reactions R11 and R12 to form CO2 and HCO but now with an additional pathway to 

directly form CO by reacting with oxygen (R35). The pathway terminates in the same manner, with CO2 

forming CO via reactions R13 and R14. The new reaction is listed in Table 8 and the reaction/decomposition 

pathways can be seen in Figure 29. 

Table 8: Reactions for 1400 K, 50 atm, CH4 decomposition of NG2 

R35 CH2+O2 = CO+OH+H 
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Figure 29: Major reaction pathways to CO for 1400 K, 50 atm, CH4 decomposition of NG2 

High Pressure Natural Gas Blends 

Ignition Delay Times 

Shock tube ignition delay times of various blends of natural gas at 100 atm are now offered to 

compare the effect of methane purity on LNG fuels. The experimental data with best fit lines can be seen 

in Figure 30. Again, the obvious trend of elevated temperature resulting in quicker IDT for every mixture 

is confirmed. It was also found that, when comparing various blends of natural gas, higher CH4 purity levels 

generally result in an increase in ignition delay time. However, as was apparent in the 50 atm case where 

NG2, NG3, and NG4 were within the margin of error throughout the temperature range, for this 100 atm 

case, NG1, NG2, NG3, and NG4 are all now much closer in value. Even NG1 which had remained outside 
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the margin of error in the 50 atm experiments is now within the margin of error of NG2 throughout the 

temperature range. This is again indicating that at higher pressures, the methane purity in the natural gas 

blends does not have as large an effect as at the lower pressure conditions. 

 

Figure 30: Comparison of shock tube IDTs during NG oxidation at 100 atm with best fit lines 

Figure 31 shows the model comparison for all neat NG mixtures at 100 atm with the UCF 2022 

mechanism shown in blue and the GRI 3.0 mechanism in red. The 100 atm condition varies slightly from 

the trend seen in the 50 atm condition (where it was seen that for mixtures NG2, NG3, and NG4, the 

mechanism overpredicted the IDTs outside the margin of error). Instead of overpredicting for NG1, NG2, 

NG3, and NG4, the 100 atm condition is largely able to capture the experimental behavior for all of the 

mixtures. The GRI 3.0 mechanism underpredicts the IDTs for each case. This could indicate that the 

mechanism could use further development for intermediate pressures since it performed well at the low 

pressure 20 atm and the high pressure 100 atm conditions.  
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Figure 31: Comparison of 100 atm experimental IDTs and models during oxidation of NG1 (Top Left); NG2 
(Top Right); NG3 (Bottom Left); NG4 (Bottom Right) 

Sensitivity Analysis 

The UCF 2022 mechanism is used again for the 100 atm sensitivity analysis, and the analysis was 

carried out in the same way as described in the low-pressure sensitivity analysis section. Again, trends in 

the sensitivity studies hold true for all NG mixtures and, as such, only NG2 will be shown. 
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Similar to both the 20 and 50 atm condition, when comparing the NG2 mixtures for the low and 

high temperature cases, the scales of the reactions are very different. While the top reactions are similar, 

the 2CH3=>C2H6 reaction goes from a sensitivity coefficient of 21.1 at 1400 K to a sensitivity coefficient of 

1.45 at 1700 K showing a large dependence on temperature. Comparing this 100 atm pressure case to 

both of the lower pressure conditions, it can be seen that, again, most of the higher-pressure reactions 

are less sensitive in comparison to their lower pressure counterparts. This aligns with the results seen in 

the IDTs, indicating that, at high pressures, the effect of methane purity in natural gas blends is not as 

prevalent as it is at lower pressures. The sensitivity results can be seen in Figure 32. 
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Figure 32: IDT Sensitivity analysis at 100 atm for NG2 K (Top); at 1700 K (Bottom) 
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Reaction Pathway Analysis  

The reaction path analysis was also carried out for mixture 2 at 100 atm for natural gas oxidation 

in order to understand the important reaction pathways involved in CO formation. The UCF 2022 reaction 

mechanism was utilized for this analysis. 

The initiation of methane combustion in a natural gas oxidation mixture at 100 atm is similar to 

the 20 and 50 atm conditions. It begins in the same manner, following reactions R1-R3 to form the initial 

methyl radical groups. From CH3, the main reaction path includes the methyl radical reacting with HCO to 

release a hydrogen-atom radical and form CH2CO (R36). From CH2CO, there are three branching pathways. 

The first is the formation of HCO from CH2CO oxygen abstraction or by reacting with OH (R37, R38). From 

here, the reaction pathway mirrors that of the previous pressure conditions, with HCO forming CO2 and 

then terminating in CO formation (R10, R13, R14). In the next branch, CH2CO will form HCCO either from 

hydrogen abstraction or by reacting with the O-atom radical (R39, R40). This reaction path will then 

terminate in CO either via reactions with the O or H-atom radicals or third body interactions (R41-R43). 

The final branch shows CH2CO directly forming CO by a third body interaction as well as by reacting with a 

hydrogen-atom radical, releasing a methyl group as well as CO (R44, R45). The new reactions are listed in 

Table 9 and the reaction/decomposition pathways can be seen in Figure 33.  

