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Abstract 

The use of natural gas (NG) for transportation and heavy-duty power generation applications has 

led to an increase in demand for conventional and non-conventional NG sources. Moreover, 

techniques such as exhaust gas recirculation (EGR) are used to control NOx emissions from 

combustors such as internal combustion engines (ICEs) and gas turbines (GTs). Several studies 

have shown that the presence of higher hydrocarbon and/or NOx species in NG mixtures can 

significantly affect auto-ignition behavior, which is a critical parameter for gas turbines, spark-

ignited (SI), and homogeneous charge compression ignition (HCCI) engines. Thus, it is critical 

to understand the oxidation of NG mixtures containing different fractions of higher alkanes and 

the impact of NOx species on the oxidation of their mixtures in order to mitigate emissions and 

increase engine efficiency. Therefore, this research study focuses on building a comprehensive 

database of experimental measurements of ignition delay times (IDTs) for NG mixtures contain 

C1 ï C7 n-alkanes. Moreover, the effect of the addition of NOx on both methane and ethane 

oxidation, the primary components of NG mixtures, is studied. These data are critical in the 

development of a reliable chemical kinetic mechanism to describe the oxidation of these 

mixtures. In addition, the chemical kinetic mechanism is used to develop empirical equations 

which are helpful in quickly predicting the IDTs of different mixtures. The IDT experiments 

were carried out in two independent but complementary experimental facilities at NUI Galway, 

namely the (red) rapid compression machine (RCM) used for the low- to intermediate-

temperature regimes and the high-pressure shock-tube (HPST) used to study the intermediate 

and high temperatures regimes depending on the fuel mixtureôs reactivity. The IDT 

measurements were performed over a wide range of operating conditions, including compressed 

temperatures (TC) = 650 ï 2000 K, compressed pressures (pC) = 10 ï 40 bar and at equivalence 

ratios (ű) = 0.5 ï 2.0. These data provide a direct understanding of the auto-ignition 

characteristics of the mixtures studied and are used together with a wide range of available 

literature data including IDTs from RCMs and STs, speciation from a flow reactor (FR) and a 

jet-stirred reactor (JSR), as well as flame speed data to develop a reliable chemical kinetic 

mechanism. 
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Preface 

This manuscript presents the scientific results I have obtained since I have started my PhD in 

July 2018. When I started my research at the Combustion Chemistry Centre (C3), I was given a 

task to learn how to use the rapid composition machine (RCM) which was the first time for me 

to see such a piece of equipment. Once I was well trained and started to perform experiments, I 

have been asked to contribute to experiments on different projects and these experimental results 

have been included in two peer-reviewed scientific articles which are described in Chapters 7 

and 8. 

As part of my project to study the auto-ignition of NG mixtures comprising C1 ï C7 n-alkanes, 

methane/NOx, and ethane/NOx, I acted as an experimental chemist and engineer. I was 

responsible for updating the inlet manifold system of the red RCM at C3 by installing a new 

manifold with new connections which facilitated the connection of a mixing tank to prepare the 

seven components n-alkanes NG mixtures. Moreover, a 1 L tank was used to mix the NOx 

species with the studied fuels (methane and ethane), and a new pressure gauge with a small 

range of 20 mbar to accurately add NOx species at ppm concentrations. 

Moreover, I have learned how to use the high-pressure shock tube. Once I was trained I started 

to perform experiments by myself to extend the experimental study of my project to higher 

temperatures than those accessible in the RCM. 

Over the last three and half years I have been fortunate to be involved in many such projects, 

where my role as part of a collaboration has often been that of an experimental chemist, and 

engineer. In this way, I am proud to have a good role in my project team as well as with other 

project teams. In this way, my research has been an interdisciplinary journey. To showcase the 

complete work I performed, I have decided to write an article-based thesis. The published 

scientific articles are an effective way to communicate technical breakthroughs. 

I have organized this manuscript into nine Chapters. Chapter 1 provides a background of the 

research questions addressed and gives a brief description of the lab-scale reactors used in the 

studies. Chapters 2 ï 6 include the peer-reviewed publications from my main project. Chapters 7 

and 8 provide the peer-reviewed publications of my experimental contribution to other projects. 

Chapter 9 reports general conclusions and recommended future work. Finally, appendices are 

included, which are a compilation of the supporting information from the publications and the 

experimental raw data. 
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Chapter 1: Introduction 

This chapter presents the background and motivation of the work reported in this thesis and 

includes the importance of a chemical kinetic mechanism in understanding fuel characteristics 

and in developing an optimized combustor. Moreover, a brief description of the lab-scale 

reactors used to generate the experimental data is included and the simulation and analytical 

methods used are discussed. 

1.1  Background and Motivation 

Controlling energy production and consumption plays a vital role in improving living standards. 

Fossil fuels remain the primary source of energy production and consumption being responsible 

for about 80% of world energy supply as indicated in Fig. 1-1 [1]. 

Fossil fuels are a non-renewable source of energy that take millions of years to produce, and 

reserves are being depleted at a much faster rate than are being re-created. Fossil fuels are a 

unique blend in that they are an extraordinary energy source but also produce harmful emissions. 

The process of extracting energy from hydrocarbon fuels (fuel burn) ultimately produces carbon 

dioxide (CO2), water vapor (H2O), and many other harmful emissions such as nitrogen oxides 

(NOx), unburned hydrocarbons, sulfur dioxide (SO2) and carbon monoxide (CO). Carbon 

dioxide comprises 74% of greenhouse gas (GHG) emissions, with the majority (89%) coming 

from the combustion of fossil fuels. Several combustion exhaust gases have been demonstrated 

as GHGs including CO2, methane (CH4), and N2O [2]. 

Natural gas (NG) is the lowest CO2 emitting fossil fuel when it burns [1], Table 1-1 compares 

the amount of CO2 emitted per unit of energy output or heat content. Besides the low CO2 

emissions produced while burning NG compared to other fossil fuels it counts as an economical 

energy source. However, strict measures and precautions must be taken to prevent leakage when 

extracting, transporting, and using NG as it consists of mainly methane which is a strong GHG. 
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Figure 1-1. World total energy supply [1]. 

Table 1-1. Pounds of CO2 emitted per million British thermal units (Btu) of energy [1].  

Fossil fuels Pounds of CO2 emitted /106 KJ of energy 

Coal (anthracite)  241.186 

Coal (bituminous) 217.025 

Coal (lignite) 227.259 

Coal (subbituminous) 226.098 

Diesel fuel and heating oil 170.181 

Gasoline (without ethanol) 165.855 

Propane 146.653 

Natural gas 123.442 

The potential of natural gas (NG) as an alternative fuel for transportation and heavy-duty power 

generation applications has led to an increase in demand for conventional and non-conventional 

NG sources. NG is primarily composed of methane with some heavier alkanes ranging from 

ethane to heptane [3,4]. The annual NG production, consumption, and gross exports report from 

the United States (U.S.) Energy Information Administrationôs (EIA) in 2019 [5] shows that dry 

natural gas production increased by 10%, reaching a record-high average of 2.636 billion cubic 

meter per day (Bm3/d). Despite the increase in U.S. natural gas production, the consumption rate 

increased by 3%, led by greater use of natural gas in the electric power sector. Thus, the U.S. 

natural gas gross exports increased 29% to 12.8 Bcf/d. 

https://www.eia.gov/dnav/ng/NG_PROD_SUM_A_EPG0_FPD_MMCF_A.htm
https://www.eia.gov/dnav/ng/NG_PROD_SUM_A_EPG0_FPD_MMCF_A.htm
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The declining concentration of >C2 species on a volume/mol basis is an observed trend in 

samples of NG found around the world. These are identified by Siemens Energy Canada Ltd. 

who wants to ensure that NG mixtures of varying composition can be used in its gas turbines and 

determine if there is any limitation in terms of pollutants, power range, or fuel supply systems. 

Thus, this study is motivated to achieve highly efficient and safe use of NG by performing both 

experimental and kinetic modeling studies for a wide range of NG mixtures to verify their 

varying combustion characteristics. 

Combustion Engines (CEs) are devices that can convert the chemical energy stored in any kind 

of liquid fuel (e.g., petroleum), gaseous fuel (e.g., natural gas), and solid fuel (e.g., coal) through 

controlled combustion to produce thermal energy, ultimately producing useful mechanical 

energy. These devices are commonly classified into two types, internal combustion, and external 

combustion engines. The invention and development of CEs had a profound impact on human 

life. Currently, combustion engines are the most commonly used devices to generate power. 

These engines include gasoline engines, diesel engines, gas-turbine engines, and rocket-

propulsion systems. 

The ongoing development of combustion devices requires a better understanding of the 

characteristics of the fuel used over a wide range of conditions relevant to the conditions of its 

operation to finally achieve the highest possible efficiency of a combustor. One of the most 

effective techniques is exhaust gas recirculation (EGR) which plays a major role in reducing 

nitrogen oxides (NOx) emission levels by reducing the combustion temperature of internal 

combustion engines and gas turbines [6ï8]. As the presence of NOx in the combustion products 

is unavoidable under such operating conditions, understanding the effect of NOx on fuel 

oxidation is necessary to achieve the highest possible efficiency of EGR applications. Thus, this 

study has been performed to achieve a better understanding of the effect of the presence of NOx 

species on the auto-ignition characteristic of methane and ethane which are the primary 
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components of NG mixtures. Therefore, this thesis includes both experimental and kinetic 

modeling studies of the auto-ignition of methane/NOx and ethane/NOx mixtures over a wide 

range of practical combustor relevant conditions.  

1.2  Chemical kinetic models for fuel oxidation 

As mentioned in the previous section to achieve highly efficient and safe use of wide range of 

NG mixtures and EGR technique it requires both experimental and kinetic modeling studies. The 

current experimental measurements along with the literature lead to accurately develop reliable 

kinetic mechanisms. These mechanisms then will be used to simulate the combustion processes 

in practical combustors for various fuels over a wide range of conditions at much lower cost 

relative to a direct experimental approach aiding to an efficient and optimized practical 

combustors. In their review [9] Westbrook and Dryer presented a hierarchical approach to 

mechanism development. Thus, this strategy has been used to develop reliable chemical kinetic 

mechanisms which can precisely describe in detail the pyrolysis, the thermal decomposition of 

the fuel, and/or oxidation processes of heavy and more complex hydrocarbons starting from the 

C0 sub-mechanism, represented by the H2/O2 system, up to Cn species at elevated temperatures 

and pressures. Figure 1-2 shows a general schematic mechanism for ethane pyrolsis and methane 

oxidation. This strategy helps researchers to better understand the pyrolysis and oxidation 

processes of hydrocarbons by recognizing critical reaction pathways. In this way, it can easily 

recognize the foremost reactions which control these processes from relatively simple fuel 

combustion such as hydrogen or hydrogen/syngas mixtures to methane, and ethane up to very 

complex fuel combustion such as natural gas (NG), liquefied petroleum gas (LPG), gasoline, and 

diesel. 

A fuelôs combustion characteristics such as flame speed, speciation profiles, auto-ignition time, 

provide excellent validation data in the development of reliable chemical kinetic mechanisms 
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which can then be reduced and coupled with computational fluid dynamic (CFD) simulations to 

help in the design of efficient combustors. Laboratory scale combustion reactors such as 

combustion vessels, jet-stirred reactors, flow reactors (laminar and turbulent flow), rapid 

compression machines (RCMs), and shock tubes (STs) are used to measure combustion 

characteristics at conditions relevant to practical combustor operation. 

Ignition delay time (IDT) is the time needed for a mixture of fuel and oxidizer to react and ignite 

at a certain temperature and pressure. The IDT measurements is one of the criteria that is 

extensively used to validate chemical kinetic mechanisms. Therefore, in this thesis, 

comprehensive IDTs measurements are reported using both a RCM and a high-pressure shock 

tube (HPST), reactors which have been used together with literature data to develop the 

NUIGMech versions which are reported upon in this thesis. 

 

Figure 1-2. General schematic mechanism for ethane pyrolsis and methane oxidation. 
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1.3  Experimental facilities and mixture preparations 

Fuel auto-ignition is an important fuel characteristic for combustor design. It is important to 

ensure that the time required to fully premix the fuel and air is shorter than the IDT required for 

the mixture at combustor operation conditions. Moreover, auto-ignition is the main process 

controlling combustion in homogeneous charge compression ignition (HCCI) engines. 

RCMs and STs are two independent, but complementary lab-scale reactors used to investigate 

fuel auto-ignition characteristics at combustor relevant conditions. In this thesis, these two 

facilities were extensively used to study the autoignition of various fuels over a wide range of 

conditions. Associated non-idealities of both RCMs and STs during their normal operation can 

be found in refs. [10ï15]. 

1.3.1  Rapid compression machine 

The NUI Galway rapid compression machine is used to emulate the compression stroke of an 

internal combustion engine, but it is quite different in that it undergoes only one compression at 

a time and does not have the ability to perform multiple cycles. At the end of the compression 

process, the pistons are held in position using a hydraulic locking system so that the IDT 

characteristics of a mixture can be measured at a defined compressed temperature and pressure. 

RCMs have gained significant attention in the combustion community to study relatively low-

temperature fuel oxidation chemistry at thermodynamic conditions relevant to IC engines and 

gas turbines.  

At NUI Galway C3 lab there are two RCMs and to differentiate between them it has refer been 

referred to them as red and blue which are the colors of the pneumatic cylinders. The general 

specifications of the NUI Galway (red) RCM are presented in Table 1-2. The RCM used to 

perform the IDTs measurements included in this thesis was originally designed by Affleck and 

Thomas [16]. In the 1960s the RCM was constructed at the Shell Thornton Research Centre and 
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re-commissioned at NUI Galway in the 1990s to perform chemical kinetic experiments [17]. 

Figure 1-3 shows a schematic diagram of the NUI Galway RCM facility and Figure 1-4 shows a 

digital photo of the red RCM, mixing tanks and the inlet manifold. The red-RCM has an opposed 

twin-piston design with creviced pistons to improve the homogeneity of the gas after 

compression [18]. The RCM comprises three main systems, the pneumatic system which 

controls piston movement in both the compression and retracting processes, the hydraulic system 

which is responsible for holding the pistons in place before and after compression, and finally 

the chemical reaction chamber which is responsible for holding the test mixture and the pressure 

sensor(s). Each system has its own components which are described briefly here and only the 

main components appear in the schematic diagram. 

Table 1-2. Specifications of the NUI Galway (red) RCM. 

Parameter Value 

Bore size of the reaction chamber (cm) 3.820 

Volume of the reaction chamber (cm3) 33.191 

Pistonôs velocity (Up) (cm/s) 934.0 ~ 1294.0 

Pistonsô stroke length (cm) 16.817 

Pistonôs type Flat head with the crevice 

Type Twin-counter pistons 

 

Figure 1-3. A schematic diagram of the NUIG RCM facility. 
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Figure 1-4. A photograph of the (red) RCM, including mixing tanks and the inlet manifold. 

1.3.1.1   The pneumatic system components: 

Two pneumatic chambers (1) are connected through a three-way valve to a compressed airline 

with a capacity of up to 10 bar pressure which can vent to the atmosphere and to a vacuum 

pump. The compressed airline supplies the pneumatic chambers with the appropriate amount of 

pressurized air needed for the compression process. These pistons are indirectly connected to the 

main pistons through two rods. The first rod (7) connects the pneumatic piston (4) to the 

hydraulic piston (5) and the second rod (8) connects the hydraulic piston (5) to the creviced 

piston. The vent is used to release the pressurized air to the atmosphere after performing an 

experiment, and the vacuum pump is responsible for retracting the pistons to their original 

positions. 

1.3.1.2  The hydraulic system components: 

Two hydraulic chambers (2) filled with hydraulic oil are connected to an oil pump which apply a 

locking pressure of 40 bar. The two chambers are connected to a valve in order to manually 

release the pressure allowing the two creviced pistons (5) to compress the test mixture in the 

reaction chamber (3). 
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1.3.1.3  The chemical reaction chamber components: 

The reaction chamber consists of the reaction chamber (3), the two creviced pistons (5), and the 

two-cylinder sleeves (9). A Kistler 6045B pressure transducer, mounted flush with the reaction 

chamber wall, is connected to a Kistler charge amplifier in conjunction with an oscilloscope to 

record pressure/time (p/t) histories. As the geometric compression ratio (CR) of the RCM is 

fixed, in order to span a range of the compressed gas temperatures (TC) and pressures (pC), the 

initial temperature (Ti) and initial pressure (pi) are varied following Equations 1-1 and 1-2. The 

variation in Ti is controlled using a heating system implemented on the walls of the cylinder and 

the reaction chamber together with five thermocouples installed on the outer body of two-

cylinder sleeves (9) to accurately control Ti. The pi is measured using pressure readings from the 

static pressure gauges connected to the inlet manifold. Gaseq [19] is used assuming an adiabatic 

compression/expansion, to calculate the compressed gas temperature according to Equation 1-3: 

Ὕ Ὕ
ὠ

ὠ
 

(1-1) 

ὴ ὴ
ὠ

ὠ
 

(1-2) 

ÌÎ
ὴ

ὴ

g

g ρ

ὨὝ

Ὕ
 (1-3) 

where ὠ, ὠ, are the initial volume (maximum volume) and the compressed volume (minimum 

volume) of the reaction chamber, respectively, and ɔ is specific heat ratio of the test mixture. 

The reactive (fuel/O2/diluent) and non-reactive (fuel/diluent) test mixtures are transferred from 

the reactive and non-reactive tanks, respectively, to the reaction chamber through the inlet 

manifold. The reaction chamber is connected to a vacuum pump to flush the exhaust gases after 

completing an experiment.  

For fuel/oxidizer mixtures which exhibit a strong peak pressure at ignition, the IDT is defined as 

the interval between the time of the first peak pressure at the end of compression (EOC) to the 

second global peak pressure due to the ignition event as shown in Figure 1-5. Due to the weak 
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pressure signal for the highly dilute ethane/NO2 conditions, a photomultiplier (PMT) equipped 

with a CH* filter (CWL: 430 nm ± 10 FWHM; Thorlabs) is used together with the pressure trace 

to measure the IDT for dilute mixtures. The ignition event is reported at the maximum gradient 

pressure  or in CH* 
ᶻ

 after compression as shown in Figure 1-6. 
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Figure 1-5. Typical RCM pressure-time histories for ethane oxidation at ű = 1.0 in óairô and 30 bar. 
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Figure 1-6. Typical RCM pressure versus time histories for ethane/NO2 oxidation at ű = 0.5 and 

91% dilution at pC = 30 bar. 

1.3.2  Mixture preparation and the used gases purity 

The inlet manifold has been modified to prepare the mixtures presented in the thesis. Figure 1-7  

shows the schematic diagram and the photograph of the red RCM Inlet manifold and mixing 

tanks. 
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Figure 1-7. The schematic diagram and the photograph of the red RCM Inlet manifold and mixing 

tanks. 

A fuel mixing tank (1) was used to prepare the seven component (C1 ï C7) n-alkane fuel mixture 

in order to minimize any errors in mixture preparation. The mixture was allowed to homogenize 

via gaseous diffusion for at least 12 h before using it to prepare the final reactive fuel/O2/(N2/Ar) 

and non-reactive fuel/(N2/Ar) mixtures in the reactive (2) and non-reactive (3) tanks 

respectively. The N2/Ar fractions were varied to ensure a wide range of compressed gas 

temperatures. A separate 1.0 L NOx mixing tank (4) was connected to the line for NOx (NO, 

NO2 and N2O) species addition where the desired NOx species was allowed to mix with the 

fuel/O2/(N2/Ar) mixture for 5 ï 10 min before filling the reaction chamber. In addition, a set of 

non-reactive experiments were performed at the same initial condition of the reactive 

experiments by replacing O2 with N2 in the reactive mixture, the pressure-time of which are 

converted to volume-time histories and are used as input files in Chemkin simulations in order to 

account for facility affects in simulating the RCM experiments. 

The purities of the fuels used vary based on availability from the supplier and are as follows: 

methane (99.5%), ethane (99.5%), propane (99.5%), n-butane (99.9%), NO2 diluted in Ar 

(99.99% purity) (2% NO2/98% Ar), NO diluted in Ar (99.99% purity) (4% NO2/96% Ar), and 

N2O (99.5% purity) were supplied by Air Liquide company. The liquid fuels, n-pentane (99%), 

n-hexane (99%), and n-heptane (99%) were supplied by Sigma Aldrich and were used without 
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further purification. The diluent and oxidizer gases, nitrogen (> 99.96%), argon (> 99.98%), and 

oxygen (> 99.5%) were supplied by BOC Ireland. 

1.3.3  Shock tube 

A shock-tube is a laboratory device with no moving parts, extensively used in the fields of 

aerodynamics, physics and chemistry, to study fuel auto-ignition as well as elementary rate 

constant measurements usually at shorter times (Ò 2 ms) in the high temperature (Ó 1000 K) 

regime. In this study, the reflected shock technique was implemented to measure IDTs of various 

reactive fuel/air mixtures. As shown in Figure 1-8 the shock tube is a long tube with closed ends 

separated into two main sections, namely, the driver section (filled with high pressure driver 

gasðoften helium or a helium/nitrogen mixture) usually separated by double diaphragm from 

the driven section (filled to a relatively low pressure of the test mixture). 

 

Figure 1-8. A schematic diagram of the NUIG HPST facility. 

1.3.3.1  Principles of shock tube operation 

In performing a ST experiment, both the driver, mid and driven sections were evacuated. 

Thereafter, the driven section is first filled with the low-pressure test gas mixture. Thereafter, the 

mid-section and the driver section are over-pressured to a high pressure of the driver gas, where 

normally the mid-section is filled to half the final desired driver pressure. Finally, the driver is 

filled to the final desired pressure and releasing the pressure of the mid-section allows the 

diaphragm to burst as a result of the pressure difference between the diver and driven sections. 
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Once the diaphragm bursts an incident shock wave propagates at supersonic speed toward the 

driven section, which causes an increase in the temperature and pressure of the test gas. The 

incident shock wave reaches the endwall and reflects back towards the driver section further 

compressing and heating the test gas to the desired test temperature and pressure. Steady test 

times of shock tubes are usually terminated by the arrival of rarefaction waves from the driven 

section or reflected waves from the shock-contact surface interaction, depending on the test 

condition and geometry of the shock tube. Figure 1-9 shows an idealized wave structure during 

shock wave experiments. It further illustrates a typical distance-time indicating the shock front 

position, plotted in an x-t diagram for successive longitudinal time-pressure distributions. 

Moreover, Figure 1-10 shows the shock tube pressure distribution before and after bursting the 

diaphragm. The test time used to study reflected shock experiments is considered as the time 

between the arrival of the shock wave at the endwall and the arrival of the contact surface, as 

shown in Figure 1-9. As a result of the effective step-change in shock conditions and the 

effective stagnation of the test gas mixture behind the reflected shock wave, the test gas mixture 

can potentially be treated as a 0-dimensional reactor and modeled assuming a constant volume. 

However, important deviations from the idealized constraints are often present such as pre-

ignition pressure rise and a constant dp/dt that should be identified and reported upon when 

presenting experimental data. Figure 1-9 shows the five different gas regions present during 

shock tube experiments which are used to determine the gaseous conditions during an 

experiment. ñRegion 1ò denotes the initial test gas conditions. ñRegion 2ò refers to the 

conditions of the gas particles between the contact surface and the incident shock front. The 

condition of the gas between the contact surface and the rarefaction fan is denoted ñregion 3ò. 

The initial driver gas conditions are denoted as ñregion 4ò while the post reflected shock 

conditions are referred to as ñregion 5ò. 
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Figure 1-9. A representative x-t diagram of shock wave experiment. Brown, high-pressure driver 

gas (T4, p4); dark blue, low-pressure test gas mixture (T1, p1); blue, test gas mixture at incident 

shock conditions (T2, p2); green and yellow and red in expansion wave regime, expanded driver gas 

(T3, p3); turquoise triangle, test gas mixture at reflected shock conditions (T5, p5) , copied from [20]. 

 

Figure 1-10. Shock tube pressure distribution before and after diaphragm burst, copied from [24]. 
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1.3.3.2  Computation of flow behind shock waves 

To understand the gas dynamics during a ST experiment, two frames of reference should be 

considered. These are (i) the shock-tube laboratory timeframe (ὸὰ) and (ii) the gas-particle 

timeframe (ὸὴ). The time recorded on an external recording device is referred to as the 

laboratory fixed time and the time with respect to the movement of flowing gas particles through 

a static shock front is the gas-particle time or shock fixed time. 

The theory behind the conditions across the shock front are governed by the equations of 

conservation of mass, momentum, and energy as described by Rankine-Hugoniot [21,22] and 

full analyses and associated equations are well documented and presented in the Chemkin 

manual [23]. 

1.3.3.2.1  Incident shock conditions 

In considering the gas motion in relation to the shock front [23], one must consider two frames 

of reference, the gas enters the shock at a relative velocity ό and leaves with a relative velocity 

ό. The shock is then considered to be at rest: ό is the incident shock velocity of the gas 

measured in shock-fixed coordinates while Ὗ is the measured in laboratory-fixed coordinates, 

the two frames of reference are related by: 

ό  Ὗ 
(1-4) 

ό  Ὗ  Ὗ  
(1-5) 

Figure 1-11 shows gas conditions associated with the incident shock in the two coordinate 

systems. The properties behind the incident, region 2, shock wave can be calculated using the 

three conservation equations of mass, linear momentum, and energy for gas phase reactive flow, 

Rankine-Hugoniot [21,22] relations: 

”ό  ”ό 
(1-6) 

ὴ ”ό ὴ ”ό 
(1-7) 
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(1-8) 

where, ”ȟὬ, and ὴ are the density, enthalpy, and pressure of the gas, respectively. 

 

Figure 1-11. Laboratory-fixed and Incident-shock-fixed coordinate systems [23]. 

Utilizing the equation of state for the ideal Gas Law ( ὴὠ ὲὙὝ ) and Equation 1-6 to eliminate 

the velocity  ό and from Equation 1-7 and Equation 1-8 results in the following expressions for 

the pressure and temperature ratios across the incident shock: 
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As no change in gas composition across the shock assumed, and thus Ὤ is a function of 

temperature alone. Therefore, Equation 1-9 and Equation 1-10 represent a system of two 

equations with two unknowns. The solution gives ” and Ὕ when conditions before the incident 

shock are specified. Knowing these, ” is determined from the equation of state and ό from 

Equation 1-6. 

In this study, the incident shock speed (Ὗ), and the temperature (Ὕ  and pressure (ὴ  behind 

the shock are reported. However, the gas velocity behind the shock must be calculated before the 

experiments can be modelled. Employing the equation of state in Equation 1-9 to eliminate 

” ὴϳ  results in: 
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Equation 1-11 and Equation 1-10 again represent two equations with two unknowns. The 

solution gives Ὕ and ὴ and from these the density in region 1 is determined from the equation 

of state. The velocity behind the shock (ό  is determined from Equation 1-6. 

The shock Mach number ὓ , Equation 1-12, also can be calculated. The upstream Mach 

number ὓ  is calculated based on, Ὗ, the incident shock speed reported during an experiment 

as shown in Equation 1-14, are also required for the calculation of the post-shock conditions. 

ὓ  
ό

ὥ
 

(1-12) 

ὥ
‎ὴ

”
 

(1-13) 

ὓ  Ὗ
”

‎ὴ
 (1-14) 

where, όȟὥȟ and ‎ are the gas local velocity, local speed of sound, and the ratio of specific heats, 

respectively. 

1.3.3.2.2  Reflected shock conditions 

Shock-fixed and laboratory-fixed coordinates are again employed for reflected shocks, but now 

shock-fixed coordinates refer to the reflected shock, which moves at velocity Ὗ  and Figure 1-

12 shows gas conditions associated with the reflected shock in the two coordinate systems. 
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Figure 1-12. Laboratory-fixed and Reflected-shock-fixed coordinate systems [23]. 

As the reflected shock is considered to be at rest, gas at condition 2 flows into the shock front 

and gas at condition 5 flows out. The velocities in the two coordinate systems are as follows: 

ό  Ὗ  Ὗ 
(1-15) 

ό  Ὗ  Ὗ 
(1-16) 

The Rankine-Hugoniot relations for properties across the reflected shock are: 

”ό  ”ό 
(1-17) 

ὴ ” ό ὴ ”ό 
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(1-19) 

Following the same analyses of the incident shock the solution for Equations 1-17, 1-18, and 1-

19, is found by getting the values of Ὕ and ὴ which satisfy: 
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When the gas is assumed to be at rest behind the reflected shock, Ὗ π, then the reflected shock 

velocity, Ὗ , is given by: 

Ὗ

ὴ
ὴ

Ὕ
Ὕ Ὗ ό

ρ
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  (1-22) 
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1.3.3.3  NUI Galway high-pressure shock tube 

The high-pressure shock tube (HPST) facility at NUI Galway were used to conduct the IDTs 

measurements reported in this thesis, a brief description for the facility and the experiment 

procedure are provided below. Figure 1-13 shows a photograph of the NUIG HPST facility, 

respectively. 

Table 1-3 shows the general information of the NUI Galway HPST which comprises a 9.0 m 

long stainless-steel tube with a uniform cross-section of 63.5 mm inner diameter. It is divided 

into three sections; a driver section (3 m), a driven section (5.73 m), and a double-diaphragm 

chamber (0.27 m) which separates the driver and driven sections. 

 

Figure 1-13. A photograph of the NUIG HPST. 

Two pre-scored aluminium diaphragms are used, with the scoring depth varied depending on the 

target bursting pressure which enables improved control of the shock-wave. Helium is used as 

the driver gas and a fraction of nitrogen is used for tailoring. Six axially positioned PCB113B24 

pressure transducers mounted in the walls of the tube at different location near to the endwall are 

used to measure the shock velocity (VShock). A Kistler 603B pressure transducer mounted in the 

endwall is used to measure the IDT. In the equilibrium program Gaseq [19] the ñreflected shockò 

module, in conjunction with frozen chemistry, is used to calculate the reflected shock pressure 

(p5) and temperature (T5) using the initial pressure (p1), the initial temperature (T1), and VShock. 
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For the mixtures with 90% dilution, the IDTs were measured using a photodiode array detector 

(PDA) or photomultiplier (PMT) systems equipped with CH* filter (CWL: 430 nm ± 10 FWHM; 

Thorlabs) installed on the sidewall of the shock tubeôs endcap due to very weak signals of the 

Kistler pressure transducer. The IDT of the HPST measurement is defined as the time interval 

between the pressure rise due to the shock-wave arrival at the endwall and the ignition event as 

shown in Figure 1-14 for fuel in óairô mixture and Figure 1-15 for fuel in high dilution mixture. 
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Figure 1-14. Typical HPST pressure-time histories for the ignition event at fuel in óairô and 30 bar. 
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Figure 1-15. Typical HPST pressure-time histories for the ignition event at fuel in high dilution. 
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Table 1-3. Specifications of the NUI Galway high-pressure shock tube. 

Total length 9.1 m 

Section Length (m) Diameter (mm) 

Driver  3.0 63.5 

Middle 0.04 63.5 

Driven 5.7 63.5 

Material  Stainless-steel (1.4571/316Ti and 1.4462/F51) 

Controlling system Double-diaphragm type 

Diaphragmôs material Aluminium (1050 H14) 

Diaphragmôs thickness 0.8~2 mm; according to target pressure 

Pre-scoring the diaphragms 0.2~1.1 mm; according to target pressure and the diaphragmsô thickness 

 

1.4  Simulation and analytical methods 

The experimental targets presented here were simulated using the appropriate modules available 

in Ansys Chemkin PRO [25] and a Python script based on the CANTERA [26] library for the ST 

simulations. A zero-dimensional constant volume reactor module was used and the reflected 

temperature and pressure conditions (TC, pC) were adopted as the initial conditions for the ST 

simulations. The RCM simulations are performed using the effective volume approach by 

imposing a heat loss boundary condition on the calculations due to facility effects, including heat 

losses, during compression and in the post-compression zone of the reaction chamber. 

In order to better understand the fuel oxidation at wide range combustion relevant conditions, 

brute-force sensitivity analyses were performed to identify the reactions most influencing the 

IDT predictions at the experimental conditions studied. The sensitivity coefficient (S; [27]) is 

defined as Equation (1-23): 

Ὓ  
Ὅὲ†ҌȾ†π

ὍὲὯҌȾὯπ
 
Ὅὲ†ҌȾ†π

ὍὲςȢπȾπȢυ
 (1-23) 

The sensitivity coefficient S is calculated using the brute force method and is based on the IDT 

(Ű), with the pre-exponential factor in the Arrhenius equations for each reaction perturbed in the 

sensitivity analysis. The sensitivity coefficient can have either a positive or negative value, with 

a negative value indicating a reaction that promotes reactivity (decreasing the IDT), while a 
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positive value refers to a reaction that inhibits reactivity (increasing the IDT). Furthermore, flux 

and rate of production (ROP) analyses were carried out to track the most important reactions 

consuming the fuel and producing intermediate species. 

1.5  Thesis layout 

The focus of this thesis lies in building a comprehensive combustion kinetic data of IDT 

measurements from experiments in a RCM and in a HPST. A summary of the fuel compositions 

and corresponding experimental conditions studied as part of this thesis are shown in Tables (1-

4) ï (1-7).  

Table 1-4. Natural gas blends studied. 

Species NG1 NG2 NG3 NG4 NG6 NG7 NG8 NG10 

Methane (CH4) 98.125 81.25 62.5 98.03125 60.625 72.635 45.27 35.601 

Ethane (C2H6) 1 10 20 1 20 10 20 20 

Propane (C3H8) 0.5 5 10 0.5 10 6.667 13.33 14.815 

n-Butane(C4H10) 0.25 2.5 5.0 0.25 5.0 4.44 8.89 10.974 

n-Pentane (n-C5H12) 0.125 1.25 2.5 0.125 2.5 2.965 5.93 8.129 

n-Hexane (n-C6H14) ï ï ï 0.0625 1.25 1.976 3.95 6.021 

n-Heptane (n-C7H16) ï ï ï 0.03125 0.625 1.317 2.63 4.460 

Table 1-5. Experimental conditions of the natural gas blends studied. 

Blend ű pC / bar TC / K Facilities 

NG1 0.5, 1.5 20, 30 873 ï 1037 RCM 

NG2 
0.5, 1.0, 2.0 10,18, 20, 30 711 ï 1054 RCM 

1.0 20, 30 1037 ï 1483 ST 

NG3 1.0 20, 30 
754 ï 952 RCM 

1015 ï 1426 ST 

NG4 0.5, 1.5 20, 30 862 ï 1031 RCM 

NG6 1.0 20, 30 670 ï 1032 RCM 

NG7 0.5, 1.0, 1.5 10, 20, 30 688 ï 952 RCM 

NG8 1.0 20, 30 679 ï 960 RCM 

NG10 0.5, 1.0, 1.5 10, 20, 30 650 ï 1052 RCM 
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The IDT data measured are vital in developing accurate chemical kinetic mechanisms and in 

improving the predictability of existing kinetic models to describe the highly complex 

combustion processes involved in practical combustors. 