Table 9: Reactions for 1400 K, 100 atm, CH4 decomposition of NG2 

R36 CH3+HCO = CH2CO+H R41 HCCO+O = CO+H 

R37 CH2CO+OH = HCO+H R42 HCCO+H = CO+CH2 

R38 CH2CO+O2 = HCO+O R43 HCCO(+M) = CO+CH(+M) 

R39 CH2CO+H = HCCO+H2 R44 CH2CO+H = CO+CH3 

R40 CH2CO+O = HCOO+OH R45 CH2CO(+M) = CO+CH2(+M) 
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Figure 33: Major reaction pathways to CO for 1400 K, 100 atm, CH4 decomposition of NG2 

Chemiluminescent Imaging 

CH* chemiluminescent image processing was performed on the videos taken during hot fire tests 

at MSFC as discussed in Chapter 2. Post-processing included removal of background noise through 

subtracting time-averaged videos taken of similar weather conditions before each test as well as basic 

filtering/LUT adjustments and normalization. Pseudo-color processing was also added for ease of 

visualization. These images offer insight into the combustion process and are largely presented as a 

showcase of the opportunity for further work such as direct comparison with CFD simulations performed 

with the UCF 2022 mechanism. Figure 34 shows a high temperature and low temperature hot fire test, 

both at an average pressure of 50 atm.  
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Figure 34: CH*chemiluminescent images at high temperature (Top); Low temperature (Bottom) 
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CHAPTER FIVE: CONCLUSIONS AND FUTURE WORK  

 Shock tube experiments were conducted to study the oxidation of four different natural gas blends 

at an equivalence ratio of 1 and were run at pressures of 20, 50, and 100 atm over temperatures ranging 

from 1400 to 1700 K. The 20 atm experiments featured each of the four natural gas blends with N2O 

addition to model the effects of nitrogen-carriers on natural gas blends as well as additional experiments 

run at equivalence ratios of 0.5 and 2. CO time histories were obtained for the 20 atm test campaign and 

ignition delay times were measured for all pressures. Experimental results were compared to the UCF 2022 

and GRI 3.0 chemical kinetic mechanisms to identify discrepancies between experimental data and 

modeling predictions and further improve the mechanism to provide more accurate modeling of natural 

gas fuels for rocket engine applications.  

 Results from the 20 bar experiments demonstrated that the methane-purity level had a large 

effect on IDTs, with the IDT for NG4 doubling that of NG1 in the low temperature range. It was also 

determined that the UCF 2022 mechanism was largely able to capture the experimental behavior of each 

of the natural gas blends throughout the entire temperature range. For N2O addition to the natural gas 

blends, it was found that the higher the methane purity, the larger the effect N2O had on IDT. For example, 

NG1 (93% CH4 purity) had minimal variance between neat and N2O addition, while NG4 (98.7% CH4 

purity) had faster IDTs with N2O addition, outside of the margin of error. For the equivalence ratio, it was 

apparent that increasing the equivalence ratio resulted in an increase in IDT due to the increased amount 

of high hydrocarbons. The UCF 2022 model was able to capture the ignition behavior with N2O addition 

and the 0.5 and 2.0 equivalence ratios, as well. For CO formation, it was found that the higher the CH4 

concentration/purity, the longer it takes CO to form and less CO will form within the test time. For the N2O 

addition cases, there was little difference in CO production as compared to the neat mixtures due to the 

low amount of N2O added. The UCF 2022 model well captured the initial formation of CO for both sets of 
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mixtures with variations in the peak value once formation rate increases. A sensitivity analysis and reaction 

path analysis were conducted and important reactions involved in the oxidation of natural gas were 

identified. 

50 bar and 100 bar experiments also featured IDT measurements, with the difference in IDT 

between methane-purity blends decreasing as the pressure increased. The model began to show slight 

variations in model performance, but was able to capture experimental behavior just within the margin of 

error. Again, a sensitivity analysis and reaction path analysis were conducted and the important reactions 

involved were identified.  

The current work explores various blends of natural gas/methane fuel with various impurities, 

including higher hydrocarbons as well as nitrogen-carriers and provides critical data necessary for further 

development and application of LNG fuels in rocket engines.  

Future Work 

Additionally, validation is still needed at even higher pressures (up to 600 atm) where few studies of 

this nature exist. To fully understand the ignition behavior of LNG rocket fuels, ignition studies and species 

time histories would be beneficial at these extreme pressures, including further refinement of the 

chemical kinetic model using these high pressure data points. Further analysis could also be done focusing 

on TDK modeling. Using a brute-force method to further reduce and refine the UCF 2022 mechanism’s 

integration into the current TDK mechanism would result in a more accurate tool for use in CFD simulations 

during the design stages of engine development. CFD simulations using this reduced mechanism would be 

beneficial as they would provide model validation targets as well as validation for the experimental work 

via direct comparison to the experimental hot-fire images.  
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