Table 1-6. Experimental conditions studied for NOx sensitization of methane auto-ignition. 

Exp. CH4 O2 N2 Ar  NO2(ppm) 
N2O 

(ppm) 

Initial NO 

(ppm) 
ű pC / MPa TC / K 

Rapid compression machine experiments 

1 6.0 24.0 15.0 55.0 ï ï ï 0.5 1.5, 3.0 923 ï 1064 

2 10 20 ï 70.0 ï ï ï 1.0 1.5, 3.0 926 ï 1102 

3 15.0 15.0 ï 70.0 ï ï ï 2.0 1.5, 3.0 888 ï 1067 

4 5.94 23.76 14.85 55.43 200 ï ï 0.5 1.5, 3.0 912 ï 1056 

5 5.9 23.52 14.40 55.56 400 ï ï 0.5 1.5, 3.0 919 ï 1037 

6 9.89 19.8 ï 70.28 200 ï ï 1.0 1.5, 3.0 935 ï 1053 

7 9.79 19.59 ï 70.56 400 ï ï 1.0 1.5, 3.0 937 ï 1016 

8 14.85 14.85 ï 70.28 200 ï ï 2.0 1.5, 3.0 901 ï 1058 

9 14.7 14.7 ï 70.56 400 ï ï 2.0 1.5, 3.0 904 ï 1061 

10 9.89 19.8 ï 70.26 ï 400 ï 1.0 1.5, 3.0 926 ï 1105 

11 9.75 19.5 ï 70.65 ï 1000 ï 1.0 3.0 939 ï 1067 

12 5.97 23.88 14.93 55.2 ï ï 200 0.5 1.5, 3.0 926 ï 1036 

14 5.94 23.76 14.85 55.41 ï ï 400 0.5 1.5, 3.0 912 ï 1056 

15 10 20 ï 70.0 ï ï 50 ï 1000 1.0 3.0 900 ï 1050 

16 14.93 14.93 ï 70.13 ï ï 200 2.0 1.5, 3.0 920 ï 1037 

17 14.85 14.85 ï 70.26 ï ï 400 2.0 1.5, 3.0 891 ï 1043 

High-pressure shock tube experiments 

18 10 20 70.0 ï ï ï ï 1.0 1.5, 3.0 1050 ï 1650 

19 9.89 19.8 69.3 0.98 200 ï ï 1.0 1.5, 3.0 1050 ï 1650 

 

More specifically, Chapter 2 investigates the effect on IDT measurements of the addition of n-

hexane and n-heptane to natural gas blends using the RCM and numerically using a detailed 

kinetic model. The experiments of NG mixtures containing alkanes from methane to n-pentane 

(NG1) and methane to n-heptane (NG4) were carried out over a wide range of temperature TC = 

840 ï 1050 K, pressure pC = 20 ï 30 bar and equivalence ratio ű = 0.5 and 1.5. The effect on 

measured IDTs for NG3 with the addition of up to 50% by mole of n-hexane and n-heptane is 
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numerically studied by substituting CH4 with different fractions of these higher hydrocarbons. 

The results show that the addition of even small amounts of n-hexane and n-heptane (1 ï 2%) to 

the natural gas blends leads to a significant increase in reactivity. 

Table 1-7. Experimental conditions studied for NOx sensitization on ethane auto-ignition. 

Ethane/NO2 at j = 1.0 in óairô  

Initial NO 2 (ppm) 
C2H6 

% 

NO2 

(ppm) 

O2 

% 

Diluent %  
pC / bar TC / K  Facility  

N2 Ar  

0 5.66 ï 19.82 74.52 ï 20, 30 1006 ï 1382 ST 

0 5.66 ï 19.82 14.90 59.62 20, 30 885 ï 970 RCM 

200 5.61  200 19.62 73.77 0.98 20, 30 944 ï 1351 ST 

200 5.61  200 19.62 14.76 59.99 20, 30 873 ï 988 RCM 

1000 5.38 1000 18.83 70.79 4.90 20, 30 1004 ï 1368 ST 

1000 5.38 1000 18.83 14.16 61.53 20, 30 855 ï 989 RCM 

Ethane/NO at j = 1.0 in óairô 

Initial NO (ppm)  C2H6 NO/NO2 O2 N2 Ar  pC (bar) TC (K)   

200 5.64 135/65 19.72 14.83 59.80 30 869 ï 973 RCM 

1000 5.52 280/720 19.32 14.53 60.53 30 851 ï 958 RCM 

Ethane/N2O at j = 1.0 in óairô 

Initial N 2O (ppm) C2H6 N2O O2 N2 Ar  pC (bar) TC (K)   

1000 5.66 1000 19.82 14.91 59.51 20, 30 900 ï 995 RCM 

Ethane/NO2 at j = 0.5 diluted  

Initial NO 2 (ppm) C2H6 NO2 O2 N2 Ar  pC (bar) TC (K)   

260 1.01 260 7.05 54.38 37.53 20, 30 908 ï 1038 RCM 

2704 1.05 2704 7.31 78.12 13.25 20, 30 816 ï 960 RCM 

5163 1.00 5163 6.98 66.20 25.30 20, 30 805 ï 961 RCM 

Chapter 3 provides IDTs measurements for multi-component NG mixtures comprising C1 ï C7 n-

alkanes with methane as the major component (volume fraction: 0.35 ï 0.98). These 

measurements were carried out using the rapid compression machine at conditions relevant to 

gas turbine operation, at equivalence ratios of 0.5 ï 2.0 in óairô in the temperature range 650 ï 

1050 K, at pressures of 10 ï 30 bar. Significantly different IDTs are measured over a wide range 

of conditions along with the available literature data providing a strong validation target for the 

development of NUIGMech1.0. Replacing 1.875% methane with 1.25% n-hexane and 0.625% 
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n-heptane in a mixture containing C1 ï C5 components leads to a significant increase in a 

mixtureôs reactivity. 

Chapter 4 provides new HPST IDTs measurements for stoichiometric C1 ï C5 NG blends with 

methane as the major component. The good agreement of the new IDTs experimental data with 

literature data shows the reliability of the new data at the conditions investigated. Empirical IDT 

correlation equations were developed by employing a traditional Arrhenius rate expression. The 

format includes dependencies on the individual fuel fraction, TC, ű and pC and are developed 

through multiple linear regression analyses for these C1 ï C5 n-alkane/óairô mixtures using 

constant volume IDT simulations in the pressure range pC = 10 ï 50 bar, at TC = 950 ï 2000 K 

and at ű = 0.3 ï 3.0. 

Chapter 5 investigates the auto-ignition behavior of CH4 and CH4 doped with NOx species (NO, 

NO2, and N2O) in the low- to intermediate temperature range of 900 ï 1100 K at pC = 15 and 30 

bar using the RCM and CH4 and CH4 doped with 200 ppm NO2 at high temperatures of 1050 ï 

1650 K at pC = 15 and 30 bar using the HPST. These conditions are relevant to practical 

combustors (ICEs and GTs) and thus provide benchmark measurements for ignition behavior as 

a function of temperature, pressure, NOx dilution levels and equivalence ratio. These 

experimental results together with available literature data were simulated using NUIGMech1.2 

comprising an updated NOx sub-mechanism. 

Chapter 6 investigates the auto-ignition behavior of C2H6 and C2H6 doped with 0 ï 1000 ppm 

NOx species (NO, NO2, and N2O) in the low- to intermediate temperature range of 851 ï 995 K 

at pC = 20 and 30 bar using the RCM and C2H6 and C2H6 doped with 0 ï 1000 ppm NO2 in the 

high temperature range of 944 ï 1382 K at pC = 20 and 30 bar using the HPST. These 

experimental results along with the available literature data were simulated using NUIGMech1.2 

comprising an updated NOx sub-mechanism. 
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Chapters 7 and 8 provide a comprehensive database of IDT measurements for binary blends of 

C1 ï C2 and C2 ï C3 alkane/alkene gaseous fuels together with the literature data for single C1 ï C3 

alkane and alkene gaseous fuels that is used to develop and validate the core chemistry of 

NUIGMech1.0. Moreover, IDT correlation equations were also developed for these blends. 

Chapter 7 reports a comprehensive database of IDT measurements for binary blended C1 ï C2 

alkane/alkene fuels including methane/ethylene, methane/ethane, and ethane/ethylene over a 

wide range of temperature, pressure, equivalence ratio, fuel/fuel volume fraction, and dilution. 

The experimental data provides a new insight into the oxidation of alkane/alkene blended fuel 

mixtures. These findings in terms of safety and the design of new low-emission and size-

efficient combustion systems are very useful and informative.  

Chapter 8 reports the IDT characteristics of C2 ï C3 binary blends of gaseous hydrocarbons 

including ethylene/propane and ethane/propane studied over a wide range of temperatures (750 ï 

2000 K), pressures (1 ï 135 bar), equivalence ratios (ű = 0.5 ï 2.0) and dilutions (75 ï 90%). The 

performance of NUIGMech1.1 and its corresponding derived correlations are evaluated against 

the experimental data collected.  
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Abstract 

New ignition delay time measurements of natural gas mixtures enriched with small amounts of 

n-hexane and n-heptane were performed in a rapid compression machine to interpret the 

sensitization effect of heavier hydrocarbons on auto-ignition at gas-turbine relevant conditions. 

The experimental data of natural gas mixtures containing alkanes from methane to n-heptane 

were carried out over a wide range of temperatures (840ï1050 K), pressures (20ï30 bar), and 

equivalence ratios (ű = 0.5 and 1.5). The experiments were complemented with numerical 

simulations using a detailed kinetic model developed to investigate the effect of n-hexane and n-

heptane additions. Model predictions show that the addition of even small amounts (1ï2%) of n-

hexane and n-heptane can lead to increase in reactivity by ~40ï60 ms at compressed temperature 

(TC) = 700 K. The ignition delay time (IDT) of these mixtures decrease rapidly with an increase 

in concentration of up to 7.5% but becomes almost independent of the C6/C7 concentration 

beyond 10%. This sensitization effect of C6 and C7 is also found to be more pronounced in the 
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temperature range 700ï900 K compared to that at higher temperatures (> 900 K). The reason is 

attributed to the dependence of IDT primarily on H2O2(+M) ź ἽH + ἽH (+M) at higher 

temperatures while the fuel dependent reactions such as H-atom abstraction, RἽ2 dissociation or 

QOOH + O2 reactions are less important compared to 700ï900 K, where they are very 

important. 

Keywords: Natural gas; RCM; kinetic modeling; n-hexane; n-heptane. 

Nomenclature 

TC  Compressed temperature 

p  Pressure 

 ű  Equivalence ratio 

 

 

 

Abbreviations 

IDT     Ignition delay time 

NG      Natural gas 

ST        Shock tube 

RCM    Rapid compression machine 

NTC     Negative temperature coefficient 

EOC     End of compression 

2.1  Introduction  

Due to increasing concerns about depleting petroleum fuel reserves, the combustion community 

have paid significant attention to fuel-flexible gas turbine engines for transportation and heavy-

duty power generation applications. As a promising alternative fuel resource, natural gas (NG) is 

the most commonly used gaseous fuel for industrial gas turbine applications due to its high 

efficiency, low soot emissions and low greenhouse gas signature [1,2]. Although natural gas 

primarily contains methane (CH4) [3,4], depending on the topographical origin and extraction 

process, it also comprises heavier hydrocarbons varying in composition from ethane (C2H6) to n-

heptane (n-C7H16). In order to validate the combustion characteristics of NG with varying 

compositions, experimental and kinetic modeling investigations are necessary. One important 

combustion feature of any fuel is auto-ignition, which can be experimentally determined using a 

rapid compression machine (RCM) and/or a shock tube (ST) at gas turbine relevant conditions. 

Studying the ignition behavior of heavier hydrocarbon surrogates including n-hexane (n-C6H14) 
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and n-heptane (n-C7H16) in NG blends can deliver a concrete understanding of NG oxidation, 

that can lead to more effective gas turbine engine design and operation.   

As methane is the major component of NG mixtures, extensive studies of CH4 auto-ignition and 

oxidation have been performed at conditions relevant to combustion devices, including gas 

turbines and internal combustion engines [5ï10]. Several studies also developed chemical 

kinetic mechanisms to model various compositions of NG mixtures which included lighter 

weight alkanes n-C1ïC5 [11ï14]. After methane, ethane is typically the second most abundant 

component in NG mixtures. Thus, many studies have been devoted to investigating the effect of 

ethane addition on CH4 auto-ignition over a wide range of conditions [11,15,16]. The ignition 

characteristics of CH4/C3H8, CH4/n-C4H10, and CH4/n-C5H12 [11,15,17ï24] mixtures were 

investigated using RCMs and STs at various temperatures and pressures. These studies showed 

that replacing CH4 with heavier hydrocarbons increases negative temperature coefficient (NTC) 

behavior as well as decreasing the ignition temperature. Low temperature chemistry plays a 

more significant role with the addition of higher hydrocarbons in NG mixtures.  

Ignition delay times (IDTs) of ternary mixtures CH4/C2H6/C3H8 with various fuel mole fractions 

have also been studied [12,15,24,25]. The combustion features of CH4/C2H6/C3H8, CH4/C2H6/n-

C4H10, CH4/C2H6/n-C5H12, CH4/C3H8/n-C4H10, and CH4/C3H8/n-C5H12 mixtures were 

investigated by de Vries and Petersen [15] for mixtures at ű = 0.5 in air at 20 bar pressure. They 

showed that the activation energy for fuel ignition reduced with the addition of higher 

hydrocarbons. Moreover, the reactivity of all of the blends was faster compared to pure methane. 

An auto-ignition study of C2H6/C3H8/n-C4H10 was also conducted by Eubank et al. [12] for 

highly dilute mixtures in a ST and they observed that adding 0.4% ethane, propane, and n-butane 

to a 1% methane mixture decreased the IDTs to a factor of thirteen compared to those measured 

for pure methane.  



 

  

Chapter 2                                                                                                

35 

 

It is observed from the relevant literature that, although some efforts have been made towards 

studying the ignition behavior of C1ïC5 alkanes [13,14,26], experimental measurements and 

kinetic modelling of NG mixture blends containing n-hexane and n-heptane have not yet been 

reported. The objective of the present work is to provide useful measurements of IDTs for these 

blends at low-temperature and high-pressure conditions, relevant to gas turbine operation. We 

also develop detailed chemical kinetic mechanisms to accurately predict the experimentally 

measured ignition data. In the present work new IDT experiments are carried out using an RCM 

at ű = 0.5 and 1.5 in air, at 20 and 30 bar pressure at temperature range of 860ï1050 K and these 

measurements are utilized to validate a kinetic model. 

2.2  Experimental procedure 

A twin, creviced-piston RCM has been used at NUI Galway to conduct the IDT measurements 

for the current C1ïC7 natural gas blends. The RCM has been described previously [27]. A 6045B 

model Kistler pressure transducer is installed in the chamber wall in conjunction with a Kistler 

charge amplifier. To record the pressure/time histories of the experiments, the charge amplifier 

is connected to a computer through an Oscilloscope. By changing the initial temperature and 

pressure, an extended range of compressed gas temperatures and pressures are achieved using a 

fixed geometric compression ratio. Therefore, a fully controlled heating system is installed on 

the RCM. The IDT is defined as the time to maximum dp/dt after the end of compression (EOC). 

A separate mixing tank is connected to the manifold line to prepare the seven n-alkanes C1ïC7 

fuel components to achieve the seven-component fuel mixture and is allowed to mix for 12h via 

gaseous diffusion before use. The gaseous fuels were sourced from Air Liquide with the 

following purities; methane (99.5%), ethane (99.5%), propane (99.5%), and n-butane (99.9%). 

The liquid fuels were supplied by Sigma Aldrich with the following purities; n-pentane (99%), 

n-hexane (99%), and n-heptane (99%). The fuels were used without further purification. The 
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diluent and oxidizer gases, nitrogen (> 99.96%), argon (> 99.98%), and oxygen (> 99.5%), were 

supplied by BOC Ireland. Table 2-1 summarizes the composition of two natural gas blends 

containing C1ïC5 n-alkanes which were studied previously [13,14] and the new NG4 mixture 

containing C1ïC7 n-alkanes. The oxidizer mixture used for the current study comprises of O2 and 

diluent gas in the volumetric ratio of 1:3.76, where the diluent varies from 100% N2 to 45:55 

N2/Ar blends depending on the experimental conditions. The oxidizer gas is hereafter referred to 

as óairô in this work, with the diluent composition specified when N2:Ar blends are used. Table 

2-2 provides the relative fuel/O2/N2/Ar concentrations for the cases studied. The input files for 

non-reactive pressure histories that are required for the model simulations are available on 

request to the corresponding author. A total uncertainty of ±15% is estimated in the RCM IDT 

measurements. 

Table 2-1. Natural gas blends studied. 

Natural Gas  

NG1 

 

NG3 

 

NG4 Species 

Methane (CH4) 98.125 62.5 98.03125 

Ethane (C2H6) 1 20 1 

Propane (C3H8) 0.5 10 0.5 

n-Butane (C4H10) 0.25 5.0 0.25 

n-Pentane (n-C5H12) 0.125 2.5 0.125 

n-Hexane (n-C6H14)   0.0625 

n-Heptane (n-C7H16)   0.03125 

Table 2-2. Mixture composition (in %) used in the current study. 

 NG3 NG1 NG4 

ű 0.5 1 2 0.5 1.5 0.5 1.5 

XCH4 2.1300 4.1200 7.7300 4.7900 13.1000 4.7600 13.0000 

XC2H6 0.6820 1.3200 2.4700 0.0488 0.1330 0.0486 0.1330 

XC3H8 0.3410 0.6600 1.2400 0.0244 0.0667 0.0243 0.0664 

XC4H10 0.1700 0.3300 0.6190 0.0122 0.0333 0.0122 0.0332 

XnC5H12 0.0852 0.1650 0.3090 0.0061 0.0167 0.0061 0.0166 

XnC6H14 ï ï ï ï ï 0.0030 0.0083 

XnC7H16 ï ï ï ï ï 0.0015 0.0042 

XO2 20.3000 19.6000 18.4000 20.0000 18.2000 19.0000 18.2000 

Xdiluent 76.3000 73.8000 69.2000 74.5000 68.5000 76.1000 68.5000 
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2.3  Chemical kinetic model 

 The detailed chemical kinetic reaction mechanism used in the present work is based on the 

ongoing development of a C1ïC7 mechanism. This model contains a H2/O2 sub-mechanism [28], 

along with an updated C1ïC5 base mechanism [29]. The C6 and C7 sub-mechanisms adopted are 

based on the works by Zhang et al. [30,31]. The hierarchical nature of the model is constructed 

based on several prior mechanisms developed at NUIG and is validated against extensive 

experimentally measured data such as IDT, speciation profiles obtained using flow reactors and 

jet-stirred reactors, as well as laminar flame speed measurements. The detailed integrated model 

is provided in a recent work by Wu et al. [32]. The model will be referred to as NUIGMech1.1. 

Constant volume simulations were carried out using Chemkin19.0. Facility effects were 

accounted for the RCM cases by using the non-reactive pressure time histories. 

2.4  Results and discussion 

2.4.1   Model validation with existing measurements 

2.4.1.1  n-hexane/n-heptane 

Figure 2-1 shows comparisons of NUIGMech1.1 and Zhang et al. [31] model predictions of IDT 

measurements in a shock tube for pure n-hexane [30] and n-heptane [31] at pressures ranging 

from 15ï38 bar. The NUIGMech1.1 model is able to reproduce the ignition behavior for these 

alkanes with satisfactory agreement. 
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Figure 2-1. NUIGMech1.1 (solid lines) and Zhang et al. (dashed lines) simulation results for 

ignition delay times experiments (symbols) of pure fuel at stoichiometric condition (ű = 1.0) in air; 

(a) n-hexane [30]; and (b) n-heptane [31]. 
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2.4.1.2  NG3 mixture 

Figure 2-2 shows IDT measurements for the NG3 mixture at ű = 0.5ï2.0 in air and pressures 

ranging from 8ï30 bar which were reported previously [13,14]. NUIGMech1.1 reproduces these 

data with very good agreement over the range of conditions considered. 
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Figure 2-2. IDT predictions and measurements for NG3: symbols are experiments and lines are the 

simulations at different pressures; (a) fuel-lean mixtures (ű = 0.5); (b) stoichiometric mixture (ű = 

1.0); and (c) fuel-rich mixtures (ű = 2.0) Simulations using NUIGMech1.1 and Zhang et al. [31] 

mechanisms. 

2.4.2   Effect of addition of C6 and C7 

2.4.2.1  Low level of C6/C7 addition (~ 0.1%) 

Figure 2-3 illustrates the measured and computed IDTs for NG1 and NG4 mixtures at ű = 0.5 

and 1.5, at compression pressures of 20 bar and 30 bar, in the temperature range 860ï1050 K. 

NG4, which is similar to the NG1 mixture, with an additional ~0.1% n-C6H14 and n-C7H16, 

shows a slight enhancement in reactivity for the fuel-rich cases especially at 30 bar, but there is 

no difference in measured IDTs for the fuel-lean cases. The model predictions using 
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NUIGMech1.1 capture these trends very well. In comparison, the Zhang et al. mechanism [31] 

tends to over-predict IDTs in the lowïintermediate temperature regime for fuel-lean cases. For 

the fuel- rich conditions, as the fuel concentration is higher, any difference in the fuel 

compositions in the NG1 and NG4 mixtures becomes more significant when compared to the 

fuel-lean cases. As it is well known that low temperature chemistry relies on the fuel oxidation 

mechanism, and hence the difference in the reactivities between the two mixtures is more 

observable for the fuel-rich cases. However, at such low concentrations of n-C6H14 and n-C7H16, 

the impact on the auto-ignition behavior is minimal. 

2.4.2.1.1  Effect of pressure and equivalence ratio 

The effect of pressure and equivalence ratio on the IDTs for the NG1 and NG4 mixtures are 

shown in Figures 2-4(a) and 2-4(b), respectively. A comparison of the experimental 

measurements with predictions shows that NUIGMech1.1 captures the reactivities almost 

perfectly at 20 bar for all cases. For both the NG1 and NG4 fuel-lean mixtures, the model over-

predicts the IDTs by between 18ï22% at 30 bar, which is within the uncertainty limits of the 

experimental measurements. Overall, NUIGMech1.1 shows a better agreement compared to the 

Zhang et al. mechanism [31]. 
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Figure 2-3. IDT predictions and measurements: symbols are experiments and lines are the 

simulations at fixed pressure 20 bar and 30 bar for NG1 and NG4; (a) fuel-lean mixtures (ű = 0.5); 

and (b) fuel-rich mixtures (ű = 1.5) from the current study. 
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The higher-pressure cases exhibit a faster ignition across the range of conditions studied. This is 

attributed to the increase in fuel concentration, thus resulting in a higher overall reaction rate and 

faster ignition. For the NG1 mixture, Figure 2-4(a), the IDT decreases from ~110 ms to 41 ms at 

TC ~ 950 K and from 130 ms to 57 ms at TC ~ 900 K for ű = 0.5 and 1.5, respectively as the 

pressure increased from 20 bar to 30 bar. Similarly, for the NG4 mixture, Figure 2-4(b), the IDT 

decreases from 106 ms to 40.5 ms at TC = 950 K for ű = 0.5, and from 66 ms to 30.5 ms at TC = 

920 K for ű = 1.5. Note that increasing the pressure from 20 to 30 bar leads to a decrease in 

IDTs by an average factor of 2.2 for the lean and rich cases considered here. 

Figure 2-4 also shows the effect of equivalence ratio on IDTs for two fuel-air mixtures at 

equivalence ratios of ű = 0.5 and 1.5. The experiments and simulations both show that fuel-rich 

mixtures ignite faster compared to the fuel-lean ones. For both NG1 and NG4, the IDT is shorter 

by a factor of three as the equivalence ratio increases from 0.5 to 1.5. This influence of 

equivalence ratio on IDT is attributed to the combined effect of fuel chemistry and the chain-

branching reactions RH + HἽ2 ź R + H2O2 and H2O2(+M) ź 2ἽH(+M). Increasing the 

equivalence ratio increases the fuel concentration, which leads to a higher reaction rate of these 

chain branching reactions, ultimately producing more ἽH radicals. This reduces IDTs thus 

enhancing the reactivity of the fuel-air system. 
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Figure 2-4. Ignition delay times: symbols are experiments and lines are the simulations at lean (ű = 

0.5) and rich mixtures (ű = 1.5) and fixed pressure 20, and 30 bar; (a) NG1; and (b) NG4 from the 

current study. 
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2.4.2.2  Moderate to high levels of n-C6 and n-C7 addition 

In this section, the effect of n-hexane and n-heptane addition of up 50% in the fuel mixture is 

numerically studied. Figures 2-5 and 2-6 show the effect of adding n-hexane and n-heptane to 

NG3. The composition of the new mixture is determined by substituting different fractions of 

these higher hydrocarbons with CH4. Figure 2-6 compares IDTs as a function of n-hexane (solid 

lines) and n-heptane (dashed lines) concentration in the fuel mixture at TC = 700 K, 800 K, 900 

K and 1000 K. It can be seen in Figure 2-6 that the addition of even small amounts of n-hexane 

and n-heptane (~1ï2%) significantly reduces IDTs. The plot highlights the impact of the 

addition of n-C6/n-C7 on IDT and shows that the addition of n-hexane and n-heptane in amounts 

of up to 7.5% significantly reduces the IDT by ~60ï70 ms at TC = 700 K and by ~40 ms at TC = 

800 K. Further addition of C6/C7 alkanes to the mixture has a much lower relative influence on 

the IDT in the mixture. At TC = 900 K, the influence of C6/C7 addition is significantly reduced 

compared to lower temperatures, while at a TC = 1000 K, IDTs for all of the blends are within 2ï

3 ms of each other. This behavior was also observed at high temperature conditions in previous 

studies [33,34]. A crossover in the IDT profiles can be seen between 800ï900 K in Figure 2-6 

and this is because both n-hexane and n-heptane exhibit strong NTC behavior in the temperature 

range studied. A discussion on the observed trends is provided in the next section using 

sensitivity analysis. 
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Figure 2-5. (a) Effect of adding n-hexane; and (b) n-heptane to NG3 on IDTs. Simulations using 

NUIGMech1.1. 
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Figure 2-6. Effect of adding n-hexane (solid lines) n-heptane (dashed lines) to NG3 on IDTs. 

Simulations using NUIGMech1.1. 

2.4.2.3  Sensitivity analysis 

Figure 2-7 provides a sensitivity analysis to IDT for the NG3 mixture with 2.5%, 7.5% and 15% 

n-C6H14/n-C7H16 addition at a TC = 830 K. H-atom abstraction from the fuel, concerted 

elimination of an olefin and HἽ2 radical from various RἽ2 radicals and the addition of QOOH 

radicals to O2 are identified as the key reaction classes affecting IDT at 830 K. Even with 2.5% 

n-C6H14 addition, the sensitivity coefficients of C3H8 + ἽH ź nǘ3H7 + H2O (R1) and C4H10 + 

ἽH ź pǘ4H9 + H2O (R2) show similar orders of sensitivity as the C6H14 + ἽH reaction 

producing ǘ6H13-1 (R3) or ǘ6H13-2 (R4) radicals.  
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Figure 2-7. IDT sensitivity analysis for NG3 with 2.5%, 7.5% and 15%; (a) n-C6H14; and (b) n-

C7H16 addition at 830 K, and 30 bar. 
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The addition of ǘ6H12OOH3-5 (R5) and ǘ6H12OOH2-4 (R6) radicals to O2 are also as sensitive 

as the addition of ǘ5H10OOH2-4 radicals (R7). This agrees with the previous observations made 

in Figure 2-7, that even at low levels (~2.5%) of n-hexane addition, IDTs are significantly 

decreased. With further addition of n-hexane, reactions R3 and R4 become the main fuel-based 

reactions promoting reactivity while the role of reactions R1 and R2 diminishes. Similar trends 

are observed for n-C7H16 addition at TC = 830 K, Figure 2-7(b). However, at TC = 1000 K, the 

IDT of the mixture is highly sensitive only to H2O2 (+M) ź ἽH + ἽH (+M) (R8) and shows 

relatively very low sensitivity to other fuel-dependent reactions. The sensitivity coefficient of R8 

remains largely un-altered for the different C6/C7 addition cases, while sensitivity coefficients 

for the other less important reactions show only small changes. Therefore, the IDT of the 

mixture exhibits a significantly low dependence on the amount of n- C6H14/n-C7H16 addition at 

higher temperatures (TC = 1000 K) as observed in Figure 2-8. 
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Figure 2-8. IDT sensitivity analysis for NG3 with 2.5%, 7.5% and 15%; (a) n-C6H14; and (b) n-

C7H16 addition at 1000 K, and 30 bar. 

2.5  Conclusions 

In this study IDT measurements for multi-component (C1ïC7) NG blends are reported using a 

rapid compression machine at conditions relevant to gas turbine operation, at ű = 0.5 and 1.5, at 

p = 20 bar and 30 bar over the temperature range 860ï1050 K. Simulations using NUIGMech1.1 
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are found to be in good agreement with the new measurements as well as with previous 

measurements of pure n-hexane, n-heptane and with data for NG3 available in the literature. 

This study also shows that the addition of even small amounts of n-hexane and n-heptane (1ï

2%) to natural gas blends leads to a significant increase in reactivity. At lower temperatures (TC 

< 900 K), the addition of C6/C7 n-alkanes in concentrations of up to 7.5% rapidly reduces the 

IDT of the mixture while the influence decreases for concentrations greater than 7.5%. At 

temperatures > 900 K, the impact on the auto-ignition behavior of the NG mixtures is low. 

Sensitivity analyses for the 2.5% C6/C7 addition cases show that the role of H-atom abstraction 

reactions and addition of C6/C7 QOOH radical species to molecular oxygen are as important as 

the reactions pertaining to lower alkane species at TC = 830 K. Whereas, at 1000 K, the IDT of 

the mixture shows significant sensitivity only to the decomposition of hydrogen peroxide 

H2O2(+M) ź 2ἽH(+M) with a very low sensitivity observed for fuel-based reactions, 

irrespective of the C6/C7 concentration. Therefore, the effect on IDT of n-C6H14/n-C7H16 addition 

to the NG3 mixture is limited at higher temperatures but is significant at low- to intermediate 

temperatures, 600ï1000 K. 
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Abstract 

Ignition delay time measurements for multi-component natural gas mixtures were carried out 

using a rapid compression machine at conditions relevant to gas turbine operation, at 

equivalence ratios of 0.5ï2.0 in óairô in the temperature range 650ï1050 K, at pressures of 10ï30 

bar. Natural gas mixtures comprising C1ïC7 n-alkanes with methane as the major component 

(volume fraction: 0.35ï0.98) were considered. A design of experiments was employed to 

minimize the number of experiments needed to cover the wide range of pressures, temperatures 

and equivalence ratios. The new experimental data, together with available literature data, were 

used to develop and assess a comprehensive chemical kinetic model. Replacing 1.875% methane 

with 1.25% n-hexane and 0.625% n-heptane in a mixture containing C1ïC5 components leads to 

a significant increase in a mixtureôs reactivity. The mixtures containing heavier hydrocarbons 

https://doi.org/10.1016/j.proci.2020.06.015
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also tend to show a strong negative temperature coefficient and two-stage ignition behavior. 

Sensitivity analyses of the C1ïC7 blends have been performed to highlight the key reactions 

controlling their ignition behavior. 

Keywords: Natural gas; ignition delay time; rapid compression machine; kinetic modeling. 

3.1  Introduction  

The potential of natural gas (NG) as an alternative fuel for transportation and heavy-duty power 

generation applications has led to an increase in demand for conventional and non-conventional 

NG sources. NG is primarily composed of methane with some heavier alkanes ranging from 

ethane to heptane [1], [2]. Thus, to achieve highly efficient and safe use of NG, experimental and 

kinetic modeling studies are needed for a wide range of NG mixtures to verify their varying 

combustion characteristics. One of the fundamental combustion characteristics of a fuel is auto-

ignition which can be measured experimentally at relevant reaction times using both rapid 

compression machines (RCMs) and shock tubes (STs). Methane, being a major component of 

NG, has been studied extensively in the literature [3]ï[8] and there are many available 

mechanisms describing its oxidation at conditions relevant to combustion devices [9]ï[13]. 

Studying blends of alkanes with compositions similar to available sources of NG can provide 

tangible targets in predicting the combustion characteristics of these alternate NG mixtures to 

test their suitability for use in practical combustors.  

A summary of experimental studies of methane with larger hydrocarbons was presented 

previously [1], [7], [14] and a summary is updated and added in appendix A. Ignition delay 

times (IDTs) of binary NG blends of methane/ethane up to methane/n-heptane were studied 

experimentally using RCMs and STs over a wide range of combustion conditions 

[15],[16],[17][24ï30]. The results showed an increase in negative temperature coefficient (NTC) 

behavior and a decrease in the onset of ignition temperature with increasing concentrations of 
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higher order hydrocarbons in the mixtures. A recent study of CH4/n-C6H14 mixtures by He et al. 

[22] showed a significant decrease in IDTs with increasing n-hexane content at low temperature. 

A kinetic analysis showed that a strong effect stems from the decomposition of H2O2 which 

induces the production of ἽH radicals. Liang et al. [21] studied a different CH4/n-C7H16 

mixtures in a ST. The results showed that the fuel composition with methane concentrations of 

less than 75% had IDTs close to pure n-heptane. Kinetic analyses showed that dominant 

reactions occurred between n-heptane and the radicals, particularly ἽH and HἽ2 and methane 

consumption occurred close to the ignition event. Similar behavior was also observed for CH4/n-

C6H14 ST experiments [22].  

IDT measurements of ternary blends, including CH4/C2H6/C3H8 as well as higher alkanes with 

volume percentages of up to 50% of the entire fuel composition have also been studied [18], 

[23], [27], [29], [31], [32]. De Vries and Petersen [29] observed  that adding higher 

hydrocarbons up to n-pentane strongly reduces the activation energy at high pressures and low 

temperatures with an observed faster and stronger ignition behavior for all of the blends 

compared to pure methane. C1ïC4 ST experiments were also studied [33] for highly dilute 

mixtures containing 14.29% ethane, 7.14% propane, 7.14%  n-butane, and 71.43% methane. It 

was found that IDTs were shortened by up to a factor of 13 compared to pure methane. Recently, 

C1ïC5 alkanes blends were studied in both an RCM and in a ST with higher hydrocarbons up to 

37.5% by volume of the fuel composition [14], [34], [35].  Beerer and McDonell [18] used a 

turbulent flow reactor to measure IDTs for a lean (ű = 0.6) mixture containing C1ïC6 species at 

p = 9 atm,  in the temperature range 845ï895 K. They showed that the inclusion of higher 

alkanes can help reduce NOx emissions by decreasing the onset of ignition temperatures for NG 

mixtures. 

The declining concentration of >C2 species on a volume/mol basis is an observed trend in 

samples of NG found around the world. These are supplied to Siemens by potential customers 



 

 

Chapter 3                                                                                           

 

51 

 

who are interested in ensuring their feasibility as fuels for engine applications and understanding 

the limitations in terms of pollutants, power range, or fuel supply systems. Although several 

studies have explored C1ïC5 n-alkanes mixtures with limited work performed on C1ïC6 alkane 

blends [18]. 

However, to our knowledge no IDT measurements are available for C1ïC7 alkane blends. The 

aim of the present work is to provide useful measurements of IDTs for C1ïC7 n-alkanes blends at 

conditions relevant to gas turbine (GT) operation and to develop an accurate chemical kinetic 

mechanism to understand the underlying kinetics of NG mixture combustion at the specified 

conditions. 

3.2  Experiments 

Experiments were conducted using the RCM at NUI Galway, which was described previously 

[36]. A brief description of the machine and the experimental procedure are provided in 

appendix A. Table 3-1 shows the C1ïC7 n-alkanes blends by volume percentage, reported as 

NG1 to NG10.  

Initially the NG1ïNG3 blends were selected, where NG1 and NG2 compositions are very 

similar to North American and European natural gases, respectively. NG3 is an extension of the 

compositions along the NG mixture trends in order to capture the increasing content of > C2 

species. The new natural gas mixtures NG4ïNG10 are intended to consider both the impact of 

C6 and C7 n-alkane addition and higher amounts of > C2 species. The motive in the increased 

content of > C2 is to ensure that future natural gas compositions can be included. Constant 

volume simulations were performed for all of the NG blends in Table 3-1 as shown in Figure 

AS1 to help select the final experimental conditions. NG2 experiments which had been studied 

previously in our laboratory [14], [34]  helped in validating the new experiment targets and 

confirm the reliability of the old data. The NG3 and NG6 experiments were performed to study 
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the effect of replacing 1.875% methane in the NG3 blend with n-hexane and n-heptane at the 

same conditions of pressure and dilution concentrations. Finally, NG7, NG8, and NG10 were 

chosen so that different levels of higher hydrocarbon in the blends with different conditions can 

be tested. Developing a chemical kinetic mechanism that can reproduce well the experiments in 

the different conditions will be useful in predicting other NG blends that have not been studied 

experimentally. Concerning the DOE approach, we have not applied the methodology in a strict 

manner implied by the terminology but rather a sensitivity analysis was performed to identify the 

experiments that would be the most informative to develop/validate/calibrate the mechanism 

within the large parameter space of pressure, equivalence, temperature, and natural gas 

compositions considered. Table 3-2 shows the experimental conditions with the NG blends 

which were chosen in the current study. The measured IDT is quantified from the reactive 

pressure-time trace as shown in Figure AS2. Each experimental point is repeated at least three 

times and the IDTs measurement uncertainty in the current study is estimated to be ±15%. 

Table 3-1. Natural gas blends. 

Species NG1 NG2 NG3 NG4 NG5 NG6 NG7 NG8 NG9 NG10 

Methane (CH4) 98.125 81.25 62.5 98.03125 80.3125 60.625 72.635 45.27 63.107 35.601 

Ethane (C2H6) 1 10 20 1 10 20 10 20 10 20 

Propane (C3H8) 0.5 5 10 0.5 5 10 6.667 13.33 8.0 14.815 

n-Butane(C4H10) 0.25 2.5 5.0 0.25 2.5 5.0 4.44 8.89 6.40 10.974 

n-Pentane (n-C5H12) 0.125 1.25 2.5 0.125 1.25 2.5 2.965 5.93 5.12 8.129 

n-Hexane (n-C6H14) ï ï ï 0.0625 0.625 1.25 1.976 3.95 4.097 6.021 

n-Heptane (n-C7H16) ï ï ï 0.03125 0.3125 0.625 1.317 2.63 3.276 4.460 

Table 3-2. Experimental conditions studied in the RCM. 

Blend ű pC / bar TC / K  

NG2 0.5, 1.0, 2.0 10,18, 20, 30 711 ï 1054 [14],[34], current study 

NG3 1.0 20, 30 754 ï 952 [14],[34], current study 

NG6 1.0 20, 30 670 ï 1032 current study 

NG7 0.5, 1.0, 1.5 10, 20, 30 688 ï 952 current study 

NG8 1.0 20, 30 679 ï 960 current study 

NG10 0.5, 1.0, 1.5 10, 20, 30 650 ï 1052 current study 
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3.3  Kinetic modelling 

The detailed chemical kinetic mechanism employed here, NUIGMech1.0, is built in a 

hierarchical way and has been derived by merging our C0ïC5 base chemistry [37]ï[40] with the 

hexane isomer mechanisms from Zhang et al. [41]. Rate constants for the n-heptane sub-

mechanism are incorporated from a previously published model by Zhang et al. [42]. This 

mechanism has been validated against the experimentally measured IDTs from the present work 

across a wide range of temperature (TC = 650ï1500 K), equivalence ratio (ű = 0.4ï2.0),  and 

pressure (pC = 10ï100 bar) as well as a variety of natural gas mixture compositions [31], [35], 

[22], [32] as shown in Figures AS10ïAS16. A detailed description of the important reactions for 

the conditions studied here identified in sensitivity analyses are provided in the following 

sections. In addition, the performance of NUIGMech1.0 is compared with that published by 

Zhang et al.  [42] and Mehl et al. [43]. 

3.4  Results and Discussion 

The results of the IDTs for the tested NG blends listed in Table 3-1 are provided in this section. 

The term ñin airò in the figures refers to the oxidizer mixture containing O2/diluent in the ratio of 

1:3.76. The diluent was either 100% N2 or 45:55 N2: Ar. The fuel compositions, initial 

conditions, IDT data, and pressure/time histories for the simulations are all provided as in 

Appendix A and with the online version of the paper. 

3.4.1  Experimental validation 

Figure 3-1 and Figure AS3 show that the current IDT measurements for NG2 at different 

compressed gas temperatures and NG3 at stoichiometric conditions are comparable with our 

previously published data [14], [34]. Moreover, simulations of the new IDTs using three kinetic 

models, C5_49 which was previously used to simulate the NG2 and NG3 data [14], that from 

Zhang et al. [42], and NUIGMech1.0. The three models show good agreement with the 
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experiments, with NUIGMech1.0 showing particularly good agreement, especially at low 

temperatures. Overall, there is good agreement among the old and new data and the difference 

which appears clearly in the fuel-lean and stoichiometric conditions at temperature above 900 K 

stems from the use of 100% Ar as the diluent gas in the old data. Using only Argon as a diluent 

makes the IDTs longer as reported by Würmel et al. [44] whereas in the new data 45% N2/55% 

Ar is used. At fuel-rich conditions for NG2 the same diluent was used for both studies and they 

show very good agreement, Figure AS3(c). 
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Figure 3-1. Comparison of  current study IDTs measurements for NG2 verse NG2 previous study 

[34] and the simulations, NUIGMech1.0 ( solid line, Zhang et al [42] (dash lines), and C5_49 [14] 

(Dotted line). 

3.4.2  Effect of fuel composition 

Comparisons of the IDTs of the different NG mixtures, NG2, NG3, NG6, NG7, NG8, and 

NG10, studied here are presented in Figure 3-2 for stoichiometric mixtures at 20 bar and 30 bar 

and 675ï1000 K. It is observed that NG2 and NG3 mixtures containing highest percentage of 

smaller alkanes (C1ïC3) amongst all fuels exhibit the lowest reactivity, with reactivity increasing 

with the increasing percentage of higher order hydrocarbons present. Mixture NG10, which has 

a total of almost 10% nC6H14 and nC7H16, exhibits the highest reactivity. The effect of 

composition on the IDTs is seen to be the largest in the temperature range 700ï900 K. For NG3 

at 770 K, 20 bar, the IDT is ~150 ms while for NG10 the IDT is ~6 ms, showing that there is 

more than an order of magnitude reduction in reactivity with changing fuel compositions. Figure 
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3-2 also shows that NUIGMech1.0 can predict the IDTs with very good agreement for the range 

of NG mixtures at both 20 and 30 bar and also accurately reproduces the NTC behavior. The 

Zhang et al. [42] model under-estimates the reactivity of the mixtures by a factor of two for the 

NG3 and NG6 mixtures. The agreement becomes better for NG mixtures with higher alkanes but 

still over-predicts the IDT by factor of 1.5 compared to the experiments in the NTC region. 

Moreover, the Mehl et al. [43] model over-estimates the reactivity of NG2 and NG3 and begins 

to under-estimate the reactivity of the mixtures with increasing higher order hydrocarbons in 

NG6ïNG10 and by increasing the pressure from 20 bar to 30 bar. A detailed sensitivity analysis 

is presented in the chemical kinetics analysis section to gain insights on the underlying kinetics 

at different conditions. Figure AS6 shows reactive p/t histories for the conditions similar to 

Figure 3-2(b) for NG7, NG8, and NG10 at TC   770 K along with simulated p/t histories using the 

experimental non-reactive p/t trace to include the effect of heat loss. It is obvious that the 

mechanism can also capture the first stage and total ignition very well. 
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Figure 3-2. Comparison of experimental (symbols) and model predicted (lines) IDTs of various NG 

mixtures at ű = 1.0; (a) pC = 20 bar; and (b) pC = 30 bar, measured in an RCM. 

3.4.3  Effect of pressure and equivalence ratio 

Figure 3-3 shows a comparison of model predictions with IDT measurements for fuel-lean and 

fuel-rich NG mixtures at 10ï30 bar. A similar comparison for the stoichiometric mixtures is 

provided in Figure AS7. The IDTs for all mixtures decrease with increasing pressure, thus 
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showing an increase in reactivity. This is primarily due to the increasing concentration of the 

reactant molecules with pressure. The sensitivity of IDT with pressure shows a non-linear trend 

with respect to temperature. For stoichiometric NG6ïNG10 mixtures, the IDT shortens by a 

factor of 1.5 at TC < 700 K as the pressure increases from 20 to 30 bar, while it reduces by a 

factor of 2 at TC > 700 K until the end of NTC region. The dependence on pressure again 

decreases with a further increase in temperature. For fuel-lean and fuel-rich mixtures, an 

increase in pressure from 10 bar to 30 bar leads to a reduction in IDT of almost a factor of nine 

in the NTC region, as shown in Figure 3-3. Comparisons of model predictions with 

measurements (Figures. 3-3 and AS7), show that NUIGMech1.0 is able to successfully predict 

the IDTs with very good agreement for a wide range of pressures (10ï30 bar) and equivalence 

ratios (ű = 0.5ï2.0). 

3.4.4  Chemical kinetics analysis 

Figure 3-4 shows the brute-force sensitivity analysis for NG3, NG6 and NG10 mixture blends at 

ű = 1.0, pC = 30 bar, and TC = 830 K. Modifications have been made to some of these important 

reactions and the choice of the updated rate constants are discussed here. 
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Figure 3-3. Ignition delay times at different pC (a) NG2, ű = 0.5; (b) NG7, ű = 0.5; (c) NG10, ű = 0.5; 

(d) NG2, ű = 2.0; (e) NG7, ű = 1.5; and (f) NG10, ű = 1.5. 
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The reactivity of the NG mixtures (NG3, NG6 and NG10) is highly sensitive to ἽH radical 

reactions with propane producing n-propyl and iso-propyl radicals, via C3H8 + ἽH ź nǘ3H7 + 

H2O and C3H8 + ἽH ź iǘ3H7 + H2O, respectively. The previous model [42] utilised the rate 

constant measured by Droege and Tully [45] at temperatures below 900 K. More recently, 

Sivaramakrishnan et al. [46] directly measured site-specific rate constants for the C3H8 + 

ἽH system at high temperatures (927ï1146 K). Their measurements showed a slightly higher 

branching fraction to iǘ3H7 than measured by Droege and Tully [45]. The current model applies 

a fit which takes account of the direct measurement for C3H8 + ἽH ź iǘ3H7 + H2O by 

Sivaramakrishnan et al. [46]. It is evident from Figure 3-4 that for all NG mixtures direct 

hydrogen-abstraction from C2H6 by ἽH radical has the largest inhibiting effect on the NG 

ignition. In the present model, the rate constant for C2H6 + ἽH ź ǘ2H5 + H2O is adopted from 

the fit recommended by Krasnoperov and Michael [47]. A sensitivity analysis also shows that 

the low temperature reactions pertaining to C3H8 chemistry influence the overall reactivity of 

NG mixtures. The formation of carbonyl hydroperoxide species via the isomerization reactions 

of C3H6OOH1-3Ἵ2 promotes the overall reactivity of the NG mixtures containing higher 

concentration of n-hexane and n-heptane fuels (NG6 and NG10). Whereas the concerted 

elimination reaction, producing C3H6 + HἽ2, inhibits NG oxidation at low temperatures. For the 

reaction nC3H7O2 ź C3H6 + HἽ2, the rate constant used in the previous model was based on the 

calculation by Villano et al. [48] while for (C3H6OOH1-3O2 ź C3KET13 + ἽH), the rate 

parameters were taken from the study of Sharma et al. [49]. In the current model, the rate 

constant for these reactions are adopted from the high-level quantum chemical calculation by 

Goldsmith et al. [50], and these updates improved the model predictions as shown in Figure 3-2. 
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C2H6+OH<=>C2H5+H2O

C3H8+OH<=>IC3H7+H2O

2HO2<=>H2O2+O2

NC3H7O2<=>HO2+C3H6

C4H10+OH<=>SC4H9+H2O

CH2O+OH<=>HCO+H2O

C5H11O2-2<=>C5H10-1+HO2

C5H11O2-2<=>C5H10-2+HO2
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SC4H9O2<=>C4H8-1+HO2
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C2H6+HO2<=>C2H5+H2O2
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Figure 3-4. Brute-force sensitivity analysis of various NG mixtures (NG3, NG6, NG10) IDTs at ű = 

1.0, 30 bar, and 830 K. 

The chain terminating reaction between HἽ2 radicals (HἽ2 + HἽ2 ź H2O2 + O2) is an important 

reaction that inhibits reactivity under these conditions, while the decomposition of H2O2 is the 

most important reaction enhancing reactivity of NG mixtures for all conditions. For the reaction 

HἽ2 + HἽ2 ź H2O2 + O2, we use the rate constant from the recent high-level ab-initio 

theoretical study by Klippenstein et al. [51]. Notably, this value is slightly lower than the rate 

constant assigned in our previous model [42], in which the rate parameters were taken from the 

experimental work of Hong et al. [52]. Interestingly, in NG6 and NG10 mixtures, the 

sensitivities of the important promoting reactions from the C2H6 to n-C5H12 sub-mechanism are 

reduced significantly as compared to the NG3 mixture. However, the n-C6H14 and n-C7H16 

chemistries begin to control the reactivity for NG6 and NG10. The H-atom abstraction from the 

n-C6H14 and n-C7H16 by ἽH radicals become more important for NG10. 

Figure 3-5 depicts brute-force sensitivity analyses performed for the NG10 mixture at pC = 10 

and 30 bar, and at an intermediate temperature of 830 K. Figure AS9 shows the sensitivity 

analyses comparisons for different equivalence ratios (ű = 0.5, 1.0 and 1.5) for the NG10 

mixture at 30 bar pressure and at an intermediate temperature of 830 K. The most important 
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reactions are governed by the hydrogen abstraction reactions by ἽH and HἽ2 radicals that 

initiate the fuel consumption. The low-temperature chemistries such as the addition of 

ǘ5H10OOH2-4 and ǘ6H12OOH2-4 radicals to O2 are also sensitive reactions that promote the 

reactivity. The concerted elimination reactions, producing an olefin + HἽ2, inhibits NG ignition. 

Meanwhile HἽ2 + HἽ2 ź H2O2 + O2 is the most inhibiting reaction. The resultant H2O2 

generates two ἽH radicals through H2O2 (+M) ź ἽH + ἽH (+M). Figure AS9 shows that, for 

fuel-lean conditions, the chain branching reaction H2O2 (+M) ź ἽH + ἽH (+M) dominates the 

reactivity and exhibits higher sensitivity than at stoichiometric and fuel-rich conditions. A 

similar trend in sensitivity coefficients at 10 bar and 30 bar (Figure 3-5) indicates that the 

chemistry is not responsible for the increase in reactivity at 30 bar, but rather the higher fuel 

concentration causes the observed reduction in IDTs. 

2HO2<=>H2O2+O2

C2H6+OH<=>C2H5+H2O

C3H8+OH<=>IC3H7+H2O

NC3H7O2<=>HO2+C3H6

C4H10+OH<=>SC4H9+H2O

C5H11O2-2<=>C5H10-1+HO2

C5H11O2-2<=>C5H10-2+HO2

H+O2(+M)<=>HO2(+M)

CH2O+OH<=>HCO+H2O

C2H5O2<=>C2H4+HO2

CH3O2+OH<=>CH3OH+O2

CH3O2+HO2<=>CH3O2H+O2

NC7H16+OH<=>C7H15-4+H2O

NC6H14+OH<=>C6H13-1+H2O

NC7H16+OH<=>C7H15-2+H2O

NC7H16+OH<=>C7H15-1+H2O

 C4H10+HO2<=>SC4H9+H2O2

C6H12OOH2-4+O2<=>C6H12OOH2-4O2

NC7H16+HO2<=>C7H15-2+H2O2

NC5H12+OH<=>C5H11-2+H2O

NC5H12+OH<=>C5H11-1+H2O

 NC6H14+HO2<=>C6H13-3+H2O2

C3H6OOH1-3O2<=>C3KET13+OH

NC6H14+OH<=>C6H13-2+H2O

C4H10+OH<=>PC4H9+H2O

 NC6H14+HO2<=>C6H13-2+H2O2

NC5H12+HO2<=>C5H11-2+H2O2
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H2O2(+M)<=>2OH(+M)
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Sensitivity coefficients  

Figure 3-5. Brute-force sensitivity analysis of NG10 mixtures at ű = 1.0, 830 K, for both 10 bar and 

30 bar. 

3.5  Conclusions 

In the current study, ignition delay time measurements for C1ïC7 n-alkanes blends were 

performed by using NUI Galway RCM at conditions relevant to GT operating conditions. Six 

compositions of natural gas mixtures with methane being the major component were chosen for 



 

 

Chapter 3                                                                                           

 

60 

 

the study. The measurements were carried out for mixtures in óairô in the temperature range of 

650ï1050 K at equivalence ratios 0.5, 1.0, 1.5 and 2.0 and pressures varying from 10ï30 bar. 

The wide range of conditions provides a comprehensive overview of the reactivity of the natural 

gas mixtures. The experimental results showed that for the range of fuel-compositions 

considered in this study, the IDTs of the mixture shortened by an order of magnitude at the same 

pressure and temperature conditions. For NG3 mixture, the IDT measured was approximately 

150 ms while for NG10 the IDT was as low as 6 ms at TC = 770 K and pC ~20 bar. Significantly 

different IDTs measured over a wide range of conditions provide a strong validation target for 

developing accurate and robust chemical kinetic mechanisms. The new detailed kinetic 

mechanism NUIGMech1.0, with update reaction rates based on recent theoretical and 

experimental studies together with the heptane mechanism developed by Zhang et al. were 

chosen to simulate the experimental conditions in this study. The NUIGMech1.0 model showed 

excellent agreement with the IDT measurements for mixtures with compositions ranging from 

quinternary mixtures (C1ïC5) to seven-component mixtures (C1ïC7) represented by NG6ïNG10. 

The Zhang et al. model showed reasonable agreement with mixtures containing n-heptane but 

overestimated the IDTs by more than 50% in the NTC region for mixtures containing large 

amounts lower hydrocarbons (NG2ïNG6). The agreement of NUIGMech1.0 with measurements 

recorded in this study along existing literature data highlights its robustness. 
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Abstract 

 New ignition delay time (IDT) data for stoichiometric natural gas (NG) blends composed of C1 

ï C5 n-alkanes with methane as the major component were recorded using a high-pressure shock 

tube (HPST) at reflected shock pressures (p5) and temperatures (T5) in the range 20 ï 30 bar and 

1000 ï 1500 K, respectively. The good agreement of the new IDT experimental data with 

literature data shows the reliability of the new data at the conditions investigated. Comparisons 

of simulations using the NUI Galway mechanism (NUIGMech1.0) show very good agreement 

with the new experimental results and with the existing data available in the literature. Empirical 

IDT correlation equations have been developed through multiple linear regression analyses for 

these C1 ï C5 n-alkane/air mixtures using constant volume IDT simulations in the pressure range 

pC = 10 ï 50 bar, at temperatures TC = 950 ï 2000 K and in the equivalence ratio (ű) range 0.3 ï 

3.0. Moreover, a global correlation equation is developed using NUIGMech1.0, to predict the 
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IDTs for these NG mixtures and other relevant data available in the literature. The correlation 

expression utilized in this study employs a traditional Arrhenius rate form including 

dependencies on the individual fuel fraction, TC, ű and pC. 

Keywords: Chemical kinetics; Gas turbines; Internal Combustion Engines; Oxidation; Natural 

gas; ST; IDT correlation. 

Nomenclature 
TC   Compressed temperature, K 

pC   Compressed pressure, bar 

ű    Equivalence ratio 

Ὁ    Activation energy, Kcal/mol 

Ὑ  Universal gas constant, Kcal/K/mol 

4.1  Introduction  

Due to stringent emissions legislation natural gas (NG) is becoming a potential fuel for internal 

combustion engines (ICEs) to reduce pollutant emissions and is used as a main fuel for gas 

turbines (GTs) [1ï5]. The current work is motivated by numerous concerns, including the need 

to understand the suitability of using fuels from non-conventional NG sources in combustion 

devices such as GTs and ICEs. Furthermore, a chemical kinetic mechanism has been developed 

to describe NG oxidation. This mechanism has been used to develop a tool to predict IDTs that 

will save time and cost of designing combustion devices. Auto-ignition is an important fuel 

characteristic for combustor design. It is important to ensure that the time required to fully 

premix the fuel and air is shorter than the ignition time required for the mixture at the conditions 

of combustor operation. Moreover, auto-ignition is the main process controlling combustion in 

homogeneous charge compression ignition (HCCI) engines. Recently, the development of these 

engines using NG has attracted more attention due to its high efficacy in decreasing harmful 

emissions (nitrogen oxides and particulate matter) while increasing fuel economy [6ï11]. The 

chemical kinetics of a fuel controls auto-ignition in a combustion device, which depends not 

only on the fuel/air ratio and exhaust-gas recirculation rate but also on the thermodynamic 

conditions (pressure and temperature) inside the engine cylinder [12]. Therefore, to achieve 
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reliable results an accurate chemical kinetic mechanism describing a fuelôs oxidation needs to be 

developed which can ultimately lead to the development and optimization of more effective 

engine combustion technologies [13ï15]. NG mixtures consist largely of methane with larger 

hydrocarbons, sometimes including up to n-heptane [16]. Therefore, a detailed chemical kinetic 

mechanism describing NG oxidation should include the sub-chemistry of each fuel component 

from C1 ï C7 hydrocarbons. However, such a mechanism comprises 2746 species and 11270 

reactions [17ï22], which results in a prohibitive cost for high-fidelity simulations of a full 

combustor system. 

Lab-scale reactors such as rapid compression machines (RCMs) and shock tubes (STs) are used 

to measure IDTs at combustor relevant conditions, which are then commonly used to validate a 

detailed chemical kinetic mechanism over a wide range of conditions. Once a mechanism that 

yields good agreement with the experimental data is validated, it can be used to create a test 

dataset to develop a correlation equation for IDT data to reduce both experimental and 

computational cost. This equation should include functions for key parameters such as pressure, 

equivalence ratio and fuel concentration. 

Several regression analyses of IDTs producing correlations (Eq. (4-1)ï (4-6)) based on the 

Arrhenius equation form were published previously [23ï28]. These expressions include the fuel 

dependence, either through fuel concentration, fuel mole fraction, fuel component percentage 

(volume %), or number of carbon atoms in the fuel, and also include a dependence on pressure, 

equivalence ratio, dilution, and oxygen concentration. 

† ὃ &ÕÅÌ/ς $ÉÌÕÔÅὩ  (4-1) 

† ὃ ὴ • Ὡ  (4-2) 

† ὃ ὴὢ Ὡ  (4-3) 

† ὃ ὴὢ  •  Ὡ  (4-4) 

† ὃ ὴὢ #  Ὡ  (4-5) 

† ὃ ὴὢ •  Ὡ                (4-6) 



 

 

Chapter 4                                                                                

69 

 

where †, ὃ, ὴ, •, ὢ , #, Ὑ, Ὕ, &ÕÅÌ represent the IDT, frequency factor, compressed pressure, 

equivalence ratio, oxygen mole fraction, number of carbon atoms, universal gas constant, 

compressed temperature, and fuel concentration [mole mï3], respectively. The exponents 

ὥȟὦȟὥὲὨ ὧ represent the exponential coefficients of the dependence parameter. 

The current study focuses on the challenges of acquiring one global correlation equation for 

IDTs as a function of individual parameters such as fuel fraction, pC, TC and ű, as well as an 

investigation of the sensitivity of these parameters to IDT predictions over the temperature range 

studied. The correlation equations are developed to accurately express the IDT behavior of a 

series of C1 ï C5 n-alkane mixtures at intermediate and high temperatures. For the training 

dataset the range of each fuel component in the mixture is varied from the minimum to the 

maximum values of their concentrations in the NG1 to NG3 mixtures as shown in Table 4-1 [18, 

29, 30]. The presented correlation equations have been tested over a wider range of experimental 

shock tube IDT measurements. In the following Sections experimental details, the chemical 

kinetic model, and the correlation development procedure are provided followed by a discussion 

of the results. 

4.2  Experiment  

The NUI Galway (NUIG) high-pressure shock tube (HPST) was used to perform the IDT 

experiments presented here. A brief description of the facility is provided here as greater detail 

has been provided previously [17], [31]. The driver gases used are helium for non-tailored and 

helium/nitrogen mixtures for tailored experiments. To measure the shock velocity there are six 

PCB113B24 pressure transducers mounted axially positioned to the tube wall in the driven 

section at different location near the endwall. An endwall mounted Kistler 603B pressure 

transducer is used to record the pressure-trace used to measure the IDTs. The initial pressure 

(p1), the initial temperature (T1), and the shock velocity (Vshock) of the tested mixture are 
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implemented in the ñGaseqò software [32] using the problem type óreflected shockô in 

conjunction with frozen chemistry assumption with the thermodynamic data file 

(NUIGMech1.0.dat) [17ï22] to calculate the compressed gas temperature (T5) and pressure (p5) 

behind the reflected shock which listed in Table 4-3. The ignition event in the current 

experiment is identified as the time of maximum pressure gradient. Figure 4-1 shows the time 

histories of pressure and the dp/dt profiles for NG2 at stoichiometric conditions (ű = 1.0), 1248 

K, and 20 bar. At time zero the initial pressure oscillations in the pressure time history in Figure 

4-1 are due to the shock wave hitting the pressure transducer which is fixed at the endwall and 

these oscillations are minimal for the sidewall pressure time history [33ï37].  

The IDTs measurements in which the pressure/time histories exhibit a clear pre-ignition (PI) 

pressure rise before the major main ignition event are reported as pre-ignition events in Table 4-

3 and are plotted as open symbols with crosses through them in Figure 4-6. The estimated 

uncertainty limits of the current measurement are ± 20 K in T5, ± 0.5% in mixture composition, 

and ± 20% in measured IDT. 

To prepare the mixture, the liquid fuel (n-pentane) is first injected into the mixing tank via an 

injection port until the desired partial pressure is attained. Subsequently, the other gases (O2/N2) 

are filled in ascending order based on their increasing partial pressures. The mixture is allowed 

to homogenize via gaseous diffusion for at least 12h before performing experiments. 

The purity of the fuels used are as follows; methane (99.5%), ethane (99.5%), propane (99.5%), 

and n-butane (99.9%) were supplied by Air Liquide and the liquid fuels, n-pentane (99%) was 

supplied by Sigma Aldrich and was used without further purification. The oxidizer gases 

nitrogen (> 99.96%) and oxygen (> 99.5%) were supplied by BOC Ireland. 

Table 4-2 shows the experimental conditions for NG2 and NG3 which have been carried out in 

the HPST and the twin-piston RCM at NUIG in the current and previous studies [18, 29, 30]. 

The error bars in the figures below represent ± 20% of the measured IDT. 
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4.3  Numerical model 

In the present work, the newly published detailed chemical kinetic model NUIGMech1.0 [17ï 

22] is used to simulate the experimentally measured IDTs. NUIGMech1.0 is hierarchically 

developed for important hydrocarbon and oxygenated fuels ranging from hydrogen/syngas to C7 

chemistry and includes 2746 species and 11270 reactions. In our simulations, the IDT is defined 

as the maximum gradient of pressure with respect to time. 

4.4  Results and discussion 

Results of the new HPST IDTs for NG2 and NG3 along with the HPST and RCM  IDTs for 

NG2 and NG3 from previous studies [18, 29, 30] at the conditions listed in Table 4-2. are 

provided here. The results of multiple regression analyses for the correlation equations are also 

provided. The simulations of the ST IDTs as a constant volume simulation are performed using 

the reflected shock pressure and temperature as the initial pressure and temperature, respectively. 
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Figure 4-1. Sock tube pressure/time history for NG2 at ű = 1.0, p5 = 20 bar, and T5 = 1248 K. 
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Table 4-1. NG blends. 

Species NG1 NG2 NG3 

Methane (CH4) 98.125 81.25 62.5 

Ethane (C2H6) 1 10 20 

Propane (C3H8) 0.5 5 10 

n-Butane(C4H10) 0.25 2.5 5.0 

n-Pentane (nC5H12) 0.125 1.25 2.5 

Table 4-2. HPST and RCM experiments conditions for NG1 ï NG3 current and previous studies. 

Blend T (K)  p (bar) ű Facility Ref. 

NG2 

1106 ï 1427 30 0.3 HPST [29, 30] 

821 ï 1054 20 ï 30 
0.5 

RCM [18, 29, 30] 

1121 ï 1444 18 HPST [29, 30] 

738 ï 960 20, 30 

1.0 

RCM [18, 29, 30] 

1051 ï 1518 30 HPST [29, 30] 

1037 ï 1483 20, 30 HPST Current study 

711 ï 968 18, 30 
2.0 

RCM [18, 29, 30] 

1099 ï 1549 18 HPST [29, 30] 

NG3 

1084 ï 1472 30 0.3 HPST [29, 30] 

745 ï1062 10 ï 30 
0.5 

RCM [29, 30] 

1064 ï 1467 20 HPST [29, 30] 

754 ï 952 20, 30 

1.0 

RCM [18, 29, 30] 

995 ï 1470 30 HPST [29, 30] 

1015 ï 1426 20, 30 HPST Current study 

699 ï 886 20, 30 
2.0 

RCM [29, 30] 

1019 ï 1508 20 HPST [29, 30] 

 

4.4.1  Validation of IDT experiments 

Figure 4-2 shows a comparison of the current HPST IDT experiments with previous 

measurements for stoichiometric NG2 (Figure 4-2(a)) and NG3 (Figure 4-2(b)) mixtures at pC = 

30 bar. The red and black lines represent the NUIGMech1.0 predictions using the p5 and T5 from 

the previous study [29, 30] and the current study, respectively. The current measurements are 

within the uncertainty of previous work ensuring the validity of the facility and experimental 

procedure. Figure 4-2(b) shows some discrepancy in the IDTs at high temperature for NG3 at 30 

bar between the current and previous measurements. This may be because the short IDTs (~20 

µs) are affected by pressure oscillation at time zero due to the shock wave arrival at the endwall, 

as evident in Figure 4-1. The IDTs predictions using NUIGMech1.0 also show very good 

agreement with the experiments data. 
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Table 4-3. ST IDTs data for NG2 and NG3 at ű =1.0 and p5 =20 and 30 bar from the current study. 

p1 (bar) T1 (K) VShock (m/s) p5 (bar) T5(K)  IDT (µs) 

NG2 

0.474 308.15 938.04 17.683 1040.4 2107 (PI) 

0.474 308.15 941.16 17.867 1045.2 1774 (PI) 

0.474 308.15 968.86 19.500 1087.7 1216 (PI) 

0.430 308.15 1010.51 20.110 1153.1 848.2 

0.361 308.15 1069.44 19.953 1248.7 369.8 

0.308 308.15 1123.0 19.660 1338.8 140 

0.271 308.15 1180.1 19.940 1438.0 59.3 

0.250 308.15 1205.4 19.555 1483.0 38.39 

0.879 308.15 911.27 30.002 1000.1 2107 (PI) 

0.788 308.15 936.2 29.213 1037.6 1649 (PI) 

0.711 308.15 983.34 30.603 1110.2 945.8 

0.590 308.15 1049.0 30.795 1215.2 343.3 

0.499 308.15 1102.2 30.155 1303.5 149.6 

0.430 308.15 1155.7 29.787 1395.2 66.8 

0.380 308.15 1204.2 29.845 1486.3 32.64 

NG3 

0.524 308.15 914.39 18.628 1007.7 2080 (PI) 

0.524 308.15 919.47 18.950 1015.3 2062 (PI) 

0.524 308.15 939.29 20.237 1045.4 1434 

0.463 308.15 977.68 20.175 1104.5 887.6 

0.421 308.15 1012.8 20.370 1160.1 546.8 

0.353 308.15 1066.56 19.915 1247.6 232 

0.301 308.15 1112.8 19.259 1325.3 113.1 

0.270 308.15 1171 20.032 1426.3 43.8 

0.859 308.15 903.98 29.460 992.5 1931 (PI) 

0.859 308.15 919.27 31.026 1015.0 1382 (PI) 

0.770 308.15 945.43 30.680 1056.3 1132 

0.695 308.15 976.88 30.188 1103.3 653.8 

0.576 308.15 1048.6 30.947 1218.0 206 

0.488 308.15 1106 30.645 1313.0 90.6 

0.420 308.15 1156.4 30.021 1400.7 39 
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Figure 4-2. HPST IDTs experiments (symbols) and simulation (lines) at ű = 1.0 and p5 = 30 bar for; 

(a) NG2; and (b) NG3. 
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4.4.2  Correlation development 

4.4.2.1  IDT trends for C 1 ï C5 n-alkanes 

Figure 4-3 shows constant volume simulations for fuel/air mixtures including n-alkanes from 

methane (CH4) up to n-pentane (nC5H12) at temperatures ranging from 900 ï 2000 K at 30 bar 

pressure. On addition of longer-chained alkanes the mixture reactivity increases from methane 

(CH4) to n-pentane for temperatures from 900 K to 1100 K. But this trend changes at higher 

temperatures where C2H6 exhibits the fastest ignition followed by nC5H12, nC4H10, C3H8 and 

CH4. At low temperatures, secondary alkyl radicals are formed in greater abundance for the 

heavier alkanes which lead to low-temperature chain branching pathways via multiple additions 

to O2 generating ἽH radicals and consequently increase the reactivity for the larger 

hydrocarbons. At high temperatures, the reactivity of all fuels is controlled by the chain 

branching reaction  + O2 ź ¥ + ἽH. The production of significant amount of  atoms is 

responsible for the faster ignition of C2H6/air mixtures at higher temperatures. Ethyl radicals 

decompose quickly to produce C2H4 and  atoms. Thereafter, C2H4 undergoes H-atom 

abstraction to form vinyl radicals which react with O2 generating vinoxy radicals and Ö atoms in 

a chain branching process. Moreover, vinoxy radicals and Ö atoms further proceed through 

dissociation and bimolecular reactions with C2H4, producing more  atoms. In the case of higher 

n-alkanes,  atom production is primarily governed by unimolecular decomposition of the fuel. 

The higher rate constant of unimolecular decomposition for heavier alkanes causes the faster 

ignition of nC5H12 and nC4H10 compared to C3H8. Whereas, for CH4 and C3H8, the formation of 

large amount of ǘH3 radicals inhibits their reactivity through the chain terminating reaction ǘH3 

+ HἽ2 ź CH4 + O2 and ǘH3 + ǘH3 (+M) ź C2H6 (+M). 
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Figure 4-3. Constant volume IDT simulation by using NUIGMech1.0 at ű = 1.0 and 30 bar for C1 ï 

C5 n-alkanes. 

4.4.2.2  Impact of equivalence ratio 

Figure 4-4 shows the effect of increasing the equivalence ratio from for ű = 0.3 ï 3.0 for the NG1 

(Figure 4-4(a)), NG2 (Figure 4-4(b)), and NG3 (Figure 4-4(c)) mixtures at 30 bar in the 

temperature range 900 ï 2000 K. It is observed in Figure 4-4 that the fuel-rich mixtures ignite 

faster for temperature from 900 K up to 1150 K but at temperatures above ~1300 K the fuel-lean 

mixtures clearly show a faster reactivity. Figure 4-4 also shows that the crossover temperature 

between the equivalence ratios starts at ~1170 K for ű = 3.0 and 2.0 and ends at ~1270 K for ű = 

3.0 with ű = 0.3 for NG1 mixture (98% CH4). This crossover range changes for different NG 

mixtures comprising higher amounts of larger hydrocarbons as shown in Figure 4-4(b) and 

Figure 4-4(c) for the NG2 and NG3 mixtures, respectively. 

4.4.2.3  Impact of pressure 

Figure 4-5 shows constant volume simulations at ű = 1.0 in the temperature range 900 ï 2000 K 

at pressures of 10 ï 50 bar for the NG1 (Figure 4-5(a)), NG2 (Figure 4-5(b)), and NG3 (Figure 4-

5(c)) mixtures. The reactivity of the mixture increases consistently with pressure over the entire 

temperature range. This is primarily attributed to higher concentrations of fuel and oxidizer in 

the reaction mixture with increasing pressures. 

 



 

 

Chapter 4                                                                                

76 

 

0.5 0.6 0.7 0.8 0.9 1.0 1.1
1E-4

1E-3

0.01

0.1

1

10

100

(a)

~1170-1270 K

     in 'air'

 j = 0.3

 j = 0.5

 j = 1.0

 j = 2.0

 j = 3.0

 

 

Ig
n

it
io

n
 d

e
la

y
 t

im
e
 /
 m

s

NG1, 30 bar

Solid lines     NUIGMech1.0

Dashed lines Correlation

1000 K / T

0.5 0.6 0.7 0.8 0.9 1.0 1.1
1E-4

1E-3

0.01

0.1

1

10

100

(b)

Solid lines     NUIGMech1.0

Dashed lines Correlation

 in 'air'

 j = 0.3

 j = 0.5

 j = 1.0

 j = 2.0

 j = 3.0

 

 

Ig
n

it
io

n
 d

e
la

y
 t

im
e
 /
 m

s

NG2, 30 bar

~1230-1325 K

1000 K / T  

0.5 0.6 0.7 0.8 0.9 1.0 1.1
1E-4

1E-3

0.01

0.1

1

10

100

(c)

Solid lines     NUIGMech1.0

Dashed lines Correlation

 in 'air'

 j = 0.3

 j = 0.5

 j = 1.0

 j = 2.0

 j = 3.0

 

 

Ig
n

it
io

n
 d

e
la

y
 t

im
e
 /
 m

s

1000 K / T

NG3, 30 bar

~1230-1325 K

 

Figure 4-4. Constant volume IDT simulation by using NUIGMech1.0 at ű = 0.3 ï 3.0 and 30 bar 

for; (a) NG1; (b) NG2; and (c) NG3. 
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Figure 4-5. Constant volume IDT simulation by using NUIGMech1.0 at ű = 1.0 and p = 10 ï 50 bar 

for; a) NG1; (b) NG2; and (c) NG3. 
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The non-monotonous dependencies on n-alkanes, pressure, and equivalence ratio across the 

range of temperature make it very difficult to find one correlation coefficient for each fuel 

component which can describe the IDT of C1 ï C5 mixtures, while capturing all the trends 

successfully. Therefore, the temperature range has been divided into two sections to simplify the 

correlation development: one from 950 ï 1150 K and the other from 1200 ï 2000 K. To ensure a 

smooth transition between these two regions we include the 1150 K simulation from both of the 

correlation equations. 

4.4.2.4  Multiple linear regression 

The applicability of the linearization of the Arrhenius equation through logarithmic 

transformation has been tested before by Klicka and Kubacek [38] and the results showed that 

the statistical properties of the Arrhenius equation transformation can be affected by biased 

estimates. However, these are strongly overlapped by the standard deviations therefore, they can 

be completely neglected. In the current study, we have confirmed this by using the un-weighted 

nonlinear curve fitting method with multiple linear regression of the log-transformed Arrhenius 

equation, an approach shown by Sundberg [39] to be reliable. In the following section, the 

results obtained for C1 ï C5 n-alkane IDT correlations are provided. The IDT is correlated as a 

function of the key parameters including fuel fraction, equivalence ratio, pressure, temperature, 

and activation energy. 

Equation (4-7) shows the general form of the IDT correlation equation which is analogous to the 

Arrhenius equation and is a function of fuel fraction (#Ὄ ), equivalence ratio • , pressure 

(ὴ and temperature (Ὕ. A pre-exponential factor (ὃ and an activation energy term (  are 

also included. Equation (4-8) is the linearized form of equation (4-7) produced by log-

transformation as shown below. Table 4 summarizes the values of the coefficients obtained from 

the multiple linear regression analysis with R-square values of 98.4% and 99.0% using over 

48000 and 81000 IDTs constant volume simulation points for the intermediate and high 
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temperature regimes, respectively. The absolute average error over these IDTs target points are ° 

15.33%, and ± 21.89% for intermediate and high temperature regime, respectively. 

t ὃ #( #(  #(  #(  ὲ#(  •  ὴ Ὡ  (4-7) 

ÌÎt ÌÎὃ ὥÌÎ#( ὦÌÎ#( ὧÌÎ#( ὨÌÎ#( ὩÌÎὲ#( Ὢ
Ὣ

Ὕ
 ÌÎ• Ὤ ÌÎὴ    

Ὁ

ὙὝ
 

(4-8) 

It should be noted that in Table 4-4 methane has a positive coefficient (a) while all of the other 

n-alkanes has negative coefficients (b ï e). A positive coefficient signifies that adding methane to 

a mixture would result in longer IDTs (inhibit reactivity) while increasing the concentration of 

any other alkane would shorten IDTs (promote reactivity). For the intermediate temperature 

range (950 ï 1150 K), the coefficientsô value increases from ethane to n-pentane indicating that 

adding larger hydrocarbons would have a greater impact on increasing the mixtures' reactivity. 

Furthermore, for the high-temperature regime (T > 1200 K) the value of ethaneôs coefficient 

becomes the most negative compared to the other larger hydrocarbons (C3 ï C5) showing that 

adding ethane would have the highest impact in increasing reactivity at these temperatures. 

These trends are consistent with the IDT predictions shown previously in Figure 4-3 as ethane is 

seen to be the most reactive at high temperatures. 

Table 4-4. Summary of correlation equation coefficients for intermediate and high temperature. 

T, K 950 ï 1150 1200 ï 2000 

Coefficients Evaluated value Standard Error  Evaluated value Standard Error  

ὰὲὃ      ï8.45 0.018 ï14.16 0.016 

a        1.17 0.019     1.74 0.020 

b    ï0.021 0.002 ï0.058 0.002 

c    ï0.051 0.001 ï0.029 0.001 

d     ï0.06 0.001 ï0.045 0.001 

e    ï0.086 0.001 ï0.072 0.001 

f      0.642 0.011     1.91 0.006 

g ï1226.12 11.647  ï2520 8.167 

h     ï1.16 0.001 ï0.782 0.001 

Eac       26.3 0.019   37.65 0.014 

To address the change of the impact of equivalence ratio on IDT with temperature, the 

equivalence ratio coefficient was used with a temperature dependence defined as: Ὢ . In the 
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intermediate temperature range, the value of (f) is positive and (g) is negative, which makes the 

final value of the total coefficient negative, but it decreases with increasing temperature in this 

temperature range. This keeps the reactivity of the fuel-rich mixtures higher than that of the fuel-

lean ones. However, the difference in the reactivity decreases with increasing temperature, 

which is in line with the mechanism predictions shown in Figure 4-4. For the high temperature 

range the values of (f) and (g) increase by a factor of ~ 3 and 2, respectively, which makes the 

final value of the total coefficient decrease faster compared to intermediate temperatures and 

they become positive with increasing temperature. This leads to a crossover in reactivity for the 

fuel-lean and fuel-rich mixtures in the temperature range of ~1170 ï 1325 K. Therefore, 

increasing the equivalence ratio at these temperatures lowers the reactivity and increases IDTs. 

The correlations predict this behavior within Ò 15% for mixtures with (C2 ï C5) volume fractions 

larger than 15% (for NG2 and NG3) as shown in Figure 4-4(b) and Figure 4-4(c), but over-

predicts the reactivity for mixtures with high concentrations of methane (in NG1) at high 

temperatures as shown in Figure 4-4(a).  

Moreover, the negative value of the pressure coefficients for the two regimes ensures that 

increasing the pressure leads to lower IDT values and faster reactivity. These trends agree with 

the underlying chemical kinetics. The correlations predict the reactivity at different pressures 

within 10% error for mixtures with (C2 ï C5) volume fraction greater than 15% but they over-

predict the reactivity by 35% for the NG1 mixture at 10 bar. This decreases to 20% as the 

pressure increases to 50 bar, Figure 4-5. 

4.4.2.5  Performance of correlations for natural gas mixtures 

This section shows the performance of the correlation equations compared to the experimental 

IDTs for the NG mixtures and to the NUIGMech1.0 predictions at different pressures and 

equivalence ratios. The IDT measurements, simulation and correlation are represented by 

symbols, solid lines, and dashed lines, respectively in Figures (4-6) ï (4-9). 
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Figures 4-6 shows the IDTs measurements for stoichiometric NG2 and NG3 mixtures at 20 bar 

and 30 bar, Figure 4-6(a) and Figure 4-6(b), respectively. NUIGMech1.0 captures the IDT 

values with excellent quantitative agreement, being within 20% of the measurements for both the 

low- and high-temperature regimes. The calculations using the correlation equations are also 

observed to agree well within 20% with the model and experiments over the entire temperature 

range apart from the slightly faster estimations at ~950 K. The impact of pressure is also 

observed to be accurately captured by the correlation equations in Figure 4-6. 

Figures 4-7 and 4-8 show comparisons of the model and correlation predictions compared to the 

experimental data for NG2 and NG3 mixtures at fuel-lean, stoichiometric, and fuel-rich 

conditions. The correlations are observed to successfully predict the IDT values within 20% of 

the experimental values for all equivalence ratios. Moreover, they also tend to both qualitatively 

and quantitatively capture the experimentally measured trends in IDT crossover behavior for the 

fuel-rich to fuel-lean mixtures. The crossover temperatures from fuel-lean (ű = 0.5) to 

stoichiometric (ű = 1.0) and from stoichiometric (ű = 1.0) to fuel-rich (ű = 2.0) mixtures are 

observed to be ~1330 K and 1175 K, respectively for both NG2 and NG3 experiments as shown 

in Figures 4-7 and 4-8. NUIGMech1.0 captures these crossover trends with excellent 

quantitative agreement, while the estimates using the correlation equations are delayed by ~30 K 

but remain in reasonable agreement with the measurements. 
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Figure 4-6. Effect of pressure on IDT at ű = 1.0 and both 20 bar and 30 bar for; (a) NG2; and (b) 

NG3, ST IDTs (current study), RCM IDTs [18]. 



 

 

Chapter 4                                                                                

81 

 

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

0.01

0.1

1

10

100

1000

(a)

Solid lines      NUIGMech1.0

Dashed lines  Correlation 

 

 

Ig
n

it
io

n
 d

e
la

y
 t

im
e

 /
 m

s

RCM

 j  = 0.5

 j  = 1.0

 j  = 2.0

  ST

 j  = 0.5

 j  = 1.0

 j  = 2.0

 

NG2, 20 bar in 'air'

1000 K / T

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
0.01

0.1

1

10

100

1000

(b)

Solid lines       NUIGMech1.0

Dashed lines   Correlation 

 

 

Ig
n

it
io

n
 d

e
la

y
 t

im
e

 /
 m

s

1000 K/ T

RCM

 j  = 0.5

 j  = 1.0

  j  = 2.0

 ST

 j  = 0.3

 j  = 1.0

NG2, 30 bar in 'air'

 

Figure 4-7. Effect of equivalence ratio on IDT for NG2 at; (a) 20 bar; and (b) 30 bar. 
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Figure 4-8. Effect of equivalence ratio on IDT for NG3 at; (a) 20 bar; and (b) 30 bar. 

Figures 4-9 (aïd) compare the correlation estimations with the model predictions and 

experimental measurements from the literature [40] for two LNG mixtures at two equivalence 

ratios (j = 0.4 and 1.2) and p5 = 20, and 40 bar. Satisfactorily agreement (within 25%) is 

observed with the experimental data for variations in temperature, pressure, and equivalence 

ratio. 

4.4.3  Chemical kinetic analysis 

 The crossover of IDT trends for fuel-rich and fuel-lean natural gas mixtures was observed in 

both the experimental measurements and in the model predictions as the temperature gradually 

increases from ~ 1175 ï 1325 K. In order to understand the kinetics behind this crossover, 

sensitivity analyses were performed for the three NG mixtures. Figures 4-10(a) and 4-10(b) 

compare the most sensitive reactions to IDT for the 1050 K and 1850 K cases, respectively. At 
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1050 K, the two most sensitive reactions are the competing reactions ǘH3 + HἽ2 ź CH3Ἵ + ἽH 

and ǘH3 + HἽ2 ź CH4 + O2. While the former reaction is a chain propagation, it leads to the 

production of highly reactive ἽH radicals and it thus promotes reactivity, while the latter is a 

chain termination reaction producing stable molecules. 
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Figure 4-9. Correlation prediction performance verses ST IDT experiments at 20 bar and 40 bar 

for two mixtures of LNG; mix -1 (a) j  =0.4; (b) j  = 1.2 and mix-2 (c) j  = 0.4; and (d) j  = 1.2 [40]. 

Since enhancing the reaction rate of ǘH3 + HἽ2 ź CH4 + O2 would inhibit the production of ἽH 

radicals, a large positive sensitivity towards IDT is seen in Figure 4-10(a). The methyl 

recombination reaction also shows a large positive coefficient owing to its chain terminating 

nature and depleting the concentration of ǘH3 radicals. Other methane based reactions such as 

CH3Ἵ2 + ǘH3 ź CH3Ἵ + CH3Ἵ, CH4 + HἽ2 ź ǘH3 + H2O2 and CH2O + HἽ2 ź HǘO + H2O2 

also exhibit negative sensitivity coefficients thereby promoting reactivity. For the NG1 mixture, 

the kinetics is seen to be governed by CH4 based reactions, compared to the other alkanes, owing 

to its large concentration in the fuel. For the NG2 and NG3 mixtures, the sensitivity coefficient 

of the reaction C2H6 + HἽ2 ź ǘ2H5 + H2O2 is seen to increase and eventually becoming 
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comparable to the CH4 based reactions owing to the increase in C2H6 concentrations and 

therefore, its importance. The significance of H-atom abstraction reactions from other alkanes 

also exhibit increasing sensitivities for the NG2 and NG3 mixtures. 

The unimolecular dissociation reaction, H2O2 (+M) ź ἽH + ἽH (+M) also shows an increasing 

sensitivity in the NG2 and NG3 mixtures as it leads to the production of two highly reactive ἽH 

radicals from a relatively stable H2O2 molecule. This increased sensitivity coefficients towards 

IDT for NG2 and NG3 mixtures is primarily attributed to the increasing rate of H-atom 

abstraction from fuel molecules by HἽ2 radicals producing H2O2 and the corresponding alkyl 

radicals. Overall, it is observed that the key reactions governing the ignition kinetics at 1050 K 

are primarily fuel-based. Therefore, higher equivalence ratio mixtures (higher fuel mole 

fractions), exhibit faster ignition behavior. At higher temperatures (T = 1850 K), the chain 

branching reaction,  + O2 ź ¥ + ἽH is the single most important reaction promoting reactivity 

for all of the NG mixtures, irrespective of fuel composition. The fuel-based reactions are seen to 

have negligible sensitivities towards IDT, indicating that the kinetics is primarily governed by 

O2 based reactions. Thus, leaner mixtures tend to show higher reactivity at higher temperatures. 

This behavior of the crossover of reactivities with equivalence ratio is also successfully shown 

by the correlations proposed in this study. 
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Figure 4-10. IDT sensitivity analysis for NG1, NG2, and NG3 at ű = 1.0 and 30 bar for;  (a) 1050 K; 

and (b) 1850 K. 
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4.5  Conclusions 

In this study new IDT measurements for NG2 and NG3 blends are reported using a HPST at 

reflected shock pressures (p5) and temperatures (T5) in the range 20 ï 30 bar and 1000 ï 1500 K, 

respectively. The IDT measurements for different NG mixtures showed that reactivity increases 

with increasing equivalence ratio, from fuel-lean to fuel-rich mixtures, at low and intermediate 

temperatures (T Ò 1250 K). On the contrary, at high temperatures (T Ó 1250 K), fuel-lean 

mixtures become more reactive than fuel-rich mixtures. The crossover temperature in reactivity 

depends on mixture composition as well as pressure. Model predictions using NUIGMech1.0 for 

the new IDTs measurements show excellent agreement with the current data as well as with 

other available data in the literature. Multiple linear regression analyses were used to develop 

IDT correlation equations for both the intermediate and high temperature regime for NG blends 

composed of C1 ï C5 n-alkanes with methane as the major component. Dividing the correlations 

analysis into two temperature regimes allowed us to capture the impact of different n-alkanes as 

well as the pressure and equivalence ratio successfully. The coefficients' values derived from the 

multiple regression analyses reflect well the chemical effects of each parameter on the IDT. The 

correlation equations provided reproduce the IDT measurements with very good agreement 

(within 20%) in the temperature range 950 ï 1500 K for different equivalence ratios. Therefore, 

the correlations proposed in this study should be a valuable tool to estimate the ignition 

characteristics of NG mixtures quickly and accurately. 
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Abstract 

An experimental and kinetic modeling study of the influence of NOx (i.e. NO2, NO and N2O) 

addition on the ignition behavior of methane/óairô mixtures is performed in this work. Ignition 

delay time measurements are taken in a rapid compression machine (RCM) and in a shock tube 

(ST) at temperatures and pressures ranging from 900 ï 1500 K and 1.5 ï 3.0 MPa, respectively 

for equivalence ratios of 0.5 ï 2.0 in óairô. The conditions chosen are relevant to spark ignition 

and homogeneous charge compression ignition engine operating conditions where exhaust gas 

recirculation can potentially add NOx to the premixed charge. The RCM measurements show 

that the addition of 200 ppm NO2 to the stoichiometric CH4/oxidizer mixture results in a factor 

of three increase in reactivity compared to the baseline case without NOx for temperatures in the 

range 600 ï 1000 K. However, adding up to 1000 ppm N2O does not show any appreciable effect 

on the measurements. The promoting effect of NO2 was found to increase with temperature in 

the range 950 ï 1150 K, while the sensitization effect decreases at higher pressures. The 
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experimental results measured are simulated using NUIGMech1.2 comprising an updated NOx 

sub-chemistry in this work. A kinetic analysis indicates that the competition between the 

reactions ǘH3 + NO2 ź CH3Ἵ + NO and ǘH3 + NO2 (+M) ź CH3NO2 (+M), the former being a 

propagation and the latter being a termination reaction governs NOx sensitization on CH4 

ignition. Recent calculations by Matsugi and Shiina (A. Matsugi, H. Shiina, J. Phys. Chem. A. 

121 (2017) 4218ï4224) for the nitromethane formation reaction CH3 + NO2 (+M) ź CH3NO2 

(+M), together with the recently calculated rate constants for HONO/HNO2 reactions 

significantly improve ignition delay time predictions in the temperature range 600 ï 1000 K. 

Furthermore, the experiments with NO addition reveal a non-monotonous sensitization impact 

on CH4 ignition at lower temperatures with NO initially acting as an inhibitor at low NO 

concentrations and then as a promoter as NO concentrations increase in the mixture. This non-

monotonous trend is attributed to the role of the chain-termination reaction ǘH3 + NO2 (+M) ź 

CH3NO2 (+M) and the impact of NO on the transition to the chain-branching steps CH2O + HἽ2 

ź HǘO + H2O2, H2O2 (+M) ź ἽH + ἽH (+M), HǘO ź CO +  followed by CO + O2 ź CO2 + 

¥ and  + O2 ź Ö + ἽH. NUIGMech1.2 is systematically validated against the new ignition 

delay measurements taken here together with species measurements and high temperature 

ignition delay time data available in the literature for CH4/oxidizer mixtures diluted with 

NO2/N2O/NO and is observed to accurately capture the sensitization trends. 

Keywords: Methane/NOx; ignition delay time; rapid compression machine; chemical kinetic 

modelling. 

5.1  Introduction  

It is important to understand the interaction of a hydrocarbon and its related species with NOx 

species during combustion at conditions relevant to practical combustors in order to develop 

cleaner, more efficient combustors. Exhaust gas recirculation (EGR) is an effective strategy to 

reduce thermal NOx emissions by lowering the peak flame temperatures [1]. However, EGR 
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implicitly leads to mixing of various NOx species (NO, NO2 and N2O) with the fuel/air premixed 

charge along with the major diluents namely, N2, CO2 and H2O. Several studies have shown that 

the presence of NOx can significantly affect auto-ignition behaviour which is a critical parameter 

for the efficient operation of spark-ignited and homogeneous charge compression ignition 

(HCCI) engines [2,3]. Additionally, several solid-state propellants and energetic materials are 

nitrate based compounds which potentially produce N2O as a key intermediate during the 

combustion process [4,5]. Therefore, the study of the influence of NOx on combustion kinetics is 

important to the research community. 

Natural gas is one of the potential fuels used in SI engines as well as in stationary gas-turbines, 

and thus the sensitisation effect of NOx on methane and other alkanes has garnered wide interest. 

Several studies investigating the effect of NOx on CH4 oxidation have been carried out using 

laminar flow reactors [6,7] and jet-stirred reactors (JSRs) [8,9]. The primary routes of NO/NO2 

reactions with CH4 oxidation have been identified as: ǘH3 + NO2 ź CH3Ἵ + NO and CH3Ἵ2 + 

NO ź CH3Ἵ + NO2. In addition, the reaction NO + HἽ2 ź NO2 + ἽH serves as a chain 

propagation reaction promoting the conversion of less-reactive HἽ2 radicals into reactive ἽH 

radicals and is also a key step in the NO/NO2 inter-conversion process, especially at low to 

intermediate temperatures (600 ï 1000 K). Recently, Song et al. [9] conducted an atmospheric 

pressure JSR experimental and kinetic modeling study of CH4 oxidation doped with NO and 

NO2. The model showed overall good agreement with several key intermediate species such as 

HCN and HONO but over-estimated the formation of nitromethane (CH3NO2).  

While many studies have been conducted on the oxidation process, most of them have been 

limited to pressures below 1.0 MPa. Apart from the work of Gersen et al. [10] we believe no 

other studies of direct measurements of the auto-ignition for NOx doped methane/oxidizer 

mixtures exist at high pressures (Ó 1.0 MPa) and low to intermediate temperatures (600 ï 1000 

K). 
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Herein we attempt to systematically investigate the effect of NO, NO2 and N2O addition on the 

auto-ignition behaviour of CH4/O2/N2/Ar mixtures in an RCM at pressures (pC) of 1.5 MPa and 

3.0 MPa, at temperatures (TC) ranging from 890 ï 1100 K, at equivalence ratios (ű) of 0.5, 1.0 

and 2.0 in óairô. Typical NOx emissions from natural gas fired engines have been reported to 

range from 500 ï 3500 ppm depending on the load and operating conditions [11ï14]. EGR may 

result in an effective NOx composition in the range of 50 ï 200 ppm in the premixed charge [11ï

14], whereas gas-turbine combustors equipped with EGR typically target NOx (@ 15% O2) 

emissions of Ò 50 ppm [15]. The dilution levels considered in this study not only cover NOx 

concentrations comparable to those of practical combustors but also extends the higher levels of 

NOx concentration (~1000 ppm) to aid our experimental investigation and model development. 

The study also provides comparisons of experimental and model predictions obtained here 

together with other RCM and shock tube measurements available in the literature. In addition, 

simulations have also been carried out to compare with measured speciation data for 

CH4/O2/N2/NOx mixtures [9], thus providing a comprehensive overview of the model 

performance. 

5.2  Experimental procedure 

5.2.1  Rapid compression machine 

The red RCM facility at NUI Galway is used to measure the ignition delay times (IDTs) 

presented here. A complete description of the RCM was published previously [16]. Briefly, it 

has twin-opposed creviced pistons assembly which permits fast compression (~16 ï 17 ms), and 

helps prevent roll-up vortices, that improves the temperature homogeneity of the compressed gas 

[17]. A range of compressed gas temperatures is achieved by varying the initial temperature of 

the test gas via an electrical heating system installed on the outer body of the reaction chamber. 

The dynamic pressure of the tests was monitored using a Kistler 6045B pressure transducer 

flush-mounted with the chamber wall and connected to a Kistler charge amplifier in conjunction 
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with an oscilloscope to record the pressure/time histories. The measured IDT is calculated from 

the reactive pressure-time trace as the time from the first peak pressure at the EOC to the second 

global peak at the total ignition event. The compressed gas temperature (TC) of each test was 

calculated using Gaseq [18] using the adiabatic compression/expansion assumption with the 

initial temperature (Ti), initial pressure (pi), and the measured compressed pressure (pC) as 

known parameters. 

5.2.2  High-pressure shock tube 

IDTs for neat methane/O2/Ar and NO2 diluted mixtures were measured in the NUI Galway high-

pressure shock tube (HPST) at high temperatures (1050 ï 1650 K) and pressures of 1.5 and 3.0 

MPa, as the IDTs are typically less than 3 ms at these conditions. Details of this shock tube and 

the methodology used to measure the IDTs were published previously [19,20]. The IDT is 

defined as the time interval between the arrival of reflected shock wave at the end-wall and the 

maximum rate of pressure rise due to heat release during ignition. Prior to ignition, the rate of 

pressure rise behind the reflected shock wave was less than 2%/ms, therefore confirming the 

limited non-ideal effects of the HPST facility on the IDT measurements. For all of the IDT 

measurements an uncertainty of ± 20% is assigned according to a previous study [19] using the 

same facility. 

5.2.3  Mixture preparation  

The gases used in the current work are CH4 (99.5% purity), NO2 diluted in Ar (99.99% purity) 

(2% NO2/98% Ar), NO diluted in Ar (99.99% purity) (4% NO2/96% Ar), and N2O (99.5% 

purity) which were supplied by Air Liquide. The dilution gases, N2 (> 99.96% purity), Ar (> 

99.98% purity), and O2 (> 99.5% purity) were supplied by BOC Ireland. The CH4/O2/N2/Ar 

mixtures were prepared following Daltonôs law of partial pressure, with the pressures monitored 

using four MKS pressure transducers (2, 10, 100, and 500 kPa). A non-reactive mixture was 
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prepared in another tank by replacing O2 with N2 so that these pressure/time histories could be 

used in our simulations to account for facility effects, including heat losses. Table 5-1 shows the 

experimental conditions considered in this study. A separate 1.0 L mixing tank was connected to 

the line for NOx addition where the desired NOx (NO, NO2 and N2O) species was allowed to mix 

with the CH4/O2/(N2/Ar) mixture for 5 ï 10 min before filling the reaction chamber.  

Table 5-1. Experimental conditions studied for NOx sensitization on methane auto-ignition. 

Exp. CH4 O2 N2 Ar  NO2(ppm) N2O (ppm) Initial NO (ppm) ű pC / MPa TC / K 

Rapid compression machine experiments 

1 6.0 24.0 15.0 55.0 ï ï ï 0.5 1.5, 3.0 923 ï 1064 

2 10 20 ï 70.0 ï ï ï 1.0 1.5, 3.0 926 ï 1102 

3 15.0 15.0 ï 70.0 ï ï ï 2.0 1.5, 3.0 888 ï 1067 

4 5.94 23.76 14.85 55.43 200 ï ï 0.5 1.5, 3.0 912 ï 1056 

5 5.9 23.52 14.40 55.56 400 ï ï 0.5 1.5, 3.0 919 ï 1037 

6 9.89 19.8 ï 70.28 200 ï ï 1.0 1.5, 3.0 935 ï 1053 

7 9.79 19.59 ï 70.56 400 ï ï 1.0 1.5, 3.0 937 ï 1016 

8 14.85 14.85 ï 70.28 200 ï ï 2.0 1.5, 3.0 901 ï 1058 

9 14.7 14.7 ï 70.56 400 ï ï 2.0 1.5, 3.0 904 ï 1061 

10 9.89 19.8 ï 70.26 ï 400 ï 1.0 1.5, 3.0 926 ï 1105 

11 9.75 19.5 ï 70.65 ï 1000 ï 1.0 3.0 939 ï 1067 

12 5.97 23.88 14.93 55.2 ï ï 200 0.5 1.5, 3.0 926 ï 1036 

14 5.94 23.76 14.85 55.41 ï ï 400 0.5 1.5, 3.0 912 ï 1056 

15 10 20 ï 70.0 ï ï 50 ï 1000 1.0 3.0 900 ï 1050 

16 14.93 14.93 ï 70.13 ï ï 200 2.0 1.5, 3.0 920 ï 1037 

17 14.85 14.85 ï 70.26 ï ï 400 2.0 1.5, 3.0 891 ï 1043 

High-pressure shock tube experiments 

18 10 20 70.0 ï ï ï ï 1.0 1.5, 3.0 1050 ï 1650 

19 9.89 19.8 69.3 0.98 200 ï ï 1.0 1.5, 3.0 1050 ï 1650 

Separate tests with different mixing times ranging from 5 ï 25 min for the same mixture showed 

that IDTs are within the experimental uncertainties to ensure homogeneous mixing. Figure BS6 

of appendix B provides a comparison of IDT measurements for 6 min and 12 h mixing time for a 

stoichiometric CH4/O2/N2/Ar mixture with 200 ppm NO2 added. The IDTs are within 20% of 
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each other, therefore confirming homogeneous mixing within 6 min. However, for NO addition, 

a mixing time of 5 ï 10 min in the presence of O2 can lead to the conversion of a considerable 

fraction of NO to NO2, thus affecting the degree of sensitization. Several literature studies 

investigated the conversion of NO to NO2 in the presence of oxygen or the reverse process via 

the termolecular reaction 2NO + O2 ź 2NO2 [21ï24]. In addition, a study by Herzler and 

Naumann [25] also reported the challenge of using NO for shock-tube/RCM experiments due to 

the rapid oxidation of NO. Therefore, the final NO/NO2 mixture compositions for the NO 

dilution cases were obtained through 0-d simulations of possible reaction in the mixing tank over 

the period of time that NO was allowed to mix with the test fuel/óairô mixture. The final NO/NO2 

composition used for our calculations have been provided in Table 5-2. Further details of the 

calculations are provided in appendix B. 

Table 5-2. Final NO/NO2 mixture composition used in our NO sensitized methane calculations. 

Initial NO (ppm) Final NO2 (ppm) Final NO (ppm) ű 

 50  15   35 1.0 

100  31  69 1.0 

200  97 103 1.0 

400 265 135 1.0 

1000 846 154 1.0 

200 115  85 0.5 

400 299 101 0.5 

200  91 109 2.0 

400 253 147 2.0 

5.3  Chemical kinetic modelling 

NUIGMech1.2 is used to simulate the data measured in this study. This model has been 

hierarchically developed and validated for a comprehensive array of fuels ranging from C0 ï C7 

hydrocarbons [26ï30] including binary/ternary blends [31,32] and natural gas mixtures [33,34], 

comprising an extensive series of work for these fuels. The hydrocarbon model has been 

integrated with an updated NOx sub-mechanism which is based on the recently published 

mechanism by Glarborg et al. [35] and the hydrogen/syngasïNOX chemistry adopted from 
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Zhang et al. [36]. Further updates to the NOx sub-mechanism have been made based on critical 

assessment of recent measurements or high-level calculations of rate parameters available in the 

literature. Ab-initio calculations for gas-phase thermochemistry performed by Bugler et al. [37] 

for over 60 nitrogenous compounds are included in the current mechanism owing to their 

accuracy and internal consistency. A collision limit violation check was also performed in the 

temperature range 600 ï 2500 K using a web-based application https://combustiontools.llnl.gov, 

developed by Killingsworth et al. [38], and the report, showing that no reactions involved in 

CH4/NOX kinetics seriously violate the collision limits, is provided as supplementary material 

(NUIGMech1.2_REPORT.txt) of the online version of the paper.  The reverse reaction of 

C3H6OOH ᵶ C3H6 + HO2 exceeds the unimolecular rate constant limit (1 × 1014) by a factor of 

1.6 but only at temperatures about above ~2400K, which is outside of typical combustion 

temperatures of interest.  The reverse rates of 4 bimolecular reactions exceeded the bimolecular 

collision rate limit by a factor of 1.3 to 2.2.  However, this is a very clean report for a reaction 

mechanism where literature mechanisms often report many violations, and the limits are violated 

by a larger amount. 

Recently, Chen et al. [39] studied the unimolecular reaction of the HONO/HNO2 system and 

provided rates for the HONO ᵶ HNO2 isomerization and HONO decomposition reactions. Their 

calculated values of temperature- and pressure-dependent rate constants for the HONO ᵶ HNO2 

reaction are found to be approximately four orders of magnitude lower than the values 

recommended by Glarborg et al. [35]. Chen et al. [39] also calculated pressure-dependent rate 

constants for HNO2 ź NO + ἽH, a key channel for HNO2 consumption, which was not present 

in any of the previous mechanisms [9,35]. A chemically consistent rate constant recommended 

by Li et al. [40] for NO2 +  ź NO + O2 was adopted in the current mechanism. Furthermore, 

nitromethane (CH3NO2) is identified as one of the key intermediates in the CH4/NOx system, 

therefore choices of rate parameters for CH3NO2 relevant reactions and their impact on NOx 

https://combustiontools.llnl.gov/
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sensitization are discussed below. In addition, the enthalpy of formation (æHf,298K) for CH3NO2 

was updated to ï17.80 kcal molï1 which is within 0.8 kcal molï1 of the Bugler et al. calculation 

(ï18.61 kcal molï1) [37] and within 0.06 kcal molï1 of value recommended in the ATcT database 

(ï17.86 kcal molï1) [41]. The merged mechanism, including the updated NOx chemistry is 

referred to as NUIGMech1.2 and is provided as supplementary material of the online version of 

the paper. 

Two hydrocarbon/NOx mechanisms recently developed at DTU by Glarborg et al. [35] and by 

the POLIMI group [42,43] are also considered here. We have merged the DTU mechanism 

describing C0 ï C3 chemistry [44] with their NOx sub-mechanism [35] which we refer to as 

DTU_Mech. The second mechanism, Song_Mech, is derived from a CH4/NOx model published 

by Song et al. [9] in their investigation of the NO/NO2 sensitization effects on methane oxidation 

at atmospheric pressure. This detailed mechanism, is primarily based on the POLIMI model 

[42,43]. The RCM IDT simulations were performed using CHEMKIN-Pro [45] including 

volume/time histories to account for facility effects, see Section 5.2.1. The shock-tube 

simulations were performed using the ñHomogeneous Closed Volume Reactorò module. The 

logarithmic sensitivity coefficient (S) is defined as in Equation (5-1), where IDT and A represent 

ignition delay time and pre-exponential factor, respectively. The subscripts + and ï represent 

values corresponding to positive and negative perturbations of A, respectively. The sensitivity 

coefficients were calculated using the direct sensitivity analysis approach developed by 

Gururajan and Egolfopoulos [46].  

                              Ὓ  
ÌÎὍὈὝ ὍὈὝ ϳ

ÌÎὃ ὃ ϳ                                            (5-1) 

5.4  Results and discussion 

The test conditions for the RCM/ST studies were chosen to provide benchmark IDT 

measurements for NO2/N2O/NO doped methane/oxidizer mixtures highlighting the sensitization 

effects as a function of temperature, pressure, NOx dilution levels and equivalence ratio. In this 
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section, results on the effect of NO2 addition on methane IDTs have been provided followed by 

the studies with N2O and NO dilution. 

5.4.1  Effect of NO2 on ignition delay time 

5.4.1.1  Low to intermediate temperatures (600 ï 1000 K) 

IDT measurements for neat CH4/O2/Ar mixtures were performed at 1.5 and 3.0 MPa for ű = 0.5, 

1.0 and 2.0 mixtures in óairô which serve as the baseline cases. The neat methane experiments 

were followed by similar mixtures but diluted with 200 and 400 ppm NO2. Figures 5-1(a) ï (c) 

show that the presence of small amounts of NO2 in the mixture (~200 ppm) greatly enhances its 

reactivity for all equivalence ratios. At ű = 1.0, TC = 1000 K and pC = 1.5 MPa, an addition of 

200 ppm NO2 leads to a decrease in IDT from ~ 60 ms to 17 ms (> factor of 3). 

Increasing the NO2 dilution level to 400 ppm only reduces the IDT by an additional ~ 6 ï 9 ms, 

showing that the effect of NO2 is not linear. This dependence of sensitization on the level of NO2 

dilution is observed for all equivalence ratios as shown in Figures. 5-1(a) ï (c). Furthermore, it 

should be noted that, within the temperature range considered, the effect of NO2 dilution on the 

percentage change in IDT becomes stronger with increasing TC. At pC = 3.0 MPa, the addition of 

NO2 has almost no effect on predicted IDTs at low temperatures (TC < 950 K), Figure 5-2. 

Calculations using only NUIGMech1.2 are shown for the neat methane cases for clarity. 

Comparison of predictions using the other models [5,47] are provided in appendix B and are 

found to be within the experimental uncertainty (< 20%) of the measurements for neat methane 

cases but show discrepancies for the NO2 sensitized cases. As the pressure increases, the 

reactivity enhancing effect of NO2 on IDT is noticeable, but it is significantly lower than that 

observed at 1.5 MPa. For example, for the ű = 1.0 case at TC = 1000 K, an addition of 400 ppm 

NO2 reduces the IDT by ~ 60 ms (a factor of five) relative to the neat methane case at 1.5 MPa, 

but it only reduces it by 11 ms (a factor of 2.5) at 3.0 MPa. This reduced impact of NO2 on IDT 

at higher pressures is analyzed using output from NUIGMech1.2 simulations as discussed below. 
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Figure 5-1. Effect of NO2 addition on methane IDT (symbols: experiments, solid line: 

NUIGMech1.2, dashed lines: Song_mech, dash-dotted lines: DTU_mech) at 1.5 MPa for ; (a) ű = 

0.5; (b) ű = 1.0; and (c) ű = 2.0. 
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Figure 5-2. Effect of NO2 addition on methane IDT (symbols: experiments, solid line: 

NUIGMech1.2, dashed lines: Song_mech, dash-dotted lines: DTU_mech) at 3.0 MPa for ; (a) ű =  

0.5; (b) ű = 1.0; and (c) ű = 2.0. 
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Numerical simulations using NUIGMech1.2 (solid lines) show the predictions to be in very good 

agreement with the measurements for the NO2 diluted cases for all equivalence ratios (Figures.5- 

1 and 5-2). Both DTU_mech and Song_mech capture the impact of NO2 dilution on ignition 

successfully for the intermediate temperatures (TC Ó 1000 K); however, they show a high level 

of discrepancy with the measurements at lower temperatures (TC < 960 K). The former 

mechanism over-predicts the IDTs by more than a factor of two for most equivalence ratios at 

1.5 and 3.0 MPa. On the contrary, Song_Mech is observed to under-predict the IDTs especially 

at higher pressures. Overall, NUIGMech1.2 is observed to show the best agreement with the 

experimental measurements across the entire temperature range. A comparison of the mean 

deviations of predictions from IDT measurements of various mechanisms is provided in Section 

5.4.4. 

Figure 5-3 shows a sensitivity analysis to IDT for a CH4/O2/N2/NO2 mixture at 1000 K and 

pressures 1.5 and 3.0 MPa. The reaction ǘH3 + NO2 ź CH3Ἵ + NO (R1) has the highest negative 

sensitivity in promoting reactivity, followed by the ever-important chain-branching reaction  + 

O2 ź Ö + ἽH (R2). The reaction CH3NἽ2 (+M) ź ǘH3 + NO2 (+M) (R3) shows a strong positive 

sensitivity towards IDT as it leads to the formation of nitromethane and competes with R1 

hindering the formation of reactive CH3Ἵ and NO species. 

            CH3 + NO2 <=> CH3O + NO

                  H + O2 <=> O + OH

          CH2O + HO2 <=> H2O2 + HCO

            CH3 + HO2 <=> CH3O + OH

           CH4 + NO2 <=> CH3 + HONO

            H2O2 (+M) <=> 2 OH (+M)

              HO2 + NO <=> NO2 + OH

           CH4 + HO2 <=> CH3 + H2O2

          CH3O2 + NO <=> CH3O + NO2

             CH3 + CH3O2 <=> 2 CH3O

              CH2O + H <=> H2 + HCO

                2 HO2 <=> H2O2 + O2

               CH4 + H <=> CH3 + H2

              HCO + O2 <=> CO + HO2

           2 CH3 (+M) <=> C2H6 (+M)

     CH3NO2 (+M) <=> CH3 + NO2 (+M)

             CH3 + HO2 <=> CH4 + O2

           H + O2 (+M) <=> HO2 (+M)

-0.3 0.0 0.3

1.5 MPa

3.0 MPa

 

Figure 5-3. IDT sensitivity analysis for CH4/O2/Ar mixture with 200 ppm NO2 at ű = 1.0, and 1000 

K between 1.5 MPa and 3.0 MPa. 
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Figure 5-4. Pressure dependent rate constants for CH3NO2 (+M)  ź ǘH3 + NO2 (+M). 

Matsugi and Shiina [48] performed ab-initio calculations of the CH3NO2 (+M) ź ǘH3 + NO2 

(+M) reaction, providing pressure-dependent rate constants which are found to be in good 

agreement with the measurements by Zaslonko et al. [49] and Matsugi and Shiina [48] at T > 

1000 K and accurately captures the pressure dependence as shown in Figure 5-4(a). Moreover, at 

lower temperatures the calculations by Matsugi and Shiina [48] agree with experimental 

measurements better than the rates used in the Glarborg et al. mechanism [35] and in a recent 

mechanism published by Weng et al. [50] (see Figure 5-4(b)). The relatively higher rates 

constants for reaction R3 in the DTU_mech at T > 850 K contributes to the under-prediction in 

the reactivity of the methane/NO2 systems at 1000 K as observed in Figures. 5-2 and 5-3. 

Therefore, in the current model, the calculations by Matsugi and Shiina [48] have been adopted 

for R3. For ǘH3 + NO2 ź CH3Ἵ + NO, the rate constants from Glarborg et al. [35] have been 

adopted and are within the uncertainty limits of experimental measurements available in the 

literature at both high and low temperatures (Figure 5-5). 
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Figure 5-5. Rate constants for ǘH3 + NO2 ź CH3Ἵ + NO. 

The improvement in mechanism predictions with the implementation of updates have been 

illustrated in appendix B. As discussed earlier, for all the mechanisms considered in this study, 

the influence of NO2 dilution on IDT decreases at higher pressures in the low- to intermediate- 

temperature range. Since the reaction ǘH3 + NO2 ź CH3Ἵ + NO (R1) is the primary channel 

promoting ignition for mixtures with NO2 addition, we have compared the normalized flux for 

ǘH3 radicals with other competing channels at pressures ranging from 0.5 ï 5.0 MPa, Figure 5-6. 

It is observed that, at lower pressures, R1 is one of the major channels consuming ǘH3 radicals. 

However, as the pressure increases from 0.5 to 5.0 MPa, there is an increased importance of ǘH3 

radicals reacting with molecular oxygen (ǘH3 + O2 (+M) ź CH3Ἵ2 (+M)) leading to a 

corresponding decrease in ǘH3 radicals reacting with NO2 in R1. We consider this to be the 

reason for the reduced impact of NO2 addition in promoting reactivity at higher pressures. 

Additional validations of the mechanism against speciation measurements and ignition data 

available in the literature [9,10] are provided in appendix B.  
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CH3+HO2<=>CH4+O2

CH3+O2(+M)<=>CH3O2(+M)

CH3+O2<=>CH2O+OH

CH3+HO2<=>CH3O+OH

CH2O+CH3<=>HCO+CH4

2CH3(+M)<=>C2H6(+M)

CH3+NO2<=>CH3O+NO

0.0 0.1 0.2 0.3

0.5 MPa

1.5 MPa

3.0 MPa

4.0 MPa

5.0 MPa

CH4/O2/Ar/NO
2
, j = 0.5, TC = 950 K

Normalized CH
3
 consumption  

Figure 5-6. Normalized contribution towards ǘH3 consumption for CH4/O2/Ar mixture (ű = 0.5) 

with 200 ppm NO2 addition at 950 K and20% fuel consumption for 0.5, 1.5, 3.0 and 4.0 MPa. 

5.4.1.2  Chemistry validation at high temperatures 

Figure 5-7 compares NUIGMech1.2 predictions with the shock-tube measurements taken here 

(Figures. 5-7(a) and (b)) together with those by Mathieu et al. [47] (Figures. 5-7(c) and (d)) 

recorded at higher temperatures (1250 K Ò TC Ò 1750 K) for fuel-lean and stoichiometric 

methane/air mixtures diluted with NO2. The model shows good agreement with the 

measurements. Additional model validations with the high-temperature IDT measurements by 

Mathieu et al. [47] and Zhang et al. [51] are provided in appendix B. The IDT measurements at 

T å 1250 K are reported in Figures. 5-7(a) and (b) with cross marks as they show pre-ignition 

pressure rise. In shock tube IDT measurements, there are three common behaviors of ignition 

observed in the recorded pressure/time traces that can explain the pre-ignition phenomena. The 

first ignition behavior is a strong pressure rise observed due to the ignition of the fuel/air 

mixture, also known as normal ignition, and found to exhibit constant pressure throughout the 

ignition event as shown in Figure BS1(b). 
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Figure 5-7. Comparison of model predicted IDTs (lines) with experiments (symbols) for CH4 in air 

mixtures with and without NO2 addition; (a) 1.5 MPa, ű = 1.0 (this work); and (b)  3.0 MPa, ű = 1.0 

(this work) and for; (c) ű = 0.5 [47]; and (d) ű =  1.0 [47]. 

The second ignition behavior represents a pre-ignition which is defined as a gradual increase in 

pressure before the main ignition, shortening the overall IDT as showed in Figure BS1(c). The 

behavior of pre-ignition and normal ignition with a strong pressure rise has also been observed 

and reported in our previous published work [52ï54] as well as in this study. 

The third ignition behavior is characterized by a constant rate of pressure rise (dp/dt) starting 

from the first pressure-peak due to the reflected shock until ignition occurs, and this can be 

accounted for in simulations by implementing the known dp/dt of the particular measurement as 

documented in Figure 3 of Zhang et al. [52] using the same facility as that employed in this 

work. Discussions of shock tube IDT measurements and their pre-ignition behavior have been 

reported previously [55ï58] and these studies explain how IDT acquisition methods can lead to 

misleading evaluations and validations of chemical kinetic mechanisms. It is important that the 
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pressure/time traces be scrutinized for each experiment to distinguish normal ignition from pre-

ignition events. 

5.4.2  Effect of N2O on ignition delay times 

5.4.2.1  Low to intermediate temperature regime 

The effect of N2O on IDTs was investigated for CH4/Ar/O2 mixtures at ű = 1.0 with 0 and 400 

ppm N2O added. The measurements without and with N2O indicate that it does not have any 

noticeable impact on the IDTs in the low- to intermediate temperature range, Figure 5-8. 

Additional tests with 1000 ppm N2O dilution conducted at pC = 3.0 MPa also showed a 

negligible effect on IDTs. Simulations using NUIGMech1.2 also show a similar effect of N2O 

dilution on the predictions as seen in the experiments. The predictions are in good agreement 

with experimental measurements (Figure 5-8). 
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Figure 5-8. Comparison of measured IDTs (symbols) and predictions (lines) for CH4/Ar/O 2 

mixtures doped with 0 ppm, 400 ppm and 1000 ppm N2O at ű = 1.0, pC = 1.5 and 3.0 MPa. 

5.4.2.2  High temperature regime 

Figures 5-9(a) and (b) compare model predictions to the ST IDT measurements reported by 

Mathieu et al. [47] for N2O diluted methane IDT measurements at higher temperatures (1250 Ò 

TC Ò 2100 K). NUIGMech1.2 mechanism is able to capture the impact of N2O successfully at 

low to intermediate pressures (0.1 ï 1.1 MPa), even for mixtures with high levels of N2O dilution 
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(~3500 ppm) at higher pressures (~2.6 MPa). Note that both the model predictions and 

measurements show that N2O addition on IDT is negligible at low- to intermediate-temperatures, 

but at higher temperatures N2O promotes reactivity. This is primarily due to the high energy 

barrier for the dissociation of the N2O molecule, producing N2 and ignition-promoting Ö atoms. 
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Figure 5-9. Comparison of IDT measurements (symbols) [51] and model predictions (lines) for 

CH4/O2/Ar mixtures with N 2O addition at; (a) ű = 0.5; and (b) ű = 1.0 and 2.0. 

Since, at low- to intermediate-temperatures, the N2O dissociation reaction is slower than the base 

hydrocarbon chemistry and the effect of N2O on IDTs is very limited. Comparisons of model 

predictions with other ST IDT measurements for CH4/N2O/O2 mixtures at ~2.8 atm reported by 

Mevel et al. [5] also show very good agreement and are provided in appendix B. 

5.4.3  Effect of NO on ignition delay time 

Figure 5-10 shows the impact of NO addition on IDT measurements for a stoichiometric 

CH4/O2/Ar mixture at pC = 3.0 MPa and TC = 900 ï 1025 K with NO dilution levels ranging from 

0 ï 1000 ppm. The simulations were performed by estimating the composition of the mixture by 

performing a simulation to determine how much NO is oxidized to NO2 during the time of 

mixing of the (CH4/O2/Ar)/NO blend at the specific T and p conditions, as discussed in Section 

5.2.3. Figure 5-11 shows the impact of NO on fuel-lean (ű = 0.5), Figure 5-11(a), and fuel-rich 

(ű = 2.0), Figure 5-11(b), CH4/O2/N2/Ar mixtures. It is observed that similar to the NO2 cases, 
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mixture reactivity increases with higher NO levels. NUIGMech1.2 is able to capture the trends 

very well across the range of temperature and pressure studied. 

It is interesting to note in Figure 5-10 that an addition of 50 ppm NO tends to inhibit reactivity at 

930 K, but promotes reactivity at T > 950 K, thus, exhibiting a cross-over point at 950 K. A 

similar trend is observed for the 200 ppm NO dilution case, with the cross-over temperature at 

~930 K. To understand this non-monotonous behaviour, reaction flux and sensitivity analyses 

were performed for the CH4/Ar/O2 mixtures with 0, 50, 400 ppm NO addition at 3.0 MPa and TC 

= 800 K. 
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Figure 5-10. Comparison of IDT measurements (symbols) and NUIGMech1.2 model predictions 

(solid lines) for CH 4/O2/Ar mixtures with different levels of NO addition (0 ï 1000 ppm) at ű = 1.0 

and pC = 3.0 MPa. The legends refer to initial mole fraction of NO added to the mixture. Light 

bands represent the uncertainty in predictions due to uncertainty in NO/NO2 composition. 
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Figure 5-11. Comparison of IDT measurements (symbols) and NUIGMech1.2 model predictions 

(lines) for CH 4/O2/Ar mixtures with different levels of NO addition (0 ï 400 ppm) at; (a) ű = 0.5; 

and (b) ű = 2.0 and pC = 1.5 MPa (solid lines), 3.0 MPa (dash-dot lines). The legends refer to the 

initial mole fraction of NO added to the mixture. Light bands represent the uncertainty in 

predictions due to uncertainty in NO/NO2 composition. 
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Figure 5-12(a) compares the reaction flux channels for 0 ppm (black), 50 ppm (red) and 400 

ppm (blue) NO addition at 20% fuel consumption. It is observed that more than 90% of the fuel 

is consumed via H-atom abstraction by ἽH producing ǘH3 radicals and the remainder by  and 

¥ atoms and HἽ2 radicals. Approximately 35% of the ǘH3 radials produced react with HἽ2 

producing CH3Ἵ + H2O while ~27% react with O2 producing CH3Ἵ2 radicals. Approximately 

16% of ǘH3 radicals produce CH4 via the reaction ǘH3 + HἽ2 ź CH4 + O2, and 16% of them re-

combine to produce C2H6. A large fraction of CH3Ἵ2 radicals is converted to CH3Ἵ either 

through the CH3Ἵ2 + ǘH3 ź CH3Ἵ + CH3Ἵ or via the CH3Ἵ2 + HἽ2 Ÿ CH3O2H Ÿ CH3Ἵ + ἽH 

reaction channels. The subsequent thermal dissociation reaction CH3Ἵ (+M) ź CH2O +  (+M) 

is the major source of  atoms which then react with O2 producing HἽ2 radicals at these 

relatively high-pressure (3.0 MPa) conditions. The reaction flux diagram shows that the presence 

of 400 ppm NOX (265 ppm NO2/135 ppm NO) in the mixture leads to an additional 13% of the 

flux for ǘH3 Ÿ CH3Ἵ conversion proceeding through the reaction ǘH3 + NO2 ź CH3Ἵ + NO 

while the flux via the ǘH3 self-recombination reaction reduces to 13% from 16%. 

Approximately 89% of the NO produced in the system rapidly reacts with HO2 radicals to 

regenerate NO2 and an ἽH radical, which then to react with more ǘH3 radicals. On the other 

hand, the addition of 50 ppm NO shows a very limited flux (~1.9%) of ǘH3 radicals via the ǘH3 

+ NO2 ź CH3Ἵ + NO reaction due to the relatively low concentration of NOx species in the 

mixture. 

Figure 5-12(b) compares the concentration profiles of key intermediate species as a function of 

time for the three cases. We observe that almost all of the NO is oxidized to NO2 through the 

reaction NO + HἽ2 ź NO2 + ἽH within the first 20% of the total reaction time (i.e. < 70 ms), as 

also seen in the ROP plot, please see lower part of Figure 5-12(b). Once the NO2 concentration 

reaches a threshold, the ǘH3 + NO2 (+M) ź CH3NO2 (+M) reaction becomes competitive leading 
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to the conversion of > 95% of the NOx species to the relatively stable CH3NO2 molecule prior to 

ignition. 

 

Figure 5-12. (a) Flux analysis; and (b) temporal species concentrations and ROP plots for 

stoichiometric CH4/O2/Ar mixtures ignition with 0 ppm (black), 50 ppm (red) and 400 ppm (blue) 

NOX addition at 3.0 MPa and 800 K. The flux analysis is performed at 20% fuel consumption. 

This chain-termination reaction acts as a rate-limiting step since it inhibits the conversion of ǘH3 

radicals to CH3Ἵ radicals by scavenging NO2 and ǘH3 radicals, thereby decreasing the rate of 

the ǘH3 + NO2 ź CH3Ἵ + NO reaction. It is also interesting to note that for the 400 ppm NO 

addition case a distinct sudden increment in the CH2O and HἽ2 concentration profiles at ~60 ms 

is observed which is then followed by a rapid increase in reactivity leading to ignition. By 

contrast, the 50 ppm NO addition case does not show this behavior and moreover, it 

demonstrates an even slower rise in the concentrations of CH2O and HἽ2 radicals compared to 

the neat CH4 case. In the initial phase (< 70 ms), the addition of 400 ppm NO leads to a higher 

rate of HἽ2 radical conversion to ἽH radicals, thereby resulting in a higher rate of fuel 

consumption via H-atom abstraction by ἽH followed by the subsequent ǘH3 Ÿ CH3Ἵ Ÿ CH2O 

(a) (b) 
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conversion either via ǘH3 + NO2/HἽ2/CH3Ἵ2 ź CH3Ἵ + NO/ἽH/CH3O and CH3Ἵ (+M) ź 

CH2O +  (+M) or via the ǘH3 + O2 (+M) ź CH3Ἵ2 (+M) ź CH2O + ἽH reaction channels. 

Therefore, a larger accumulation of CH2O is observed for the 400 ppm NO case compared to the 

50 ppm NO addition case in the initial stage. As the NO concentrations decrease with time, the 

rate of HἽ2 consumption drops leading to a rise in the HO2 concentrations as seen in Figure 5-

12(b). These HἽ2 radicals abstract hydrogen atoms from CH2O producing H2O2 which then 

dissociates producing two ἽH radicals per HἽ2 radical, as opposed to the NO + HἽ2 ź NO2 + 

ἽH and HἽ2 + HἽ2 Ÿ O2 + H2O2 Ÿ ἽH + ἽH reactions which produce one ἽH radical per HἽ2 

radical. This transition to chain-branching leads to a significant rise in reactivity and overcomes 

the inhibiting effects of ǘH3 + NO2 (+M) ź CH3NO2 (+M) leading to a faster ignition for 400 

ppm NO addition. For the 50 ppm NO case, since the rate of production of CH2O and HἽ2 are 

low in the initial phase owing to the low concentration of NO, the rate of the chain-branching 

process (CH2O + HἽ2 = HǘO + H2O2, followed by HǘO + M  =  + CO + M and then  + O2 = Ö 

+ ἽH, CO + O2 = CO2 + Ö and H2O2 (+M) Ÿ ἽH + ἽH (+M)) is not sufficient to overcome the 

inhibiting effects of NO addition, Figure 5-12(b), thereby resulting in a slower ignition 

compared to the neat methane case. 

Sensitivity analyses performed for the three mixtures, Figure 5-13, also identify the reaction 

CH3NO2 (+M) ź ǘH3 + NO2 (+M) as being the key rate-limiting step for both 50 ppm and 400 

ppm NO addition cases. It also shows that the reaction CH2O + HἽ2 ź HǘO + H2O2 is a 

sensitive ignition-promoting reaction for all mixtures, supporting our discussion above. The ǘH3 

+ NO2 ź CH3Ἵ + NO reaction has a large sensitivity only for the addition of higher 

concentrations of NO, since it significantly contributes to the conversion of ǘH3 Ÿ CH3Ἵ for the 

400 ppm case compared to the 50 ppm case, Figure 5-12(a). 
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CH3 + NO2 <=> CH3O + NO

H2O2 (+M) <=> 2 OH (+M)

CH4 + NO2 <=> CH3 + HONO

CH2O + HO2 <=> H2O2 + HCO

CH2O + NO2 <=> HCO + HONO

CH4 + OH <=> CH3 + H2O

CH2O + CH3O2 <=> CH3O2H + HCO

CH4 + HO2 <=> CH3 + H2O2

CH3O2 + CH4 <=> CH3 + CH3O2H

CH2O + CH3O2 <=> CH3O2H + HCO

CH3O2 + HO2 <=> CH3O2H + O2

2 CH3O2 => 2 CH3O + O2

H + O2 (+M) <=> HO2 (+M)

2 HO2 <=> H2O2 + O2

CH3NO2 (+M) <=> CH3 + NO2 (+M)
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Figure 5-13. IDT sensitivity analysis for CH4/O2/Ar mixtures with 0 (black), 50 (red) and 400 ppm 

(blue) NO addition at 3.0 MPa, 800 K and ű = 1.0. 

It is interesting to note that in Figure 5-2, the 200 ppm NO2 addition case also exhibits a small 

inhibition effect at lower temperatures at 3.0 MPa, while the 400 ppm NO2 case tends to promote 

ignition. Figure 5-14(a) compares constant volume IDT calculations at p = 3.0 MPa and TC = 850 

K for stoichiometric CH4/air mixture with and without NO2. It shows that an addition of 50 ppm 

NO2 leads to slowest ignition with 27% longer IDT, whereas 400 ppm NO2 addition case 

exhibits a 14% faster IDT relative to the 0 ppm case. This trend is qualitatively similar to the 

trends observed for NO addition cases. Figures 5-14 (b, and c) compare the concentration 

profiles of key species and rate of reactions as a function of time to understand this trend. The 0 

ppm case shows a delayed rise in HO2 concentration compared to the NO2 doped cases, which 

leads to the formation of H2O2 either by the self-recombination reaction, HἽ2 + HἽ2 ź H2O2 + 

O2 or via CH2O + HἽ2 ź HCO + H2O2, and then dissociates to produce two ἽH radicals. The 

latter pathway effectively produces two ἽH radicals per HἽ2 radical which is chain branching in 

nature ultimately leading to ignition, as discussed earlier. In the NO2 addition cases, the HἽ2 

formation occurs earlier because the reaction CH3 + NO2 ź CH3Ἵ + NO advances the production 

of CH3Ἵ and the subsequent dissociation reaction, CH3Ἵ (+M) ź CH2O + H (+M). The H atoms 

produced then rapidly react with O2 forming HἽ2 radicals. Once enough NO and HἽ2 

concentration is available in the radical pool, NO+HἽ2źNO2+ἽH reaction promptly converts 



 

 

Chapter 5                                                                                

113 

 

the HἽ2 into ἽH radicals while regenerating NO2. The competition for HἽ2 tends to delay the 

transition to self-recombination reaction and the CH2O+HἽ2=HCO+H2O2 reaction in the initial 

reaction period. 

 

 

Figure 5-14. (a) Effect of NO2 addition on methane IDT calculations using NUIGMech1.2 at ű =1.0, 

and 3.0 MPa; (b) temporal concentration profiles of NOX, HἽ2 and CH2O; and (c) ROP of HἽ2 

radicals via key reactions for 0 (black), 50 (red), 200 (blue) and 400 (green) ppm NO2 addition 

cases. 

As time progresses, the chain terminating reaction ǘH3 + NO2 (+M) ź CH3NO2 (+M) consumes 

NO2 and ǘH3 radicals forming a stable CH3NO2. With the depletion of NO/NO2, the NO + HἽ2 

ź NO2 + ἽH reaction slows down and the transition to HἽ2 + HἽ2 ź H2O2 + O2 and CH2O + 

HἽ2 ź HCO + H2O2 reactions takes place, ultimately leading to ignition. At lower levels of NO2 

addition, since the production of ἽH is not high enough via NO + HἽ2 ź NO2 + ἽH and H2O2 

(a) 

(b) 

(c) 
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(+M) ź ἽH + ἽH (+M) to overcome the inhibiting impact of CH3NO2, it leads to overall longer 

IDTs. Whereas at higher levels of NO2 addition, although the inhibiting effect of ǘH3 + NO2 

(+M) ź CH3NO2 (+M) is still significant, the rate of ἽH production via NO + HἽ2 ź NO2 + ἽH 

is significantly high in the initial stage, to rapidly consume fuel via H-atom abstraction by ἽH 

producing sufficient amount of CH2O and HἽ2 radicals in the pool, which ultimately leads to a 

quicker transition to the chain branching process CH2O + HἽ2 Ÿ HCO + H2O2 Ÿ ἽH + ἽH, 

thus promoting ignition. 

Figure BS8 of appendix B shows a comparison of the effect of NO and NO2 addition on methane 

IDTs, which show their similarity, with the results being within the uncertainty error of the 

experiments (~20%). This has also been investigated by performing constant volume simulations 

of five NO/NO2 fractions, ranging from 100% NO, through 75/25, 50/50, 25/75 and 100% NO2 

concentrations for 200, 400, 1000 ppm NOx dilutions presented in Figure BS9, which shows that 

all of the predicted IDTs for all mixtures with varying NO/NO2 concentrations lie within 15% of 

one another. 
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Figure 5-15. Comparison of NO and NO2 addition on methane IDT (symbols: experiments, lines: 

NUIGMech1.2, at; (a) ű =0.5, pC = 1.5 MPa; and (b) ű =0.5, pC = 3.0 MPa. 

To distinguish the influence of the RCM facility effect on the reactivity of the mixtures with 

NO/NO2, Figure 5-15 show comparisons of the addition of 200 ppm and 400 ppm of NO and 

NO2 on methane IDTs at 1.5 and 3.0 MPa at ű = 0.5. The closed symbols and opened symbols 

represent the experimental data for NO and NO2 blended mixtures, respectively. The solid lines 
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represent the current model predictions for the NO blended methane mixtures calculated using 

the equilibrium concentrations of the NO and NO2 reactants at their respective input operating 

conditions. The dotted lines are obtained by utilizing the same non-reactive volume profiles of 

methane/NO mixtures and considering the conversion of all NO into NO2 in the IDTs 

simulations. Finally, the dashed lines represent the model predictions of IDTs for the 

methane/NO2 mixtures. It can be seen that the differences in the reactivities between the 

methane/NO and methane/NO2 blends are due to the combined outcomes of the facility effects 

and their corresponding NOx chemistry. Moreover, the simulations show that all results are 

within the uncertainty error of their respective experiments (20%). 

5.4.4  Mean error analysis  

 

Figure 5-16. Comparison of average deviations of different mechanisms from experimental 

measurements for CH4/O2/N2/Ar mixtures with and without NO/NO 2/N2O addition. 

In Figure 5-16 a quantitative comparison of the model performance against the RCM (150 

datapoints/30 datasets) and ST IDT measurements (783 datapoints/96 datasets) performed in this 

study in addition to those in the literature is conducted following the approach of Olm et al. [59] 

where an overall error function value is calculated using equations (5-2) and (5-3) below.  
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where, ὣ ÌÎ ώ . N and Ni represent the total number of datasets and the number of data 

points in a particular dataset, respectively. ώ  represents the j th IDT measurement of i th dataset, 

and „ὣ  represents its standard deviation that includes experimental uncertainty and 

statistical error. Further details of the approach are discussed by Olm et al. [59]. The 

comparisons in Figure 16 show that the NUIGMech1.2 tends to perform better against the IDT 

measurements especially in the RCM range of conditions. For shock tube experiments which 

typically comprise of high temperature ignition data, the performance of the mechanisms is quite 

similar.  

5.5  Conclusions 

In this work, the auto-ignition behavior of CH4 and CH4-doped with NO2, N2O and NO has been 

investigated in the low- to intermediate temperature range of 900 ï 1100 K at pC = 1.5 and 3.0 

MPa using a rapid compression machine facility. The tests conditions are particularly relevant to 

practical combustors and thus provide benchmark measurements for ignition behavior as a 

function of temperature, pressure, NOx dilution levels and equivalence ratio. Experimental 

measurements were simulated using an updated hydrocarbon mechanism merged with a NOx 

sub-mechanism, NUIGMech1.2 together with two recently published mechanisms developed at 

DTU [37, 45] (DTU_Mech) and Milano [9] (Song_Mech). Experiments showed that the addition 

of 200 ppm NO2 reduces IDTs by a factor of three at TC ~ 1000 K and pC = 1.5 MPa. The impact 

of NO2 on the change in IDT becomes stronger with increasing temperature. Further addition of 

NO2 to the mixture does not result in a significant increase in reactivity, indicating that its effect 

is non-linear. At higher pressures, the addition of NO2 shows an increase in reactivity, however 

the impact was much lower compared to the 1.5 MPa cases. This is attributed to the increase in 

importance of methyl radical recombination and its competition for ǘH3 radicals with the 

reaction ǘH3 + NO2 ź CH3Ἵ + NO at higher pressures. The predictions using DTU_Mech under-
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estimate the effect of NO2 sensitization on IDT in the low- to intermediate temperature range, 

while Song_Mech is in closer agreement with the measurements but is consistently faster than 

the experimental data at lower temperatures. The adoption of the recent calculations by Matsugi 

and Shiina [48] for the ǘH3 + NO2 (+M) ź CH3NO2 (+M) reaction together with newly 

calculated rates for HONO/HNO2 chemistry by Chen et al. [40], adopted in NUIGMech1.2 and 

thermodynamic properties of CH3NO2 according to ATcT database, show a significant 

improvement in the predictions of the experimental measurements in the low- to intermediate 

temperature range. The performance of this mechanism was further validated using other 

available literature data including ST IDT and JSR speciation measurements with satisfactory 

agreement observed. 

Experimental and modeling studies of CH4/óairô diluted with N2O in concentrations up to 1000 

ppm show that N2O sensitization has no noticeable impact on IDTs in the low- to intermediate 

temperature range (600 ï 1000 K). However, at high temperatures (Ó 1000 K), NUIGMech1.2 is 

able to successfully capture the enhancement by N2O and is also consistent with other literature 

measurements. 

Experimental and modeling studies show non-monotonous trends in NO sensitization effects at 

lower levels of NO addition. This is primarily attributed to competition between the rate limiting 

effects of ǘH3 + NO (+M) ź CH3NO2 (+M) and the impact of NO addition on the transition to 

the chain branching process of CH2O + HἽ2 Ÿ HǘO + H2O2 Ÿ ἽH + ἽH leading to ignition. 

NUIGMech1.2 satisfactorily captures the NO2/N2O/NO sensitization effects on auto-ignition in 

the low- to high temperature regimes over a wide range of pressures. 
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Abstract 

This study reports new ignition delay time (IDT) measurements of ethane (C2H6)/air mixtures 

with NOx (nitric oxide (NO), nitrogen dioxide (NO2), and nitrous oxide (N2O)) addition in the 

range 0 ï 1000 ppm at stoichiometric fuel to air (ű) ratios, at compressed temperatures (TC) of 

851 ï 1390 K, and at compressed pressures (pC) of 20 ï 30 bar. In addition, new IDT 

measurements of three highly diluted C2H6/NO2 mixtures at ű = 0.5, TC = 805 ï 1038 K, and pC = 

20 ï 30 bar are also studied. These new experimental data, together with data already available in 

the literature are used to validate NUIGMech1.2 with an updated NOx sub-mechanism. 

Although the addition of 200 ppm of NO or NO2 to ethane shows a minimal promoting effect, 

the addition of 1000 ppm significantly promotes the reactivity of ethane. The similarity of the 

effect of the addition of both NO and NO2 addition is due to the fast conversion of NO into NO2 

in the presence of molecular oxygen. However, the 1000 ppm NO doped ethane mixtures exhibit 
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~20% faster reactivity compared to the NO2 blended mixtures. The addition of 1000 ppm of N2O 

exhibits no effect on ethane oxidation at the conditions studied. The NUIGMech1.2 predictions 

can reproduce the sensitisation effect of NOx on ethane with good agreement over a wide range 

of pressure, temperature, equivalence ratio, and percentage dilution. Sensitivity and flux 

analyses of C2H6/NOx are performed to highlight the key reactions controlling ignition over the 

different temperature regimes studied. The analyses show that there is a competition between the 

reactions  + NO2 ź RἽ + NO and  + NO2 (+M) ź RNO2 (+M). This governs NOx 

sensitization on C2H6 ignition. 

Keywords: Ethane/NOx; Nitrogen oxides; Ignition delay times; Rapid compression machine; 

Shock tube; Chemical kinetics mechanism. 

6.1  Introduct ion 

Exhaust gas recirculation (EGR) plays a major role in reducing nitrogen oxides (NOx) emission 

levels by reducing the combustion temperature of internal combustion engines and gas turbines 

[1ï3]. As the presence of NOx in the combustion product is unavoidable under such operating 

conditions, therefore understanding the effect of NOx on fuel oxidation is necessary to achieve 

the highest possible efficiency of EGR applications in the design and operation of advanced 

combustors.  

A fuelôs combustion characteristics such as flame speed, speciation profiles, auto-ignition etc. 

play a vital role in the design of optimized combustors. Laboratory scale combustion reactors 

such as combustion vessels, jet-stirred reactors, flow reactors (laminar and turbulent flow), rapid 

compression machines (RCMs), and shock tubes (STs) are used to measure combustion 

characteristics at conditions relevant to practical combustor operation. Thereafter, the data 

measured in the laboratory is commonly used to validate detailed chemical mechanisms over a 

wide range of conditions. 
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Ethane is not only an important component in natural gas (NG) [4,5] but it is also a pivotal 

intermediate formed in the combustion of higher hydrocarbon fuels. Therefore, numerous studies 

have investigated the combustion characteristics of ethane at combustor relevant conditions [6ï

10]. As NOx species are present in EGR, numerous studies explored hydrocarbon (HC)/NOx 

interactions [11ï16] which show prompting [17ï26] and inhibiting [27ï30] effects on HC 

reactivity depending on the concentration of NOx present and the relevant temperature regime 

studied. Therefore, understanding NOx interactions with ethane in the low-, intermediate-, and 

high-temperature regimes will help in the development of hierarchical chemical mechanisms of 

hydrocarbon/NOx systems. 

In respect of the C2H6/NOx interaction chemistry, most literature studies have reported 

experiments with highly diluted mixtures which show a significant promoting effect on ethane 

auto-ignition even with 200 ppm NO2 added [23,25,26,31ï34]. The study by Gersen et al. [19] is 

the only one that reported the interactions between NO2 and ethane for fuel/óairô mixtures. They 

showed that there is a minimal reduction on ethane IDTs by adding 270 ppm NO2. However, 

they did not perform non-reactive experiments, so that facility effects cannot be well accounted 

for in simulating their experiments. 

The main goal of the current study is to investigate the impact of NOx (NO, NO2, and N2O) on 

the auto-ignition of ethane at combustors relevant conditions. Therefore, new IDTs 

measurements are reported using an RCM and a HPST for stoichiometric C2H6/NOx (NO, NO2, 

and N2O) mixtures diluted in óairô at different levels of NOx addition varying from 0 ï 1000 ppm 

at pC = 20 ï 30 bar and TC = 851 ï 1390 K. In addition to these new IDT measurements which are 

carried out using óairô as the oxidizer, three highly diluted C2H6/NO2 mixtures at ű = 0.5, TC = 

805 ï 1038 K, and pC = 20 ï 30 bar were also studied. A chemical kinetic model is developed and 

validated against the current experimental data along with available literature data. Sensitivity 
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and reaction pathway analyses are performed to highlight the most important reaction and 

pathway for ethane oxidation with NOx addition. 

6.2  Experiments 

IDTs experiments were conducted using both red RCM and high-pressure shock tube (HPST) 

facilities at NUI Galway, a brief description for both facilities and the experiment procedure are 

provided below. 

6.2.1  Rapid compression machine 

The RCM has a twin- creviced piston design [35] to ensure the gas temperature after 

compression is more homogeneous [36]. As the geometric compression ratio of the RCM is 

fixed, in order to span a range of compressed gas temperatures, the initial temperature (Ti) is 

varied from 303 ï 403 K. This variation in Ti is controlled using a heating system implemented 

on the walls of the cylinder and reaction chamber together with five thermocouples installed on 

the outer body of the cylinder to accurately control Ti. A Kistler 6045B pressure transducer, 

installed in the reaction chamber wall, is connected to a Kistler charge amplifier in conjunction 

with an oscilloscope to record pressure/time histories as shown in Fig. 1. The IDT is defined as 

the interval between the time between the first peak pressure at the end of compression (EOC) to 

the second global peak pressure due to the ignition event as shown in Fig. 6-1(a). Due to the 

weak pressure signal for the highly dilute ethane/NO2 conditions, a photomultiplier (PMT) 

equipped with a CH* filter (CWL: 430 nm ± 10 FWHM; Thorlabs) is used together with the 

pressure trace to measure the IDT for the dilute mixtures. The ignition event is reported at the 

maximum gradient pressure  or in CH* 
ᶻ

 after compression as shown in Fig. 6-1(b). 

The equilibrium program Gaseq [37], is used to calculate  TC by providing the mixture 

composition, Ti, initial pressure (pi), and the measured pC as inputs, assuming an adiabatic 

compression/expansion. These data are available in appendix C. Each experimental point is 
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repeated at least once (sometimes twice) to confirm the reproducibility of the measured IDT 

within Ò 10%. 

6.2.2  High pressure shock tube 

The HPST comprises a 9.0 m long stainless-steel tube with a uniform cross-section of 63.5 mm 

inner diameter. It is divided into three sections; a driver section (3 m), a driven section (5.73 m), 

and a double-diaphragm chamber (0.27 m) which separates the driver and driven sections. Two 

pre-scored aluminium diaphragms are used, with the scoring depth varied depending on the 

target bursting pressure which enables improved control of the shock-wave. Helium is used as 

the driver gas and a fraction of nitrogen is used for tailoring. Six axially positioned PCB113B24 

pressure transducers mounted in the walls of the tube at different location near to the endwall are 

used to measure the shock velocity (VShock). A Kistler 603B pressure transducer mounted in the 

endwall is used to measure the IDT, defined as the time interval between the pressure rise due to 

the shock-wave arrival at the endwall and the ignition event as shown in Fig. 6-2. In the 

equilibrium program Gaseq [37] the ñreflected shockò module, in conjunction with frozen 

chemistry, is used to calculate the reflected shock pressure (p5) and temperature (T5) using the 

initial pressure (p1), the initial temperature (T1), and VShock and are all appendix C.  
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Figure 6-1.   RCM pressure-time histories for ethane oxidation at 30 bar; (a) ű = 1.0 in óairô; and (b) 

ű = 0.5 at 91% dilution. 
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Figure 6-2. HPST pressure-time histories for ethane oxidation shows the ignition event. 

6.2.3  Mixture preparation  

The purity of the fuels used is based on the supplier and are as follows: ethane (99.5%), 4% NO 

diluted in argon, 2% NO2 diluted in argon, and 99% N2O were supplied by Air Liquide and were 

used without further purification. Nitrogen (> 99.96%), argon (> 99.98%), and oxygen (> 

99.5%) gases were supplied by BOC Ireland. 

The ethane/O2/NO2/(N2/Ar) mixtures were prepared based on the partial pressure of each 

component starting from the lowest partial pressure using four MKS pressure transducers (20, 

100, 1000, and 5000 mbar) with accuracies of ± 0.5% of the reading installed in the manifold 

lines. Thereafter, each mixture was allowed to homogenise via gaseous diffusion for at least 12 

h. Different fractions of N2 and Ar were used as the diluent in order to cover the wide range of 

compressed temperatures. For the experiments with NO added to ethane, due to the fast 

conversion of NO to NO2 in the presence of O2 [38], the C2H6/O2/N2/Ar mixture was prepared 

separately and a 1.0 L mixing tank was connected to the manifold in order to prepare the final 

C2H6/O2/N2/Ar/NO mixture. This method was used to minimise the mixing time of NO with O2 

to be within 5 min before performing the IDT experiments so as to limit the conversion of NO 

into NO2. 0-D simulations were carried out for the C2H6/O2/N2/Ar/NO mixtures to obtain the 

final NO/NO2 mixture composition used in simulating our C2H6/NO experiments as summarized 
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in Table 6-1. Also, a set of non-reactive experiments were performed where O2 was replaced 

with N2 in the non-reactive mixture to account for facility effects (heat losses, etc.) in the RCM 

experiments. Table 6-1 shows the mixture composition and the experiment conditions of the 

current study. The high diluted ethane/NO2 mixtures were studied previously by Deng et al. [25] 

at 30 bar and are repeated here together with new results at 20 bar. 

Table 6-1. Experimental conditions and mixtures compositions. 

Ethane/NO2 at j = 1.0 in óairô  

Initial NO 2 (ppm) 
C2H6 

% 

NO2 

(ppm) 

O2 

% 

Diluent %  
p (bar) T (K)  Facility  Ref. 

N2 Ar  

0 5.60 ï 19.4 75.00  ï 20 947 ï 1390 ST [10] 

0 5.60 ï 19.4 22.50 52.50 20 891 ï 954 RCM [10] 

0 5.66 ï 19.82 74.52 ï 20, 30 1006 ï 1382 ST pw* 

0 5.66 ï 19.82 14.90 59.62 20, 30 885 ï 970 RCM pw 

200 5.61  200 19.62 73.77 0.98 20, 30 944 ï 1351 ST pw 

200 5.61  200 19.62 14.76 59.99 20, 30 873 ï 988 RCM pw 

1000 5.38 1000 18.83 70.79 4.90 20, 30 1004 ï 1368 ST pw 

1000 5.38 1000 18.83 14.16 61.53 20, 30 855 ï 989 RCM pw 

Ethane/NO at j = 1.0 in óairô 

Initial NO (ppm)  C2H6 NO/NO2 O2 N2 Ar  pC (bar) TC (K)  Facility  Ref. 

200 5.64 135/65 19.72 14.83 59.80 30 869 ï 973 RCM pw 

1000 5.52 280/720 19.32 14.53 60.53 30 851 ï 958 RCM pw 

Ethane/N2O at j = 1.0 in óairô 

Initial N 2O (ppm) C2H6 N2O O2 N2 Ar  pC (bar) TC (K)  Facility  Ref. 

1000 5.66 1000 19.82 14.91 59.51 20, 30 900 ï 995 RCM pw 

Ethane/NO2 at j = 0.5 diluted  

Initial NO 2 (ppm) C2H6 NO2 O2 N2 Ar  pC (bar) TC (K)  Facility  Ref. 

260 1.01 260 7.05 54.38 37.53 20, 30 908 ï 1038 RCM pw 

2704 1.05 2704 7.31 78.12 13.25 20, 30 816 ï 960 RCM pw 

5163 1.00 5163 6.98 66.20 25.30 20, 30 805 ï 961 RCM pw 

pw*: present work 

 

6.3  Chemical kinetic model 

NUIGMech1.2 is used to simulate the current data together with the available literature data. 

This detailed mechanism has been hierarchically developed and validated for a comprehensive 

array of fuels ranging from C0 ï C7 hydrocarbons [10,39ï42] including binary/ternary blends 

[43,44] and natural gas mixtures [45,46], comprising an extensive series of studies on these 

fuels. The hydrocarbon model has been integrated with an updated NOx sub-mechanism which is 

based on the recently published mechanism by Glarborg et al. [47] and the hydrogen/syngasï
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NOX chemistry adopted from Zhang et al. [48]. The CH4/NOx sub-mechanism is adopted based 

on a recent study on NOx sensitization of CH4 ignition and oxidation [49]. Further updates to the 

C2/NOx sub-mechanism are based on a critical assessment of recent measurements or high-level 

calculations of rate parameters available in the literature and are discussed in the following 

sections. Ab-initio calculations for gas-phase thermochemistry performed by Bugler et al. [50] 

for over 60 nitrogenous compounds are included in the current mechanism owing to their 

relatively high accuracy and internal consistency. 

6.4  Results and discussion 

The results of the IDTs for the mixtures listed in Table 6-1 are provided here. The term ñin airò 

in the figures refers to the oxidizer mixture containing O2/diluent in the ratio of 1:3.76 and the 

equivalence ratio is calculated based on the fuel/O2 ratio, neglecting the oxygen present in the 

NOx species. The initial conditions and the IDT data are provided in appendix C and the 

pressure/time histories for use in the simulations are  provided as supplementary material of the 

online version of the paper. In this section, the results of the effect of adding NO2, NO and N2O 

to ethane oxidizer mixtures on IDT measurements are provided. The RCM and HPST IDT 

simulations are performed using CHEMKIN-Pro [62]. To account for facility effects (the 

compression process and heat loss after compression) within the RCM, simulations are 

performed using volume/time histories recorded for non-reactive mixtures. The homogeneous 

closed volume reactor module is used to simulate the ST IDTs using the experimental conditions 

listed in appendix C (T5, p5, and mixtures compositions). 
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6.4.1  Effect of NO2 on Ethane IDT 
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Figure 6-3. Ignition delay times measurements of C2H6/NO2 (symbols) and NUIGMech1.2 model 

prediction (lines) at ű = 1.0 at; (a) 20 bar; and (b) 30 bar. 

Figure 6-3 shows the current RCM and HPST IDTs measurements for a stoichiometric C2H6/air 

mixtures at 20 bar, Fig. 6-3(a), and 30 bar, Fig. 6-3(b), in the temperature range of 855 ï 1390 K 

at three levels of NO2 addition (0, 200, 1000 ppm). Moreover, the lines represent the IDTs 

predictions calculated using NUIGMech1.2. Figure 6-3 shows that the onset ignition temperature 

decreases with increasing NO2 concentration. For the 200 ppm NO2 blended C2H6/air mixture 

IDTs are within 20% of the pure ethane IDTs which is within the uncertainty limit of our 

measurements. However, with the addition of 1000 ppm NO2 the IDTs data become significantly 

more reactive by factor of ~2.5 at low temperatures (830 ï 1000 K) compared to the pure 

C2H6/air mixture. This factor gradually decreases with increasing temperature, reaching ~1.23 at 

high temperatures (1430 K) showing the non-linearity of NO2 effect in different temperature 

regimes. The simulations using NUIGMech1.2 show very good agreement with the experimental 

measurements across the temperature range at the two pressures and the three levels of NO2 

addition examined in this study. 

To explore the controlling chemistry responsible for the increase in reactivity of the NO2 

blended C2H6/air mixtures, the rate of destruction of C2H6 as function of time is shown in Fig. 6-

4(c) for pure C2H6/air mixtures and C2H6/NO2/air blend mixtures at TC = 950 K and pC = 30 bar 
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condition. Moreover, Figs. 6-4(a) and 6-4(b) present the sensitivity and ROP analyses of 

C2H6/air mixtures blended with 0, 200, and 1000 ppm NO2 at TC = 950 K and pC = 30 bar. As 

shown in Fig. 6-4(c), for the pure C2H6/air mixtures and the C2H6/NO2/air mixtures fuel 

reactivity is governed by the H-atom abstraction by HἽ2 radicals producing ethyl radicals (ǘ2H5) 

and hydrogen peroxide (H2O2). H2O2 further dissociates into hydroxyl radicals, via H2O2 (+M) 

ź ἽH + ἽH (+M) which significantly promotes the reactivity of the fuels. Figure 6-4(c) shows 

that in the case of C2H6/NO2 mixtures, in the early stage of ignition, C2H6 is primarily consumed 

by H-atom abstraction by NO2 forming HONO and ǘ2H5 radicals, which becomes important for 

enhancing the reactivity of the NO2 blended mixtures, Fig. 6-4(a). In NUIGMech1.2 we have 

adopted the rate coefficients for the C2H6 + NO2 reaction from the high-level theoretical study of 

Chai and Goldsmith [63] using the compound method with CCSD(T)-F12a/cc-pVTZ-

f12//B2PLYPD3/cc-pVTZ level of theory. The HONO so produced subsequently decomposes 

generating NO and ἽH radicals that also has a large promoting effect on the ethane oxidation as 

seen in the sensitivity analysis, Fig. 6-4(a), by initiating the H-atom abstraction reaction, through 

C2H6 + ἽH ź ǘ2H5+ H2O. The ROP analysis shows that at 950 K C2H6 is mostly consumed by 

H-atom abstraction by ἽH and HἽ2 radicals forming ethyl radicals for all of the C2H6/NO2/air 

mixtures. When NO2 is added to the C2H6/air mixtures, a greater fraction of C2H6 is consumed 

by ἽH radicals relative to that consumed by HἽ2 radicals. The formation of large amount of ἽH 

radicals in the early stage of ignition through C2H6 + NO2 ź ǘ2H5 + HONO and subsequently 

via HONO ź ἽH + NO is responsible for the increase in C2H6 consumption by ἽH radicals for 

the C2H6/NO2 blend mixtures. From Fig 6-4(b) it can be seen that 76% and 19.7% of the fuel 

undergoes H-atom abstraction by ἽH and HἽ2 radicals producing ǘ2H5 radicals, whereas, for 

the 1000 ppm NO2 doped C2H6/air mixtures the percentage contribution to C2H6 consumption by 

ἽH radicals increases to 79.1% and the flux through H-atom abstraction by HἽ2 radicals 

decreases to 13%. 
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Figure 6-4. (a) Brute-force sensitivity (b) flux analyses at 10% of fuel consumption of C2H6/NO2 

mixtures, and (c) Rate of consumption of C2H6 at early stage of ignition for pure C2H6 and 

C2H6/NO2blends at ű = 1.0, 950 K, and 30 bar. 
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Most of the ǘ2H5 radicals add to O2 forming ethylperoxy (C2H5Ἵ2) radicals, which subsequently 

undergoes a concerted elimination reaction, C2H5Ἵ2 ź C2H4 + HἽ2. In the case of the NO2 

blended C2H6/air mixtures new reaction channels consuming ǘ2H5 become available. A 

relatively high concentration of ethoxy (C2H5Ἵ) radicals is formed through the reaction ǘ2H5 + 

NO2 ź C2H5Ἵ + NO, promoting ignition of the NO2 blended mixtures. A relatively small 

concentration of nitroethane (C2H5NO2) is also produced by the addition of NO2 to ǘ2H5, via 

ǘ2H5 + NO2 (+M) ź C2H5NO2 (+M) which exhibits a positive sensitivity towards IDT due to its 

competition with ǘ2H5 + NO2 ź C2H5Ἵ + NO, inhibiting reactivity, Fig. 6-4(b). In the current 

mechanism the rate constants for ǘ2H5 + NO2 (+M) ź C2H5NO2 (+M) is adopted by analogy 

with the ǘH3 + NO2 (+M) ź CH3NO2 (+M) reaction calculated by Matsugi and Shiina [66]. It 

should be noted that the rate constant of ǘH3 + NO2 (+M) ź CH3NO2 (+M) has been increased 

by 100% compared with that calculated by Matsugi and Shiina [66] to obtain better prediction 

accuracy with the measured IDTs data. The rate constant for its competing reaction ǘ2H5 + NO2 

ź C2H5Ἵ + NO is adopted by analogy to ǘH3 + NO2 (+M) ź CH3Ἵ + NἽ2 from Glarborg et al. 

[49]. 

In Fig. 6-4(b) it is observed that when NO2 is added to the C2H6/air mixtures relatively large 

concentrations of C2H5Ἵ radicals are produced during the ignition process. The C2H5Ἵ radicals 

produced can either decompose to form acetaldehyde and a  atom or formaldehyde and ǘH3 

radicals. The acetaldehyde so produced is consumed by NO2, via H-atom abstraction reaction 

yielding HONO and acetyl radicals (CH3ǘO) which decompose forming ǘH3 radicals and 

carbon monoxide (CO), through CH3ǘO (+M) ź ǘH3 + CO (+M). Figure 6-4(b) shows that the 

NO2 blended C2H6/air mixtures generate a significant amount of ǘH3 radicals in the oxidation 

process. These ǘH3 radicals are mainly consumed by reaction with HἽ2 radicals, via ǘH3 + HἽ2 

ź ǘH3O + ἽH and ǘH3 + HἽ2 ź CH4 + O2. When NO2 is present in the reactant mixtures 

some of the ǘH3 radicals also react with NO2 to produce methoxy radicals (CH3Ἵ) by ǘH3 + 
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NO2 ź CH3Ἵ + NO which promotes reactivity. Moreover, a small fraction of ǘH3 radicals are 

consumed via the reaction ǘH3 + NO2 (+M) ź CH3NO2 (+M) which competes with the chain 

branching reaction ǘH3 + NO2 ź CH3Ἵ + NO, inhibiting reactivity as shown in the sensitivity 

analysis, Fig. 6-4(a). The methoxy radicals produced decompose to form  atoms and 

formaldehyde, via CH3Ἵ (+M) ź CH2O +  (+M). The NO2 blended C2H6/air mixtures produce 

large amounts of  atoms compared to the pure C2H6/air mixtures. According to Fig. 6-4(b), the 

formation of  atoms accounts for ~2.65% of the total flux for the pure C2H6/air mixtures, while 

1000 ppm of NO2 blended C2H6/air mixtures contribute ~13.9% of the total flux to produce  

atoms via CH3Ἵ (+M) ź CH2O + . A large fraction of  atoms add to O2 forming HἽ2 

radicals which can self-react to generate H2O2 or abstract a hydrogen atom from the parent fuel 

C2H6 producing ǘ2H5 radicals. 

Figure 6-5(a) presents comparisons of NUIGMech1.2 predictions with the IDT measurements of 

Deng et al. [25] for seven C2H6/NO2/air mixtures at ű = 0.5 and pC = 30 bar at 91% dilution. The 

model can reproduce most of the experimental data within a 20% limit except for the 2700 ppm 

and 5160 ppm NO2 blended mixtures, where the mechanism under-predicts the reactivity by 

more than 40%. 
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Figure 6-5. (a) Comparison of experimental measurements (symbols) and NUIGMech1.2 

predictions (lines) from both the current study and Deng et al. [25] (symbols) at ű = 0.5, pC = 30 bar, 

and 0 ï 5163 ppm NO2; and (b) Comparison of pressure-time histories from current study and 

Deng et al. [25] at 91% dilution conditions. 
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Figure 6-6. Comparison of experimental measurements (symbols) and NUIGMech1.2 predictions 

(lines) from both the current study and Deng et al. [25] (symbols) at ű = 0.5, pC = 30 bar; (a) 260 

ppm NO2; (b) 2704 ppm NO2; and (c) 5163 ppm NO2, all at 91% dilution conditions. 

Therefore, to confirm the repeatability of the measurements the experiments under the two 

extreme data conditions are reproduced for the 2700 ppm and 5160 ppm NO2 blended mixtures 

where the mechanism is not able to capture the reported measurements from Deng et al. [25]. 

Furthermore, to compare the measurements, the experiments were also repeated for the 260 ppm 

NO2 blended C2H6/NO2/air mixture case at the same condition studied by Deng et al. [25]. 

Figure 6-6 shows comparisons of the current IDT measurements at the three NO2 addition levels 

(260, 2700, and 5160 ppm) with the Deng et al. [25] data at 30 bar and with the new 20 bar data. 

Although the new IDTs are longer than those measured by Deng et al., the mechanism is able to 

predict the new data at the two compressed pressures. Figure 6-5(b) illustrates the comparison of 

pressure/time histories recorded from two RCMs which were used at NUIG and by Deng et al. 

[25]. It indicates that the facility effects in the RCM at NUIG are larger than those in the Deng et 

al. [25] RCM facility, making our IDT longer than those recorded by Deng et al. [25]. Figures 
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CS10 to CS15 show the performance of NUIGMech1.2 for the available RCM and ST IDT data 

available in the literature for C2/NO2 mixtures at different equivalence ratio, pressure and 

temperatures [25,26,33,34,51]. The comparisons show good agreement, with the predictions 

being within an uncertainty limit of ~22% for the RCM and ~18% for the ST experiments. As 

both the NUIGMech1.2 and Deng et al. [26] models are able to predict the IDTs measurements 

for 0ï1228 ppm NO2 addition experiments from Deng et al. [25] and compare well with the 

experiments we repeated the 260, 2700, and 5163 ppm NO2 addition data, suggesting that the 

previous 2700 ppm and 5163 ppm NO2 addition data reported by Deng et al. [25] may not be 

entirely reliable. 

6.4.2  Effect of NO on ethane IDT 
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Figure 6-7. Comparison of experimental measurements (symbols) and NUIGMech1.2 model 

predictions (solid lines) for various C2H6/NO/NO2 mixtures at ű = 1.0 and pC = 30 bar. 

Figure 6-7(a) shows the current RCM IDTs measurements for stoichiometric C2H6/air mixtures 

with the addition of 0, 200 and 1000 ppm NO at 30 bar pressure and in the temperature range of 

851 ï 973 K. The results show that the addition of 200 and 1000 ppm NO to C2H6/air mixtures 

increases the reactivity by approximately 26% and 65%, respectively. In Fig. 6-7(a) the lines 

represent the model predictions using NUIGMech1.2 with the solid lines are simulated 

considering the equilibrium concentration of NO to NO2 conversion as the reactant mixtures; the 

dashed lines are simulations considering 100% NO blended with the C2H6/air mixtures (no 
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conversion of NO to NO2), and the dotted lines are simulations considering 100% NO2 blended 

to the C2H6/air mixtures (complete conversion of NO to NO2). All of the simulations are 

performed using the same input files which were formulated using the measured C2H6/NO non-

reactive pressure time histories. The model predictions, considering the final NO/NO2 reactant 

mixtures obtained from the 0-D simulations as reported in Table 6-1, are in good agreement with 

the experimental data. The model predictions in Fig. 6-7(a) for the 100% NO and 100% NO2 

blend cases indicate that the prompting effect of NO on C2H6/air mixtures is approximately 20% 

larger than that with NO2, indicating that the reactivity of the NO doped mixtures is higher than 

for the NO2 doped ones. Figure 6-7(b) confirms that the NO doped mixtures exhibit 

approximately 20% higher reactivities compared to mixtures with the same NO2 blending level. 

To identify the dominant reactions controlling the oxidation of C2H6/NO/NO2/air mixtures, Fig. 

6-8 compares brute-force sensitivity analyses of C2H6/1000 ppm NOx mixtures at ű = 1.0 in air 

at pC = 30 bar and TC = 850 K. Furthermore, to examine the higher promoting effect of the NO 

blended mixtures compared to the NO2 blended ones, the ROP analyses of important species as a 

function of time in Fig. 6-9 is illustrated for the addition of 1000 ppm each of NO and NO2 to 

C2H6/air mixtures at pC = 30 bar and TC = 850 K.  

            H2O2 (+M) <=> 2 OH (+M)

          C2H5 + NO2 <=> C2H5O + NO

         C2H6 + HO2 <=> C2H5 + H2O2

         C2H6 + NO2 <=> C2H5 + HONO

                   NO + OH <=> HONO

            CH3 + NO2 <=> CH3O + NO

   C2H5O2 + C2H6 <=> C2H5 + C2H5O2H

          CH2O + NO2 <=> HCO + HONO

          CH2O + HO2 <=> H2O2 + HCO

    C2H5O2 + CH2O <=> C2H5O2H + HCO
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        CH3O (+M) <=> CH2O + H (+M)
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Figure 6-8. Brute-force sensitivity of C2H6/1000 ppm NOx mixtures at ű = 1.0 in air, 30 bar and 

850 K. 



 

 

Chapter 6                                                                                 

 

140 

 

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-0.00008

-0.00006

-0.00004

-0.00002

0.00000

0.00002

0.00004
 C

2
H

6
+OH<=>C

2
H

5
+H

2
O

 C
2
H

6
+OH<=>C

2
H

5
+H

2
O

 C
2
H

6
+HO

2
<=>C

2
H

5
+H

2
O

2

 C
2
H

6
+NO

2
<=>C

2
H

5
+HNO

2

 

 
R

a
te

 o
f 

re
a

c
ti

o
n

 (
m

o
l 
c

m
-3
 s

-1
)

Time/ms

Solid line: 1000 ppm  NO

Dashed line: 1000 ppm NO
2

C
2
H

6

C
2
H

6
/1000 ppm NOx, j = 1.0 in 'air', 850 K,30 bar

(a)

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-0.00008

-0.00006

-0.00004

-0.00002

0.00000

0.00002

0.00004

0.00006

0.00008

(b)

 NO+HO
2
<=>NO

2
+OH

 OH+NO<=>HONO

 H
2
O

2
(+M)<=>2OH(+M)

 C
2
H

6
+OH<=>C

2
H

5
+H

2
O

 

 

R
a

te
 o

f 
re

a
c

ti
o

n
 (

m
o

l 
c

m
-3
 s

-1
)

Time/ms

C
2
H

5
/1000 ppm NOx, j = 1.0 in 'air', 850 K,30 bar

OH radical

Solid line: 1000 ppm  NO

Dashed line: 1000 ppm NO
2

 

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-0.00008

-0.00006

-0.00004

-0.00002

0.00000

0.00002

0.00004

0.00006

0.00008

(c)

 H+O
2
(+M)<=>HO

2
(+M)

 CH
3
O+O

2
<=>CH

2
O+HO

2

 C
2
H

5
O

2
<=>C

2
H

4
+HO

2

 HCO+O
2
<=>CO+HO

2

 NO+HO
2
<=>NO

2
+OH

 2HO
2
<=>H

2
O

2
+O

2

 C
2
H

6
+HO

2
<=>C

2
H

5
+H

2
O

2

 

 

R
a

te
 o

f 
re

a
c

ti
o

n
 (

m
o

l 
c

m
-3
 s

-1
)

Time/ms

Solid line: 1000 ppm  NO

Dashed line: 1000 ppm NO
2

HO
2
radical

C
2
H

6
/1000 ppm NOx, j = 1.0 in 'air', 850 K,30 bar

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

-0.00008

-0.00006

-0.00004

-0.00002

0.00000

0.00002

0.00004

0.00006

0.00008

(d)

 CH
3
O(+M)<=>CH

2
O+H(+M)

 CH
3
CHO+H<=>C

2
H5O

 H+O
2
(+M)<=>HO

2
(+M)

 H+NO
2
<=>OH+NO

 

 

R
a

te
 o

f 
re

a
c

ti
o

n
 (

m
o

l 
c

m
-3
 s

-1
)

Time/ms

Solid line: 1000 ppm  NO

Dashed line: 1000 ppm NO
2

H atom

C
2
H

6
/1000 ppm NOx, j = 1.0 in 'air', 850 K, 30 bar

 

Figure 6-9. ROP analysis comparing the effect of 1000 ppm NO and 1000 ppm NO2 addition on the 

oxidation of C2H6/air mixtures at ű = 1.0 in air, 30 bar and 850 K. 

Figure 6-9 shows that both the rate of production and rate of destruction of the primary reactions 

responsible for the formation of important species are increased when NO is present compared to 

NO2. Figure 6-9(a) provides the ROC of C2H6 with respect to time for the 1000 ppm NO and 

1000 ppm NO2 addition cases. At the early stage of ignition, H-atom abstraction by ἽH radicals, 

C2H6 + ἽH ź ǘ2H5+ H2O is the dominant consumption pathway for C2H6 and the rate of 

progress of this reaction is higher for the NO blended mixtures leading to the faster ignition of 

the fuel compared to the NO2 blended mixtures. This is primarily due to the availability of larger 

concentration of ἽH radicals in the case of the NO blended mixtures. The important reactions 

responsible for the formation of ἽH radicals are shown in Fig. 6-9(b). It is observed that for the 

1000 ppm NO blended mixtures since large amount of NO is present in the system, it increases 

ἽH radical formation via the reaction NO + HἽ2 ź NO2 + ἽH in the early stage of reaction. 
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The major reactions related to the formation of HἽ2 radicals are shown in Fig. 6-9(c). It can be 

observed that  + O2 (+M) ź HἽ2 (+M) is responsible for the significant rise in HἽ2 radicals 

for the 1000 ppm NO blended mixtures compared to the NO2 blended ones. 

 Finally, Fig. 6-9(d) shows that with the addition of NO instead of NO2 to the C2H6/air mixtures, 

the rate of formation of the dissociation reaction CH3Ἵ (+M) ź CH2O +  (+M) increases 

significantly producing larger concentrations of  atoms which subsequently generates larger 

concentrations of HἽ2 radicals via  + O2 (+M) ź HἽ2 (+M), and hence generating higher 

concentrations of ἽH radicals via NO + HἽ2 ź NO2 + ἽH which ultimately enhances the 

reactivity for the NO blended C2H6/air mixtures by promptly initiating the H-atom abstraction 

reaction C2H6 + ἽH ź ǘ2H5+ H2O. This can be confirmed by the increase in sensitivity 

coefficient of the CH3Ἵ (+M) ź CH2O +  (+M) for the 1000 ppm NO blended mixtures 

compared to 1000 ppm NO2 blended mixtures, Fig. 6-8.  

6.4.3  Effect of N2O on Ethane IDT 
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Figure 6-10. Comparison of RCM IDT measurements for C2H6/1000 ppm N2O (symbols) and 

NUIGMech1.2 IDT predictions (solid lines) at ű = 1.0, and pC = 20 and 30 bar condition. 

Figure 6-10 shows the IDT measurements for stoichiometric C2H6/air mixtures in the 

temperature range 900 ï 1000 K and 20 ï 30 bar pressure conditions with and without addition of 

1000 ppm N2O. It indicates that N2O addition has no effect on C2H6/air oxidation at the 

conditions studied. NUIGMech1.2 also predicts that there is no effect of addition of N2O to the 
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C2H6/air mixtures. This is due to the high energy barrier for the decomposition reaction N2O 

(+M) ź N2 + Ö (+M) at the low temperature conditions. Figure 6-10 shows that the predictions 

are in satisfactory agreement with the experimental measurements. 

6.5  Mean error analysis 

Figures CS2ïCS9 of appendix C show a comparison of the current RCM and ST IDTs 

measurements compared to available C2/NOx literature models, including Deng et al. [26], 

DTU_NOx [47], Mevel et al. [23], Song et al. [61], and Zhang et al. [48]. Although Figures 

S2(a)ïS7(a) show that the Deng et al. [26] model can predict the current C2H6/NOx data 

reasonably well, it is not able to capture the recently published CH4/NOx [51] IDT data. Figures 

6-11 and 6-12 present the comparisons of CH4/NO2 and CH4/NO IDTs measurements compared 

to the current model predictions using NUIGMech1.2 together with the model published by 

Deng et al. [26]. The results show that Deng et al. model [26] over-predicts the IDTs for the 

CH4/NO2 and CH4/NO mixtures.  
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Figure 6-11. Comparison of RCM IDT measurements for CH4/NO2 mixtures [49] with the model 

predictions using NUIGMech1.2 and Deng et al. [26] at ű = 1.0, and; (a) pC = 15; and (b) pC = 30 

bar. 
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Figure 6-12. Comparison of RCM IDT measurements for CH4/NO mixtures at ű = 1.0, and  pC = 30 

bar [49], with; (a) NUIGMech1.2 IDT prediction; and (b) Deng et al. [26]  model prediction. 

Figures CS2(b)ïCS7(b) in appendix C show that DTU_NOx [47] model over-predicts the IDTs 

for the RCM experiments especially for high ppm NOx addition levels. Furthermore, Figs. 

CS2(c)ïCS7(c) indicate that the Mevel et al. [23] model under-predicts the IDTs for the 

fuel/óairô conditions by a factor of 2.5 and over-predicts the IDT data at the 90% dilution 

conditions by a factor of 4.0 for the 5163 ppm level of NO2 addition. From Figs. CS2(d)ïCS7(d) 

it is observed that Song et al. [61] model under-predicts the RCM IDT measurements by more 

than an order of magnitude at low temperatures. Moreover, Figs. CS2(e)ïCS7(e) show that 

Zhang et al. [48] model consistently over-predicts the IDTs measured at low temperatures by a 

factor of ~2.7. 

Figure 6-13 shows a quantitative comparison of the performances of the current model against 

the five available C2/NOx models in the literature [23,26,47,48,61] are illustrated following the 

approach of the recently published CH4/NOx paper [49]. The comparison was performed using 

the IDTs measured in the current study together with those from the literature, both from RCM 

(322 datapoints/31 datasets) and ST (572 datapoints/72 datasets) facilities. The error analysis has 

been conducted following the method described by Olm et al. [65] and the overall error function 

value is calculated using equations (6-1) and (6-2) below,  
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Ὁ  
ρ

ὔ

ὣ ὣ

„ὣ
 (6-1) 

Ὁ  
ρ

ὔ
Ὁ 

(6-2) 

where, ὣ ÌÎ ώ . N and Ni represent the total number of datasets and the number of data 

points in a particular dataset, respectively. ώ  represents the j th IDT measurement of i th dataset, 

and „ὣ  represents its standard deviation that includes experimental uncertainty and 

statistical error. 

Figure 6-13 shows a comparison of the average deviations of the different models from the 

current and various literature ST (solid bars) and RCM (dashed bars) IDT measurements for 

C2H6/NOx mixtures. It is observed that all models predict high temperature IDTs within a 10% 

error in the ST measurement regime with the lowest errors using NUIGMech1.2 and the Deng et 

al. [26] model. Moreover, both the current model and the model published by Deng et al.  [26] 

perform better than the models from Mevel et al. [23], Zhang et al. [48], DTU_NOx [47], and 

Song et al. [61] for the low and intermediate temperature RCM IDT predictions. 
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Figure 6-13. Comparison of average deviations of different models from current and literature ST 

and RCM IDTs experimental measurements for C2H6/NOx mixtures. 
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6.6  Effect of NOx on ethylene and acetylene oxidation 

In our effort to develop a comprehensive hydrocarbon/NOx mechanism, NUIGMech1.2 has 

been developed hierarchically by integrating the C1 ï C2 hydrocarbon and the NOx interaction 

chemistries. In addition to ethane, NUIGMech1.2 is also assessed against ethylene and acetylene 

oxidation data available in the literature. Dagaut et al. [56,58] investigated the effect of NO 

addition to C2H4 at atmospheric pressure in a jet-stirred reactor in the temperature range 700 ï 

1300 K. It was found that the addition of NO promoted C2H4 oxidation due to the formation of a 

large concentration of ἽH radicals via NO + HἽ2 ź NO2 + ἽH. Figure 6-14 compares the 

current model predictions with the speciation measurements by Dagaut et al. [56,58] for 

C2H4/NO mixtures at ű = 0.1, 1.0 and 1.5 in the temperature range of 700 ï 1300 K at 1 atm 

pressure. The results show reasonable agreement between the present model and experimentally 

measured species mole fraction profiles. 

Deng et al. [53] recently reported IDT measurements of C2H4/O2/NO2/Ar mixtures with varying 

levels of NO2 concentrations relative to the fuel. The experiments showed that the impact of NO2 

is significant at lower temperatures and gradually decreases with increasing temperature. The 

inclusion of the pressure dependent reaction ǘ2H3 + NO2 (+M) ź C2H3NO2 (+M) by analogy 

with ǘH3 + NO2 (+M) ź CH3NO2 (+M) and HOC2H4NO2 dissociation reactions based on the 

calculations by Deng et al. [53] are responsible for the ability of NUIGMech1.2 to capture the 

NOx sensitization trends on C2H4 oxidation as shown in Fig. CS15 of appendix C. The rate 

constant for ǘ2H3 + NO2 (+M) ź C2H3NO2 (+M) used in NUIGmech1.2 has been decreased by 

15% compared to that for ǘH3 + NO2 (+M) ź CH3NO2 (+M) to attain better agreement with the 

jet-stirred reactor data from Dagaut et al. [56,58]. While the performance of NUIGMech1.2 has 

improved, it and the Deng et al. mechanism still over-predict the reactivity of the fuel rich 

C2H4/NOx/air mixtures at higher temperatures (Fig. CS15). 
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Figure 6-14. Comparisons of NUIGMech1.2 model predictions verses JSR measurements [56,58] of 

C2H4/NO mixtures for; (a) ű = 1.0 and  Ű = 0.16 s; (b) ű = 1.5 and  Ű = 0.16 s; (c, and d) ű = 0.1 and  

Ű = 0.12 s; and (e, and f) ű = 1.0 and  Ű = 0.24 s  at 1.0 atm. 

There have been very few studies on the interaction of C2H2 with NOx added. Only one study by 

Marshall et al. [54] reported the interaction of C2H2/O2 and NOx in a flow reactor in the 

intermediate temperature range of 600 ï 900 K at 60 bar pressure. Figure 6-15 shows a 
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comparisons of NUIGMech1.2 predictions of the flow reactor speciation data from Marshall et 

al. [54] for the oxidation of C2H2/500 ppm NO2 mixtures. Although, NUIGMech1.2 capture the 

NO2 sensitization trends on C2H2 oxidation it shows faster consumption of C2H2 compared to the 

measurements when 500 ppm of NO2 is present in the mixture at all equivalence ratio 

conditions. Comparison of NUIGMech1.2 predictions of C2H2 oxidation are provided in Fig. 

S24 in appendix C and it show reasonable agreement the measurements. 
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Figure 6-15. Comparisons of NUIGMech1.2 model predictions verses FR measurements [54][56,58] 

for C2H2/ 500 ppm NO2 mixtures at 50 bar. 

While the NOx sensitization impact on C2H6 oxidation is well captured by NUIGMech1.2 

across a wide range of temperature and pressures conditions, there is still scope to improve the 

NOx/C2H4 and NOx/C2H2 interaction reactions such as  + NO2 ź RἽ + NO and  + NO2 (+M) 

ź RNO2 (+M). Future studies targeting more experimental measurements and ab-initio 

calculations focused on NOx/unsaturated hydrocarbons (C2H4 and C2H2) interactions is 

necessary in this regard. 

6.7  Conclusions 

This study reports new IDTs measurements for C2H6/NOx mixtures at combustor relevant 

conditions. These measurements were performed using the NUI Galway RCM and HPST 

facilities. The IDTs measurements include C2H6/NO, C2H6/NO2, and C2H6/N2O at stoichiometric 
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air mixtures with NOx blends varying from 0 to 1000 ppm for TC = 851 ï 1390 K and pC = 20 ï 

30 bar. Moreover, new IDT measurements for highly diluted C2H6/NO2/air mixtures with 260, 

2700, and 5160 ppm blends of NO2 at ű = 0.5, TC = 805 ï 1038 K, and pC = 20 ï 30 bar 

conditions were also investigated. NUIGMech1.2 was validated using these IDT data together 

with available literature data, using an updated NOx sub-chemistry model. The results indicate a 

minimal promoting effect with the addition of 200 ppm NO or NO2 to ethane/air mixtures. 

However, the addition of 1000 ppm of either NO or NO2 significantly promotes the reactivity of 

ethane/air mixtures. Moreover, there is no significant change in reactivity observed when N2O is 

present in the reactant mixtures. NUIGMech1.2 predicts the sensitisation effect of NOx addition 

to ethane and methane and is in better agreement with experimental measurements compared to 

other available literature models over a wide range of pressures, temperatures, equivalence 

ratios, and dilutions. Sensitivity and flux analyses of C2H6/NOx were performed to highlight the 

key reactions controlling ignition over the different temperature regimes studied. Further 

experimental measurements and ab-initio calculations studies are necessary to investigate the 

NOx/unsaturated hydrocarbons interaction reactions over a wide range of temperature and 

pressure conditions. 
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Abstract 

 A comprehensive experimental and kinetic modelling study of the ignition delay time (IDT) 

characteristics of some binaryïblends of C1ïC2 gaseous hydrocarbons such as methane/ethylene, 

methane/ethane, and ethane/ethylene were performed over a wide range of composition 

(90%/10%, 70%/30%, 50%/50%), temperature (~800ï2000 K), pressure (~1ï40 bar), 

equivalence ratio (~0.5ï2.0), and dilution (~75ï90%). An extensive literature review was 

conducted, and available data were extracted to create a comprehensive database for our 

simulations. Based on existing literature data, an experimental matrix was designed using the 

Taguchi approach (L9) in order to identify and complete the experimental matrix required to 

generate a comprehensive experimental IDT set necessary for the validation of a chemical 

kinetic model. The required high- and low-temperature IDTs were collected using low/high-

pressure shock tubes and rapid compression machines, respectively. The predictions of 

NUIGMech1.0 are examined versus all of the available experimental data, including those taken 

in the current study using the IDT simulations and a correlation technique. Moreover, the 

individual effect of the studied parameters, including mixture composition, pressure, equivalence 

ratio, and dilution on IDT is investigated over the studied temperature range. Correlations that 

were developed based on NUIGMech1.0 are presented for each specific blended fuel over the 

conditions studied. These correlations show an acceptable performance versus the experimental 

data. 

Keywords: methane, ethane, ethylene, shock tube, RCM, ignition delay time. 

7.1  Introduction  

 Explaining the pyrolysis and/or oxidation processes of heavy and complex hydrocarbon fuels 

depends on the development of high-fidelity chemical mechanisms. In this regard, understanding 

the pyrolysis and/or oxidation processes of small (C1ïC2) hydrocarbons are important because of 
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their crucial role in kinetic behavior at the end chain of the pyrolysis and/or oxidation processes 

of larger hydrocarbons. Therefore, developing a high-fidelity chemical mechanism that can 

precisely explain the pyrolysis and/or oxidation processes of small hydrocarbons is very 

desirable in terms of explaining conditions relevant to industrial burners, gas turbines, and 

internal combustion engines. Ignition delay time (IDT) is a criterion extensively used to validate 

chemical mechanisms, and it is often used for comparing various chemical mechanisms and 

developing new ones. To do so, a comprehensive IDT database is required as a prerequisite so 

that mechanisms can be tested and validated. Therefore, an extensive literature review was 

performed, and available IDTs for binary-fuel mixtures of methane/ethylene [1], methane/ethane 

[2ï11], and ethane/ethylene were extracted and stored, as shown in Figure 7-1. It can be seen 

that, although there is sufficient IDT data in the literature for methane/ethane (alkaneïalkane) 

mixtures, there is no comprehensive data for alkane/alkene mixtures including methane/ethylene 

and ethane/ethylene over a wide range of pressures, temperatures, equivalence ratios, and 

dilution (squares in Figure 7-1). Therefore, new experimental tests were defined for targeted 

binary-fuel mixtures (alkane/alkene) + O2 + N2 + Ar (spheres in Figure 7-1) to encapsulate a 

wide range of temperature, pressure, equivalence ratio, alkane ratio, and dilution. 

It is believed that conducting the required experiments under the compressed pressure range of 

~1ï40 bar and also the compressed temperature range of ~800ï2000 K from fuel-lean to fuel-

rich conditions and at different levels of dilution, and with different alkene concentrations may 

disclose data which could not be interpreted from the available literature. Thus, we aim to 

present a comprehensive chemical mechanism that can precisely reproduce the experimental 

IDTs of various binary-fuel C1ïC2 mixtures over a wide range of operating conditions. In the 

present study, the Taguchi (Design of Experiments) method was applied to optimize the number 

of required experiments. 
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Figure 7-1. Extracted data from the studied literature (squares); new experimental tests defined in 

the current study (spheres); Blue-spheres/squares: fuel-lean mixtures; Black-spheres/squares: 

stoichiometric mixtures; Red-spheres/squares: fuel-rich mixtures. 

7.2   Design of experiments and experimental approach 

The experiments were designed using an L9 Taguchi matrix [12] for four parameters of ethylene 

concentration, pressure, equivalence ratio, and dilution. This approach is analogous to previous 

work by Baigmohammadi et al. [13], and details can be found there. In this current study, 

alkanes (methane and ethane) are the abundant components, so that the presence of the alkene 

(ethylene) in a mixture is defined as: ρ
 ȿ

 ȿ
ρππϷȟ which is varied from 

10ï50%. Also, the diluents (N2 and Ar) concentrations are varied from 75% to 90% of the 

reactive mixtures. Three equivalence ratios, 0.5, 1.0, and 2.0, and three compressed mixture 

pressures (p5, pC), namely 1, 20, and 40 were selected to cover the proposed cubes presented in 

Figures 7-1(a) and (c). Besides, the compressed temperature (T5, TC) range was varied from 

~800ï2000 K based on the defined cases and the viability of the applied instruments in 

measuring IDTs with acceptable accuracy. 
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Mixture IDTs of the defined mixtures and conditions presented in Table 7-1 were measured 

using low/high-pressure shock tubes (L/HPST) and rapid compression machines (RCMs) all at 

NUI Galway in the low- and high-temperature regimes, respectively. However, some low-

temperature IDTs (RCM; P8C3,4,8 in Table 7-1) were measured in collaboration with the 

Physico-Chemical Fundamentals of Combustion (PCFC) group of RWTH Aachen University to 

increase the fidelity of the database and to ensure that they are facility independent. The physical 

performance of the facilities are well known and have been extensively discussed previously 

[10,11,14ï19]. However, a summary of the facility characteristics and exemplary pressure traces 

are provided in appendix D (Sections 2ï6). 

As seen in Figure 7-1(b), sufficient available IDT data exists in the literature for methane/ethane 

mixtures precluding the need for more experiments. As presented in Table 7-1, a unique code 

has been assigned to each experiment. It should be noted that the presented data in this paper is a 

part of a larger project (3 of 12; phases (P): 5, 6, and 8) so that, for better handling of the data, 

we have been using a common description for the applied mixtures and conditions throughout 

the papers. In this regard, ñPxò refers to the fuel blends, which is ñP5: methane/ethyleneò, ñP6: 

methane/ethaneò, and ñP8: ethane/ethyleneò, respectively. Also, the ñCò notation refers to the 

studied conditions, which change from 1 to 9 in accordance with changes in fuel composition, 

pressure, equivalence ratio, and dilution. 

7.2.1  Set-up and procedure 

The current study is categorized into six different stages; 1: an extensive literature review; 2: 

database development; 3: simulating the available literature data using NUIGMech1.0; 4: 

defining new experimental tests using an L9 Taguchi matrix; 5: conducting the RCM and 

L/HPST experiments; 6: modelling the new experimental results with NUIGMech1.0. To make 

the study more concise, comprehensive Supplementary material files are provided in support of 
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the data presented in the main manuscript. The supplementary files include non-reactive RCM 

traces, the original spreadsheets of the experimental tests, L/HPST oscilloscope traces are 

presented on the online version of the paper, and the combined figures of reactive, non-reactive, 

and simulation pressure traces are shown in appendix D. Furthermore, all of the general 

information related to the applied gases (fuel/oxygen/argon/nitrogen), the applied facilities are 

presented in appendix D, and data acquisition systems to collect the IDTs are provided as 

supplementary material of the online version of the paper. 

Table 7-1. Test conditions defined in the current study. 

No Code 

Mixture  composition (mole fraction) 

ű T (K)  p (bar) Ref. 
CH4 C2H4 C2H6 O2 N2+Ar  

1 P5C1 0.02083 0.02083 0 0.2083 0.75+0.0 0.5 1167ï2024 1 

This study: 

NUIG ST and RCM 

 

2 P5C2 0.02143 0.02143 0 0.1071 0.85 1.0 923ï1546 20 

3 P5C3 0.0222 0.0222 0 0.0555 0.90 2.0 869ï1745 40 

4 P5C4 0.05303 0.02273 0 0.17424 0.75 1.0 845ï1465 40 

5 P5C5 0.0488 0.0209 0 0.0802 0.75+0.10 2.0 1471ï2022 1 

6 P5C6 0.0125 0.0054 0 0.082 0.90 0.5 995ï1783 20 

7 P5C7 0.10976 0.0122 0 0.12805 0.75 2.0 947ï1840 20 

8 P5C8 0.02596 0.00288 0 0.12115 0.85 0.5 921ï1738 40 

9 P5C9 0.029 0.0032 0 0.0677 0.75+0.15 1.0 1570ï2082 1 

10 P6C1 0.0015 0 0.0015 0.0017 0.0+0.98 0.5 1248ï1571 1.46 

Aul et al. [9] 

11 P6C2 0.0067 0 0.0067 0.0367 0.0+0.95 1.0 1190ï1377 32.02 

12 P6C3 0.0316 0 0.0316 0.0868 0.0+0.85 2.0 1094ï1366 15.44 

13 P6C4 0.0091 0 0.0273 0.1136 0.0+0.85 1.0 1166ï1266 31.42 

14 P6C5 0.0514 0 0.0171 0.0814 0.0+0.85 2.0 1143ï1513 29.03 

15 P6C6 0.0228 0 0.0123 0.2015 0.7574+0.0 
0.5 1091ï1437 22.26 Petersen et al. [5] 

0.6 848ï883 9.62 Beerer and McDonell [8] 

16 P6C7 0.0419 0 0.0047 0.2003 0.7531+0.0 0.5 1155ï1532 22.71 Petersen et al. [5] 

17 P6C8 
0.0801 0 0.0089 0.1913 0.7197+0.0 

1.0 
911ï1221 

40 
Huang and Bushe [3] 

0.0766 0 0.0085 0.1830 0.3+0.432 909ï1038 Gersen et al.[7] 

18 P6C9 0.0012 0 0.0036 0.0152 0.0+0.98 1.0 1324ï1700 1.36 Aul et al. [9] 

19 P8C1 0 0.0167 0.0167 0.2167 0.75+0.0 0.5 1153ï1862 1 This study: 

NUIG ST and RCM 20 P8C2 0 0.01765 0.01765 0.11471 0.85 1.0 901ï1452 20 

21 P8C3 0 0.0190 0.0190 0.0619 0.90 2.0 892ï1540 40 

This study: 

NUIG (ST) & RWTH Aachen  

(RCM) 

22 P8C4 0 0.01724 0.04023 0.19253 0.75 1.0 

1106ï1411 40 
This study: 

NUIG (ST) 

902ï971 30 
This study: 

RWTH Aachen (RCM) 

23 P8C5 0 0.0168 0.0392 0.0939 0.75+0.10 2.0 1252ï1870 1 
This study: 

NUIG ST and RCM 
24 P8C6 0 0.0039 0.0091 0.087 0.90 0.5 958ï1503 20 

25 P8C7 0 0.0092 0.0826 0.1583 0.75 2.0 892ï1520 20 

26 P8C8 0 0.0019 0.0171 0.1310 0.85 0.5 933ï1446 40 

This study: 

NUIG (ST) & RWTH Aachen 

(RCM) 

27 P8C9 0 0.0022 0.0202 0.0775 0.75+0.15 1.0 1250ï1930 1 
This study: 

NUIG (ST) 
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7.2.2  Uncertainty analysis 

 To increase the fidelity of the results, a comprehensive uncertainty analysis was conducted 

using the data taken in both our L/HPST and RCM and is briefly discussed here. The uncertainty 

analysis was developed based on studies conducted by Petersen et al. [20] and Weber et al. [21]. 

In this regard, the average uncertainties in the compressed mixture temperatures (TC or T5) and 

measured IDTs in STs and RCM are summarized in Table 7-2. Details of this analysis are 

provided in appendix D (Section 7). 

Table 7-2. Average uncertainties for compressed mixture temperature (TC or T5) and measured 

IDTs. 

Facility  Ɑ╣Ἅȟ (K) Ɑ╘╓╣ (%) 

NUIGïL/HPST ± 30/20 ± 25 

NUIGïRCM ± 10 
± 20 

PCFCïRCM [11] ± 5 

According to the literature, [20,22,23] and also the conditions studied here, values of ± 30/20 K 

(L/HPST), ± 5ï15 K (RCM), and ± 25% (L/HPST) and 20% (RCM) are estimated as the average 

uncertainties for both the end of compression temperature (TC) and the measured IDTs, 

respectively. 

7.3  Computational modelling 

Simulations were conducted using NUIGMech1.0 to simulate the experimental targets. This is a 

modified version of NUIGMech0.9 [13] for higher hydrocarbons up to C8 and aromatics. In this 

regard, the experimental data were simulated using a Python script based on the CANTERA [24] 

library (ST simulations) and also CHEMKIN-Pro 18.2 [25] software (RCM simulations). As 

already comprehensively discussed in the literature [22,23], although the simulations in the ST 

operating regimes are performed using the constant volume reactor model, the RCM simulations 

are performed using the effective volume approach by imposing a heat loss boundary condition 
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on the calculations due to facility effects, including heat losses, during compression and in the 

post-compression zone of the reaction chamber [11,14,26]. 

7.4  Results and discussions 

All experimental results related to the studied conditions in Table 7-1, whether taken from the 

literature or from the present study, are presented in the following figures in accordance to the 

applied fuels (methane/ethylene, methane/ethane, and ethane/ethylene) and the wide range of 

operating conditions examined. 

7.4.1  General performance of the NUIG mechanism and the correlations 

versus experimental data 

The performance of NUIGMech1.0 versus all experimental available IDT data is shown in 

Figures (7-2) ï (7-4). The symbols refer to the experimental data; however, the square symbols 

with a cross through them demonstrate experimental data affected by pre-ignition or facility 

effects. The solid black line refers to NUIGMech1.0 predictions and the dashed lines refers to 

the correlation predictions which will be discussed in detail in Section 7.4.3. 

Figures (7-2) ï (7-4) show that NUIGMech1.0 predicts the methane/ethylene, methane/ethane, 

and ethane/ethylene binary-fuel blend IDT measurements very well over the wide range of 

conditions studied (ű: 0.5ï2.0, T: ~830ï2100 K, p: 1ï40 bar, 9 different compositions, and 

dilution: 75ï90%). However, there is a deviation between the simulations and experimental data 

in Figures 7-3(h) and 7-4(d). Figure 7-4(d) illustrates that the experimental data are affected by 

the facilityôs boundary conditions in the temperature range 900ï1050 K at p = 40 bar. These data 

suffer from preïignition events that occur behind the reflected shock in the NUIGïHPST. This 

pre-ignition was observed even on cleaning the shock tube after each experiment. The same 

phenomenon occurred for the same mixture at 40 bar in the low-temperature regime in the 

PCFCïRCM. In both cases, pre-ignition appeared as a gradual increase in pressure before the 
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main ignition, shortening the overall IDT. In the case of the RCM, some deposits have been 

observed on the reactor endwall, which may induce the pre-ignition. However, these deposits 

were only present for the 40 bar experiments so that they and related pre-ignitions were 

suppressed by reducing the compressed pressure to 30 bar. Similarly, it might be inferred that 

the experimental data presented in Figure 7-3(h) (Figure DS34) may suffer from a kind of preï

ignition (specifically in [7] due to the very short reported IDTs of < 3 ms) in the intermediate-to-

low temperature regime in [3] and at 1000ï1050 K in [7]. Comparing the conditions presented in 

Figures 7-3(h) and 7-4(d), it is interesting to note that ethane is the common fuel component in 

the mixtures, and the common conditions are 40 bar and 75% dilution. Therefore, it may be 

concluded that this undesirable effect stems from the presence of ethane in the blends at 40 bar 

and at fuel/air conditions (~71ï75% dilution). Although it is known that ethylene and ethane are 

more reactive fuels compared to methane, the individual effect and portion of each studied 

parameter on the reactivity of the mixtures cannot be understood directly from Figures (7-2) ï 

(7-4) as too many parameters, e.g. binary fuel combination, pressure, equivalence ratio, and 

dilution, are all changing at once. Thus, the individual and combined effects of the studied 

parameters on IDTs of the studied methane/ethylene and ethane/ethylene mixtures are 

considered below. 

Furthermore, comprehensive comparisons of IDT, laminar burning velocities (LBVs), and 

speciation plots shown in appendix D (Figures DS26ï38 in Section 9) demonstrate that 

NUIGMech1.0 can not only accurately predict the experimental IDTs studied, but it can also 

reasonably anticipate experimental LBVs and speciation data taken from the literature in 

comparison to the available chemical mechanisms (Table DS11). 
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7.4.2  Individual effect of the studied parameters on IDT 

The general performance of NUIGMech1.0 and its fidelity in predicting the IDTs of the various 

C1ïC2 binary fuel mixtures over the wide range of conditions studied has been demonstrated. In 

this section, the effects on IDTs of the studied parameters on the mixtures are discussed in detail, 

whereas the focus will be on the description of the individual parameters. To investigate the 

effect of each individual parameter on IDT, the P5C1 and P8C1 (ű = 0.5, pC = 1 bar, dilution = 

75%) conditions are chosen as the base cases for each binary-fuel combination 

(methane/ethylene and ethane/ethylene). For example, in studying the effect of equivalence ratio 

on ethylene IDT, we only perturb the equivalence ratio to 1.0 and 2.0 in the P5/8C1 cases, so 

that the other parameters remain unchanged. Namely, by perturbing the equivalence ratio from 

1.0 to 2.0, the new cases are defined as (ű = 1.0, pC = 1 bar, dilution = 75%) and (ű = 2.0, pC = 1 

bar, dilution = 75%), respectively. The same procedure is followed for the other parameters. 

Therefore, the effect of each parameter on IDT in the temperature range (800ï2100 K) is 

calculated as follows: 

       )$4 ὶὥὸὭέ
 ȿȟ ȟ ȟ

 ȿ
                                                                (7-1) 

Where ñxò, and ñyò are ñ5, 8ò and ñ2ï9ò, respectively. In the above equation, values larger than 

unity indicate a decrease in reactivity, while values smaller than unity show an increase in 

reactivity in comparison to the base cases. The individual effect of each parameter on 

methane/ethylene and ethane/ethylene IDTs are presented in Figure 7-5. For better visualization, 

the y-axis in Figure 7-5 is scaled in ñlog2ò so that 2
ï1, 20, and 21 refers to a factor of two 

decrease, no change, and a factor of two increase in IDT ratio, respectively. It is seen that the 

individual effect of each parameter on IDT changes qualitatively and quantitatively over the 

temperature range studied. In this regard, the individual effect of the studied parameters such as 

the binary blend composition, pressure, equivalence ratio, and dilution on IDT predictions of 

methane/ethylene and ethane/ethylene mixtures are discussed in detail. 
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Figure 7-2. Experimental and simulation data of methane/ethyleneôs IDT values: (a) 2.08% CH4, 

2.08% C2H4, 20.83% O2, (ű = 0.5) in 75% N2 at pC = 1 bar, P5C1; (b) 2.143% CH4, 2.143% C2H4, 

10.71% O2, (ű = 1.0) in 75% N2, 10% Ar, pC = 20 bar, P5C2; (c) 2.22% CH4, 2.22% C2H4, 5.55% O2, 

(ű = 2.0) in 75% N2, 15% Ar, pC = 40 bar, P5C3; (d) 5.303% CH4, 2.273% C2H4, 17.424% O2, (ű = 

1.0) in 75% N2, pC = 40 bar, P5C4; (e) 4.88% CH4, 2.09% C2H4, 8.02% O2, (ű = 2.0) in 75% N2, 10% 

Ar, pC = 1 bar, P5C5; (f) 1.25% CH4, 0.54% C2H4, 8.2% O2 (ű = 0.5) in 75% N2, 15% Ar at pC = 20 

bar, P5C6; (g) 10.976% CH4, 1.22% C2H4, 12.805% O2, (ű = 2.0) in 75% N2, pC = 20 bar, P5C7; (h) 

2.596% CH4, 0.288% C2H4, 12.115% O2 (ű = 0.5) in 75% N2, 10% Ar at pC = 40 bar, P5C8; (i) 2.9% 

CH4, 0.32% C2H4, 6.77% O2, (ű = 2.0) in 75% N2, 15% Ar, pC =1 bar, P5C9. (solidïline: 

NUIGMech1.0, dashedïline: derived correlations (Section 7.4.3)). 
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Figure 7-3. Available experimental and simulated data of methane/ethaneôs IDT values at: (a) 

0.15% CH4, 0.15% C2H6, 1.7% O2, (ű = 0.5) in 98% Ar , pC = 1.46 bar, P6C1; (b) 0.67% CH4, 0.67% 

C2H6, 3.67% O2, (ű = 1.0) in 95% Ar , pC = 32.02 bar, P6C2; (c) 3.16% CH4, 3.16% C2H6, 8.68% O2, 

(ű = 2.0) in 85% Ar , pC = 15.44 bar, P6C3; (d) 0.91% CH4, 2.73% C2H6, 11.36% O2 , (ű = 1.0) and 

85% Ar, pC = 31.42 bar, P6C4; (e) 5.14% CH4, 1.71% C2H6, 8.14% O2, (ű = 2.0) in 85% Ar , pC = 

29.03 bar, P6C5; (f) 2.28% CH4, 1.23% C2H6, 20.15% O2, (ű = 0.5 [5] and 0.6 [8]) in 75.74% N2, pC 

= 22.26 bar [5] and 9.62 bar [8], P5C6; (g) 4.19% CH4, 0.47% C2H6, 20.03% O2, (ű = 0.5) in 75.31% 

N2, pC = 22.71 bar, P5C7; (h) 8.01%  [3]/7.66% [7] CH4, 0.89% [3]/ 0.85% [7] C2H6, 19.13% 

[3]/18.3% [7] O2, (ű = 1.0) in 71.97% N2 [3]/30% N2+43.2% Ar [7], pC = 40 bar; P6C8; (i) 0.12% 

CH4, 0.36% C2H6, 1.52% O2, (ű = 1.0) and 98% Ar, pC = 1.36 bar, P6C9. (solidïline: NUIGMech1.0, 

dashïline: derived correlations (Section 7.4.3)). 
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Figure 7-4. Experimental and simulation data for ethane/ethylene oxidation at: (a) 1.67% C2H6, 

1.67% C2H4, 21.67% O2 (ű = 0.5), 75% N2, pC = 1 bar, P8C1; (b) 1.765% C2H6, 1.765% C2H4, 

11.471% O2 (ű = 1.0), 75% N2, 10% Ar, pC = 20 bar, P8C2; (c) 1.9% C2H6, 1.9% C2H4, 6.19% O2 (ű 

= 2.0), 75% N2, 15% Ar, pC = 40 bar, P8C3; (d) 4.023% C2H6, 1.724% C2H4, 19.253% O2 (ű = 1.0), 

75% N2, pC = 40 bar, P8C4; (e) 3.92% C2H6, 1.68% C2H4, 9.39% O2 (ű = 2.0), 75% N2, 10% Ar, pC = 

1 bar, P8C5; (f) 0.91% C2H6, 0.39% C2H4, 8.7% O2 (ű = 0.5), 75% N2, 15% Ar, pC = 20 bar, P8C6; 

(g) 8.26% C2H6, 0.92% C2H4, 15.83% O2 (ű = 2.0), 75% N2, pC = 20 bar, P8C7; (h) 1.71% C2H6, 

0.19% C2H4, 13.10% O2 (ű = 0.5), 75% N2, 10% Ar, pC = 40 bar, P8C8; (i) 2.02% C2H6, 0.22% 

C2H4, 7.75% O2 (ű = 1.0), 75% N2, 15% Ar, pC = 1 bar, P8C9. (solidïline: NUIGMech1.0, dashïline: 

derived correlations (Section 7.4.3)). 

7.4.2.1.1  Effect of binary blend compositions 

As seen in Figure 7-5(a), decreasing the ethylene concentration in the methane and the ethane 

blends have a significant semi-Gaussian distribution on decreasing reactivity, especially in the 

intermediate temperature regime (~1200 K). Specifically, decreasing the ethylene concentration 

in the methane/ethylene blend progressively from 50% to 30% and finally to 10% suppresses the 
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average mixture reactivity by approximately 120% and 990%, respectively, while decreasing the 

ethylene concentration in the ethane/ethylene blend only suppresses the reactivity by 

approximately 11% and 22%, respectively. This clearly shows that methane is much more 

sensitive to ethylene blending than ethane. Moreover, Figure 7-5(a) shows that, although the 

reduction in ethylene concentration has a less negative effect on the reactivity of the 

methane/ethylene mixtures at high (Ó 1670 K) and low temperatures (Ò 900 K), the effect of 

ethylene concentration on the reactivity of the ethane/ethylene mixture is minor over the entire 

temperature range. In this way, one can see in Figure 7-5(a) that decreasing ethylene 

concentration has no significant effect on the reactivity of ethane/ethylene mixtures at 

temperatures higher than 1670 K (1000/T = 0.6). To understand this more fully, sensitivity 

analyses to IDT, including both brute-force and direct sensitivity analyses [27] (Figure 7-6) 

followed by flux analyses (not shown here for brevity) were conducted at 1200 K (0.833) where 

the effect of ethylene addition is most prominent. In the brute-force and the direct sensitivity 

analyses, the sensitivity coefficient (S) is calculated as:  

3
 
Ȣ

                                                                            (7-2) 

As shown above, the rate constant for each reaction is increased/decreased by a factor of two, 

and IDTs are calculated as Ű+ (increased) and Ű- (decreased), respectively. A positive sensitivity 

coefficient indicates inhibition of reactivity, while a negative coefficient indicates a promotion in 

reactivity. Figure 7-6 indicates that adding ethylene to methane makes the chemistry more 

complex in terms of the number of important reactions involved (sensitivity coefficient Ó 0.1) in 

IDT in comparison to addition to ethane. 

Figure 7-6 shows that increasing methane concentration in the methane/ethylene blend promotes 

the chain-termination reactions: ǘH3 + ǘH3 (+M) ź C2H6 (+M) and ǘH3 + HἽ2 ź CH4 + O2. 

Simultaneously, increasing the methane concentration promotes the reactions: CH4 + ἽH ź 
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ǘH3 + H2O, CH4 + ¥ ź ǘH3 + ἽH, ǘH3 + HἽ2 ź CH3Ἵ + ἽH, ǘH3 + O2 ź CH2O + ἽH in 

competition with the reactions: C2H4 + ἽH ź ǘ2H3 + H2O, C2H4 + ¥ ź ǘH2CHO + , ǘ2H3 + 

O2 ź ǘH2CHO + Ö, which all dramatically suppress the blends reactivity at 1200 K. Thus, 

increasing ethylene concentration in the fuel blend promotes reactivity by inhibiting methyl 

radical (ǘH3) reactions but instead promotes reactions of vinyl radicals, which are more reactive 

than methyl radicals. As seen in Figure 7-6, increasing the ethane concentration (50%Ÿ90%) in 

the ethane/ethylene blend at 1200 K has no significant effect on the ten most prominent 

reactions, so that this increment promotes  + O2 (+M) ź HἽ2 (+M),  + HἽ2 ź ἽH + ἽH, 

and ǘH3 + HἽ2 ź CH3Ἵ + ἽH against the suppression of the important reaction: ǘ2H3 + O2 ź 

ǘH2CHO + Ö. Thus, the decrease in reactivity of the ethane/ethylene fuel blend with increasing 

ethane concentration (Figure 7-5(a)), mainly stems from competition among the chain 

propagating reactions: ǘ2H5 + O2 ź C2H4 + HἽ2 and C2H4 +  (+M) ź ǘ2H5 (+M) and the 

chain branching reaction: ǘ2H3 + O2 ź ǘH2CHO + ¥ by scavenging ǘ2H5 radical and O2 

molecules from the radical pool. 
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Figure 7-5. Individual effects of the studied parameters on methane/ethylene and ethane/ethylene 

IDTs: (a) effect of blending composition; (b) effect of dilution level; (c) effect of equivalence ratio; 

and (d) effect of pressure. 
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Figure 7-6. Sensitivity analysis of IDT corresponding to the temperature of 1200 K (0.833) in Figure 

7-5(a). 

7.4.2.1.2  Effect of dilution  

The effect on the reactivity of increasing dilution on the methane/ethylene and ethane/ethylene 

mixtures is demonstrated in Figure 7-5(b). It is seen that increasing dilution from 75% to 85% 

and then 90% in the methane/ethylene mixtures decreases reactivity by approximately 55% and 

115%, respectively. However, this effect on the ethane/ethylene mixture is not monotonic. 
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Surprisingly, it is seen in Figure 7-5(b) that increasing the dilution level in the ethane/ethylene 

mixture, not only suppresses the negative effect of dilution on reactivity within the temperature 

range of 1000ï1250 K but enhances reactivity by ~10% at 1100 K (0.909). In this regard, three 

new experimental datasets within the target temperature range (1000ï1200 K), under 1 bar, 50% 

C2H6 + 50% C2H4, ű = 0.5, and dilution levels (Ar) of 75%, 85%, and 90% conditions were 

performed. However, some of the measured IDTs (> 4ï5 ms) are located at the upper working 

limit of NUIG-LPST. As mentioned, although some of the IDTs are relatively long for available 

LPST in C3-NUIG, most of them have been taken under tailoring conditions with almost plateau 

pressure profiles behind the reflected shock (dp/dt ~ 0) during the induction time before ignition. 

However, those data with significant dp/dt behind the reflected shock had already been removed 

from the graph for increasing the data reliability demonstrated in Figure 7-7. As seen in Figure 

7-7, although NUIGMech1.0 could somehow capture the behaviour and the IDT trends by 

increasing the dilution level from 75% to 90%, it fails to reproduce the experimental IDTs 

beyond the dilution level of 75% so that the predictions of NUIGMech1.0 are consistently 

shorter than the experimental measurements over the temperature range studied. By comparing 

the effect of dilution on the reactivities of the methane/ethylene and ethane/ethylene blends 

shown in Figure 7-8, it is inferred that this behaviour stems from the effect of dilution (third 

body) and the competition between ǘ2H4 +  (+M) ź ǘ2H5 (+M) and ǘ2H5 + O2 ź C2H4 + 

HἽ2 in consuming ǘ2H5 radicals. On the one hand, increasing the dilution level intensifies the 

reverse reaction of ǘ2H4 +  (+M) ź ǘ2H5 (+M) which produces more reactive  atoms. On 

the other hand, increasing the dilution level decreases the oxygen concentration in the radical 

pool, which suppresses the reaction ǘ2H5 + O2 ź C2H4 + HἽ2. Also, Figure 7-8 shows that 

increasing the dilution level inhibits the reaction of H2O2 (+M) ź ἽH + ἽH (+M) and 

simultaneously promotes ǘH3 + HἽ2 ź CH3Ἵ + ἽH,  + O2 (+M) ź HἽ2 (+M), and  + HἽ2 

ź ἽH + ἽH. Apart from the intermediate temperature regime, it is seen in Figure 7-5(b) that the 
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effect on the reactivity of increasing the dilution level is much less pronounced in the 

ethane/ethylene mixtures compared to the methane/ethylene mixtures. 
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Figure 7-7. Experimental and simulation data for ethane/ethylene oxidation concerning Figure 7-

5(b). The magenta dashïline refers to the turning point temperature (0.909) in Figure 7-5(b). 

7.4.2.1.3  Effect of equivalence ratio  

The effect of increasing equivalence ratio from 0.5 to 1.0 and 2.0 on the reactivity of the 

methane/ethylene and ethane/ethylene mixtures is depicted in Figure 7-5(c). Increasing the 

equivalence ratio has a complex effect on the reactivity of the mixtures over the temperatures 

studied. Increasing the equivalence ratio has a drastic effect on decreasing the mixturesô 

reactivity in the temperature range 800ï1200 K, which is followed by a mild effect in increasing 

mixture reactivity at temperatures Ó 1200 K. It is seen in Figure 7-5(c) that, although the 

reactivity of ethane/ethylene blends is less sensitive to an increasing equivalence ratio with 

temperature compared to methane/ethylene mixtures, it shows a higher sensitivity in the 

temperature range 1050ï1200 K. The maximum gradient in decreasing the reactivity of the 

ethane/ethylene mixtures 
 

 is about 0.73 and 1.36 %/K (at 1100 K) at equivalence 

ratios of 1.0 and 2.0 respectively, in the temperature range 800ï1200 K, while the values for the 

methane/ethylene mixtures are about 0.4 and 0.82 % Kï1 (at 1000 K) at equivalence ratios of 1.0 

and 2.0, respectively.  
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             CH4 + OH <=> CH3 + H2O

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Sensitivity coefficent

 P5C1-90%

 P8C1-90%                   H + O2 <=> O + OH

           C2H4 + OH <=> C2H3 + H2O

           C2H3 + O2 <=> CH2CHO + O

            CH3 + HO2 <=> CH3O + OH

            C2H4 + O <=> CH2CHO + H

        C2H4 + H (+M) <=> C2H5 (+M)

                   H + HO2 <=> 2 OH

           C2H6 + OH <=> C2H5 + H2O

             C2H6 + H <=> C2H5 + H2

           C2H3 + O2 <=> CH2O + HCO

           C2H5 + O2 <=> C2H4 + HO2

               CH4 + H <=> CH3 + H2

           H + O2 (+M) <=> HO2 (+M)

             CH4 + OH <=> CH3 + H2O

-1.5 -1.0 -0.5 0.0 0.5 1.0

Sensitivity coefficent

 P5C1-90%

 P8C1-90%                   H + O2 <=> O + OH

           C2H4 + OH <=> C2H3 + H2O

             HCO + M <=> CO + H + M

       C2H4 (+M) <=> H2 + H2CC (+M)

              CH2 + O2 => CO2 + 2 H

                H2 + OH <=> H + H2O

        C2H4 + H (+M) <=> C2H5 (+M)

           2 CH3 (+M) <=> C2H6 (+M)

              C2H2 + O <=> H + HCCO

             C2H6 + O <=> C2H5 + OH

              CH2O + H <=> H2 + HCO

              HCO + O2 <=> CO + HO2

             CH4 + OH <=> CH3 + H2O

               CH4 + H <=> CH3 + H2

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Sensitivity coefficent

 P5C1-90%

 P8C1-90%

 

Figure 7-8. Sensitivity analysis of IDT corresponding to the temperature 1100 K (0.91) in Figure 7-

5(b). 

The reactivity of the fuel-rich mixtures is much more affected by changes in temperature, 

especially in the 800ï1200 K temperature range. In this regard, Figures 7-9 and DS40 show that 

increasing the equivalence ratio in the methane/ethylene blends at 1200 K intensifies H-atom 

abstraction from CH4 and C2H4 by  atoms instead of ἽH radicals. This effect makes the system 

less reactive (Figure DS41). However, increasing the equivalence ratio promotes the chain 

branching reaction of ǘ2H3 + O2 ź ǘH2CHO + Ö compared to the more reactive chain 

branching reaction C2H4 + ¥ ź ǘH2CHO + , so that as seen in Figure DS41 this promotion 

reduces the blend reactivity. Also, Figure 7-9 shows that increasing the equivalence ratio to 2.0 



 

 

Chapter 7                                                                                 

 

175 

 

promotes the reverse reaction of C3H6 +  ź C2H4 + ǘH3 in competition with C2H4 + ¥ ź #H 

+ CH2O and ǘH2CHO ź CH2CO + . 

Similar to the methane/ethylene blend, it is shown in Figures 7-9 and DS42 that increasing the 

equivalence ratio of the ethane/ethylene blend from 0.5 to 2.0 at 1200 K changes the H-atom 

abstraction pattern from ἽH radicals to  atoms so that this shift makes the blend less reactive at 

1200 K. In fact, decreasing oxygen concentration by increasing equivalence ratio and also 

competition between C2H6 and C2H4 in consuming  atoms and ἽH radicals and producing 

ǘ2H5 and ǘ2H4 radicals affect blend reactivity due to the higher reactivity of vinyl radicals 

compared to ethyl radicals in the blends studied. 

7.4.2.1.4  Effect of pressure 

The effect of pressure on the reactivity of the methane/ethylene and ethane/ethylene blends is 

demonstrated in Figure 7-5(d). One can see that increasing pressure increases the reactivity of all 

mixtures. In this regard, it can be seen in Figure 7-5(d) that increasing the pressure from 1 to 40 

bar has a Gaussian distribution effect on reactivity with temperature, in that it decreases 

reactivity in the temperature range 1050ï1550 K, while its effect on the reactivity is almost 

constant at T Ó 1540 K and T Ò 1050 K for the ethane/ethylene blends and at T Ò 920 K for the 

methane/ethylene blends. Moreover, Figure 7-5(d) shows that although the positive effect of 

increasing pressure for the methane/ethylene blends at T Ó 1200 K is higher than for the 

ethane/ethylene mixtures, this trend is reversed at T Ò 1200 K. At 1200 K, the minimum effect of 

the Gaussian distribution on increasing the reactivity of the methane/ethylene mixtures is about 

48% at 20 bar and 66% at 40 bar, while the values for the ethane/ethylene mixtures at 20 and 40 

bar are 42% and 62%, respectively. 
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           C2H3 + O2 <=> CH2CHO + O

           C2H4 + OH <=> C2H3 + H2O

       C2H4 + HO2 <=> C2H4O1-2 + OH

                  H + O2 <=> O + OH

            H2O2 (+M) <=> 2 OH (+M)

            CH3 + HO2 <=> CH3O + OH

C2H6 + HO2 <=> C2H5 + H2O2

C2H4 + HO2 <=> C2H3 + H2O2

2 HO2 <=> H2O2 + O2

C2H6 + OH <=> C2H5 + H2O

           C2H3 + O2 <=> CH2O + HCO

        C2H4 + H (+M) <=> C2H5 (+M)

         C2H3 + O2 => CH2O + CO + H

             CH4 + OH <=> CH3 + H2O

-0.6 -0.4 -0.2 0.0 0.2 0.4

 P5C1-0.5

 P8C1-0.5

T
 
= 900 K

                  H + O2 <=> O + OH

           C2H4 + OH <=> C2H3 + H2O

            C2H4 + O <=> CH2CHO + H

           C2H3 + O2 <=> CH2CHO + O

            C2H4 + O <=> CH2 + CH2O

               CH2CHO <=> CH2CO + H

        C2H4 + H (+M) <=> C2H5 (+M)

            CH3 + HO2 <=> CH3O + OH

           C2H6 + OH <=> C2H5 + H2O

             C2H6 + H <=> C2H5 + H2

                 2 CH3 <=> C2H5 + H

             C2H6 + H <=> C2H5 + H2

           C2H5 + O2 <=> C2H4 + HO2

           H + O2 (+M) <=> HO2 (+M)

             C2H4 + O <=> CH3 + HCO

               CH4 + H <=> CH3 + H2

             CH4 + OH <=> CH3 + H2O

-2.0 -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8

 P5C1-0.5

 P8C1-0.5

T
 
= 1200 K

                  H + O2 <=> O + OH

           C2H4 + OH <=> C2H3 + H2O

             HCO + M <=> CO + H + M

       C2H4 (+M) <=> H2 + H2CC (+M)

              CH2 + O2 => CO2 + 2 H

           C2H3 + O2 <=> CH2CHO + O

        C2H4 + H (+M) <=> C2H5 (+M)

           2 CH3 (+M) <=> C2H6 (+M)

             C2H6 + O <=> C2H5 + OH

                 2 CH3 <=> C2H5 + H

             C2H6 + H <=> C2H5 + H2

              CH2O + H <=> H2 + HCO

              HCO + O2 <=> CO + HO2

             CH4 + OH <=> CH3 + H2O

               CH4 + H <=> CH3 + H2

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

T
 
= 2000 K

 P5C1-0.5

 P8C1-0.5

           C2H3 + O2 <=> CH2CHO + O

           C2H4 + OH <=> C2H3 + H2O

            H2O2 (+M) <=> 2 OH (+M)

       C2H4 + HO2 <=> C2H4O1-2 + OH

            CH3 + HO2 <=> CH3O + OH

                  H + O2 <=> O + OH

         C2H6 + HO2 <=> C2H5 + H2O2

         C2H4 + HO2 <=> C2H3 + H2O2

             C2H4O1-2 <=> CH3 + HCO

           C2H6 + OH <=> C2H5 + H2O

                2 HO2 <=> H2O2 + O2

             CH3 + HO2 <=> CH4 + O2

         C2H3 + O2 => CH2O + CO + H

             CH4 + OH <=> CH3 + H2O

-0.6 -0.4 -0.2 0.0 0.2 0.4

 P5C1-1.0

 P8C1-1.0                   H + O2 <=> O + OH

           C2H4 + OH <=> C2H3 + H2O

           C2H3 + O2 <=> CH2CHO + O

            CH3 + HO2 <=> CH3O + OH

            C2H4 + O <=> CH2CHO + H

        C2H4 + H (+M) <=> C2H5 (+M)

                   H + HO2 <=> 2 OH

           C2H6 + OH <=> C2H5 + H2O

                 2 CH3 <=> C2H5 + H

             C2H6 + H <=> C2H5 + H2

             C2H4 + O <=> CH3 + HCO

           C2H5 + O2 <=> C2H4 + HO2

           C2H3 + O2 <=> CH2O + HCO

             CH4 + OH <=> CH3 + H2O

               CH4 + H <=> CH3 + H2

-1.2 -0.8 -0.4 0.0 0.4

 P5C1-1.0

 P8C1-1.0
                  H + O2 <=> O + OH

           C2H4 + OH <=> C2H3 + H2O

           C2H3 + O2 <=> CH2CHO + O

             HCO + M <=> CO + H + M

       C2H4 (+M) <=> H2 + H2CC (+M)

            C3H6 + H <=> C2H4 + CH3

        C2H4 + H (+M) <=> C2H5 (+M)

           2 CH3 (+M) <=> C2H6 (+M)

                 2 CH3 <=> C2H5 + H

             C2H4 + H <=> C2H3 + H2

             C2H6 + H <=> C2H5 + H2

              CH2O + H <=> H2 + HCO

               CH3 + O <=> CH2O + H

             CH4 + OH <=> CH3 + H2O

               CH4 + H <=> CH3 + H2

-0.6 -0.4 -0.2 0.0 0.2 0.4

 P5C1-1.0

 P8C1-1.0

           C2H4 + OH <=> C2H3 + H2O

           C2H3 + O2 <=> CH2CHO + O

            H2O2 (+M) <=> 2 OH (+M)

       C2H4 + HO2 <=> C2H4O1-2 + OH

            CH3 + HO2 <=> CH3O + OH

         C2H6 + HO2 <=> C2H5 + H2O2

         C2H4 + HO2 <=> C2H3 + H2O2

                2 HO2 <=> H2O2 + O2

           C2H6 + OH <=> C2H5 + H2O

           C2H3 + O2 <=> CH2O + HCO

                2 HO2 <=> H2O2 + O2

             CH3 + HO2 <=> CH4 + O2

         C2H3 + O2 => CH2O + CO + H

             CH4 + OH <=> CH3 + H2O

-0.6 -0.4 -0.2 0.0 0.2 0.4

Sensitivity coefficent

 P5C1-2.0

 P8C1-2.0                   H + O2 <=> O + OH

           C2H4 + OH <=> C2H3 + H2O

           C2H3 + O2 <=> CH2CHO + O

            CH3 + HO2 <=> CH3O + OH

             C2H4 + H <=> C2H3 + H2

            C3H6 + H <=> C2H4 + CH3

        C2H4 + H (+M) <=> C2H5 (+M)

            H2O2 (+M) <=> 2 OH (+M)

                 2 CH3 <=> C2H5 + H

           C2H6 + OH <=> C2H5 + H2O

             C2H6 + H <=> C2H5 + H2

           C2H3 + O2 <=> CH2O + HCO

         C2H3 + O2 => CH2O + CO + H

             CH4 + OH <=> CH3 + H2O

               CH4 + H <=> CH3 + H2

-1.2 -0.8 -0.4 0.0 0.4 0.8

Sensitivity coefficent

 P5C1-2.0

 P8C1-2.0                   H + O2 <=> O + OH

           C2H3 + O2 <=> CH2CHO + O

       C2H4 (+M) <=> H2 + H2CC (+M)

            C3H6 + H <=> C2H4 + CH3

           C2H4 + OH <=> C2H3 + H2O

        C2H4 + H (+M) <=> C2H5 (+M)

           2 CH3 (+M) <=> C2H6 (+M)

              CH2 + O2 <=> CH2O + O

             C2H3 + H <=> C2H2 + H2

             C2H6 + H <=> C2H5 + H2

             C2H4 + H <=> C2H3 + H2

        C2H2 + H (+M) <=> C2H3 (+M)

             CH4 + OH <=> CH3 + H2O

               CH3 + O <=> CH2O + H

          C2H3 + CH3 <=> C2H2 + CH4

               CH4 + H <=> CH3 + H2

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Sensitivity coefficent

 P5C1-2.0

 P8C1-2.0

 

Figure 7-9. Sensitivity analysis of IDT corresponding to the temperature 1200 K (0.833) in Figure 7-

5(c). 

In addition, Figure 7-5(d) shows that although the effect of pressure on the reactivity of the 

methane/ethylene mixtures is more sensitive to temperature in comparison to the ethane/ethylene 

mixtures, this effect shows a very high sensitivity to temperature for the ethane/ethylene 

mixtures in the temperature range 1050ï1500 K. Increasing the temperature of the 

ethane/ethylene mixture from 1050 K to 1220 K decreases the reactivity by approximately 48%, 

while further increasing the temperature to 1500 K retrieves the mixtureôs reactivity. 
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Furthermore, it is demonstrated in Figure 7-5(d) that the reactivity of ethane/ethylene mixtures is 

more sensitive to pressure rise compared to the methane/ethylene mixtures. However, they show 

almost the same sensitivity and dependency at high-temperatures (Ó 1666 K) and low-

temperatures (Ò 900 K). Figure 7-5(d) also shows that for both the methane/ethylene and 

ethane/ethylene mixtures, increasing pressure has the most prominent effect on reactivity in the 

temperature range 1100ï1330 K. 

Sensitivity and flux analyses (Figures 7-10, DS43 and DS44) reveal that increasing the pressure 

of the methane/ethylene and the ethane/ethylene blends from 1 to 40 bar at 1200 K, intensifies 

H-atom abstraction from CH4, C2H6, and C2H4 by ἽH and HἽ2 radicals and simultaneously 

inhibits abstraction by  atoms. These may stem from the promotions in importance of the 

reactions:  + O2 (+M) ź HἽ2 (+M) and H2O2 (+M) ź ἽH + ἽH (+M) with increasing 

pressure. One can see in Figures 7-10 and ES44 that these effects are more pronounced in the 

ethane/ethylene blend, and thus the blend shows a higher sensitivity to the effects at 1200 K. As 

seen in Figure 7-10, increasing the pressure at 1200 K suppresses the C2H4 + ¥ ź #H + 

CH2O/ǘH3 + HǘO reactions, and in particular the important chain branching reaction C2H4 + Ö 

ź ǘH2CHO + . Moreover, Figures 7-10 and DS44 demonstrate that increasing the pressure of 

the ethane/ethylene blend at 1200 K suppresses the reverse chain branching reaction ǘ2H4 +  

(+M) ź ǘ2H5 (+M) and simultaneously promotes the chain propagating reactions C2H6 + HἽ2 

ź ǘ2H5 + H2O2 and C2H4 + HἽ2 ź ǘ2H3 + H2O2. All of these effects make the 

methane/ethylene, and the ethane/ethylene blends less reactive compared to the base cases 

(P5C1 and P8C1). 
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                  H + O2 <=> O + OH

           C2H4 + OH <=> C2H3 + H2O

            C2H4 + O <=> CH2CHO + H

           C2H3 + O2 <=> CH2CHO + O

            C2H4 + O <=> CH2 + CH2O

               CH2CHO <=> CH2CO + H

        C2H4 + H (+M) <=> C2H5 (+M)

            CH3 + HO2 <=> CH3O + OH

           C2H6 + OH <=> C2H5 + H2O

             C2H6 + H <=> C2H5 + H2

                 2 CH3 <=> C2H5 + H

             C2H6 + H <=> C2H5 + H2

           C2H5 + O2 <=> C2H4 + HO2

           H + O2 (+M) <=> HO2 (+M)

             C2H4 + O <=> CH3 + HCO

               CH4 + H <=> CH3 + H2

             CH4 + OH <=> CH3 + H2O

-2.0 -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8

T= 1200 K

 P5C1-1 bar

 P8C1-1 bar

                  H + O2 <=> O + OH

           C2H4 + OH <=> C2H3 + H2O

           C2H3 + O2 <=> CH2CHO + O

            CH3 + HO2 <=> CH3O + OH

            H2O2 (+M) <=> 2 OH (+M)

         C2H4 + HO2 <=> C2H3 + H2O2

         C2H6 + HO2 <=> C2H5 + H2O2

        C2H4 + H (+M) <=> C2H5 (+M)

           C2H5 + O2 <=> C2H4 + HO2

           C2H6 + OH <=> C2H5 + H2O

             CH3 + HO2 <=> CH4 + O2

         C2H3 + O2 => CH2O + CO + H

           H + O2 (+M) <=> HO2 (+M)

             CH4 + OH <=> CH3 + H2O

-0.6 -0.4 -0.2 0.0 0.2 0.4

 P5C1-20 bar

 P8C1-20 bar

           C2H4 + OH <=> C2H3 + H2O

                  H + O2 <=> O + OH

           C2H3 + O2 <=> CH2CHO + O

            CH3 + HO2 <=> CH3O + OH

            H2O2 (+M) <=> 2 OH (+M)

         C2H4 + HO2 <=> C2H3 + H2O2

         C2H6 + HO2 <=> C2H5 + H2O2

                2 HO2 <=> H2O2 + O2

           C2H6 + OH <=> C2H5 + H2O

             CH3 + HO2 <=> CH4 + O2

         C2H3 + O2 => CH2O + CO + H

           H + O2 (+M) <=> HO2 (+M)

             CH4 + OH <=> CH3 + H2O

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Sensitivity coefficent

 P5C1-40 bar

 P8C1-40 bar

 

Figure 7-10. Sensitivity analysis of IDT corresponding to the temperature 1200 K (0.833) in Figure 

7-5(d). 

7.4.3  Correlations and their performances 

Having reliable global expressions that can properly explain the reactivity of different mixtures 

under different physio-chemical conditions is demanding. Global correlations can significantly 

decrease the computational time of real-time/scale combustion systems and CFD simulations. 

Hence, in this section, several correlations are derived based on the constant volume simulations 

of NUIGMech1.0 [13], which we have shown can reasonably predict IDTs for 

methane/ethylene, methane/ethane, and ethane/ethylene mixtures over a wide range of binary 

blended fuel conditions. The applied procedure for deriving the correlations has already been 

discussed by the authors [13]. The validity ranges of the correlations are: 1 Ò p Ò 50 atm, 800 Ò T 

Ò 2000 K, 0.25 Ò ű Ò 3.0, 75% Ò dilution Ò 95%, and Fuel_1/Fuel_2: 30/70%, 50/50%, and 

70/30% which stems from the targets of the current study. Thus, the following simple correlation 

style is used to mathematically explain the relationship for the conditions studied: 
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† ȟ ρπÅØÐ &ÕÅÌρͅ &ÕÅÌςͅ /ØÙÇÅÎ$ÉÌÕÅÎÔ        (7-3) 

where the concentrations (mol mï3) of fuels, oxygen, and diluent are calculated based on the 

ideal gas law in accordance with the partial pressure of each species in the mixture at a specific 

temperature. Tables (7-3) ï (7-5) show that the correlations are evaluated by sub-dividing the 

numerically studied conditions into two regimes; a) low, intermediate, and high temperatures; 

and b) high- and low-pressure, corresponding to the different chemistry controlling ignition over 

these conditions. However, based on our correlation procedure (constant-volume adiabatic 

simulations), the derived correlations for the low-temperature regime are not able to capture the 

experimental IDTs where non-ideal effects (mostly heat loss effects) are prominent. Therefore, 

the performance of the correlations is evaluated only in the intermediate-to-high temperature 

regime. In this regard, Origin 8.5 software [28] is used to derive the correlation parameters 

included in Eq. (7-3). The coefficients of the extracted correlations for methane/ethylene, 

methane/ethane, and ethane/ethylene, including standard errors and validity ranges over the 

studied conditions, are presented in Tables (7-3) ï (7-5). 

The performance of the derived correlations versus the available experimental IDT data in the 

literature (methane/ethane) and the newly-taken data of the present study (methane/ethylene and 

ethane/ethylene) was already shown in Figures (7-2) ï (7-4). In these figures, the red dashed 

lines refer to the derived correlations. However, the red dashed line is replaced by a blue line if 

one parameter (e.g., pressure or dilution) is outside the range of correlation. It is seen in Figure 

7-2 that the correlation formula can duplicate the experimental IDT data trend of the 

methane/ethylene mixtures over a wide range of conditions. The correlation coefficients for the 

methane/ethylene mixtures are presented in Table 7-3. Although, as seen in Figures 7-2(a), (e), 

and (i), correlating the simulation results using the format presented in Eq. (7-3) is inaccurate 

with significant uncertainties due to the highly non-linear behavior of the methane/ethylene 

mixtures at pressures in the range 1ï15 atm. As already shown in the sensitivity analysis plots, 
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the highly non-linearity of IDTs within 1ï15 bar range almost stems from high sensitivity of the 

IDTs to  + O2 (+M) ź HἽ2 (+M) and  + O2 ź ¥ + ἽH which change significantly with 

pressure over the range investigated. In this regard, the average (‏Ӷ ) and standard 

(„ ) deviation of the methane/ethylene correlations from the experimental data (only 

shockïtube data) over the studied temperature range is presented in Table 7-6. 

Here, it should be noted that highly non-linear behavior of the oxidation chemistry of the studied 

binary blended fuels over certain ranges of the studied conditions may cause that the simple 

form of the correlation presented in Eq. (7-3) fails to accurately predict experimental IDTs, 

especially in the range 1ï20 atm. In fact, high sensitivity of IDT to some nonïlinear dependency 

of vital reactions and also changing the vital reactions over certain ranges of fuel concentration, 

temperature, and pressure make the chemically predicted IDTs more scattered in terms of the 

defined parameters in Eq. (7-3), so that the derived regressions would be less accurate depending 

on the scattering level of the calculated IDTs by the parent high fidelity chemical mechanism. 

Such deviations could be somehow understood by looking at R2, ɢ2, and importantly high 

standard errors of the derived coefficients for the parameters in Eq. (7-3). Therefore, as seen in 

the relevant table for methane + ethylene blends, it was not possible to derive a proper simple 

shape correlation for IDTs in the pressure range of 1ï15 atm. For compensating the issue, the 

authors tried to divide the correlation zones into several regions in accordance with temperature, 

pressure, and equivalence ratios and bundle the same pose regions into one category to get more 

accurate correlations. Moreover, as mentioned above, in some regions related to low 

temperatures in which the experimental IDTs measured using RCM, again, some discrepancies 

between the correlation and the model predictions could be seen. These discrepancies stem from 

the fact that the correlations are derived based on constant volume adiabatic calculations, while 

the experiments suffer from non-idealities such as heat loss, which substantially can affect the 

measured IDT. However, these non-idealities can be robustly treated in the RCM simulations of 
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the parent chemical model by imposing a volume history profile. Thus, the red dashed lines for 

IDTs above 10 ms often show under prediction, which can be explained by the heat loss effect 

that occurs in the RCM experiments, which are not taken into account in the correlations. 

Furthermore, the IDT criterion is another parameter that may affect the performance of the 

correlations versus the parent chemical mechanism. The correlations have been derived based on 

IDTs calculated by the maximum gradient in pressure history, while some experimental IDTs 

and their respective simulation data (specially < 10 bar) were determined using different 

definitions such as the maximum gradient in CH* or OH* history. 

Figure 7-3 shows that the simple derived correlations which are reported in Table 7-4 for the 

methane/ethane mixtures can reasonably reproduce the experimental IDTs and their trends, even 

for those outside of the range of the correlation (Figures 7-3(a) and (i); dilution level > 95%). 

Thus, the average and standard deviation of the methane/ethane correlations from the 

experimental data (only shock tube data) over the temperature range studied are provided in 

Table 7-7. It is seen that the average deviation between the correlations and the experimental 

data over the studied conditions in the high-temperature regime is approximately 35%. 

The performance of the derived correlations in predicting the IDTs of the ethane/ethylene 

mixtures is shown in Figure 7-4. The coefficients of the correlations are presented in Table 7-5 

at both low and high temperatures. By comparing the experimental data and the correlations in 

Figure 7-4, it is apparent that the derived correlations can acceptably predict the measured IDTs 

with an accuracy comparable to NUIGMech1.0. In this regard, it is observed in Table 7-8 that 

the average deviation between the correlations and the experimental data over the studied 

conditions in the high-temperature regime is approximately 40%. 

Furthermore, by increasing the compressed pressure to 20 and 40 bar, it is seen in Figures (7-2 ï 

(7-4) that all of the correlations can acceptably predict experimental IDTs even in the 

intermediate-to-low temperature regime. This stems from the fact that the high-pressure 
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chemistry does not significantly change within the 15ï50 bar (3.33 times) window in deriving 

the correlations, while this effect is dramatically sensitive to changes in pressure in the range 1ï

15 bar (15 times). This fact is somehow demonstrated in Figure 7-11. Although the correlations 

were derived over 1ï50 atm, according to the pressure effect discussed above, the correlation 

could satisfactorily predict the experimental IDTs (within ±40%) over 125 bar, low temperature, 

and relatively short IDT regimes in where the heat loss effect would be minor in RCM facilities. 

This finding could be interesting in terms of mimicking gas engine operating pressure, which is 

almost above 40 bar. Furthermore, it is interesting to note that the performance of the simple 

correlations in reproducing the experimental IDTs is better than NUIGMech1.0 at some 

conditions (e.g., high-temperature regime > 1400 K) such as in Figures 7-2(h), 7-3(b), 7-4(f) and 

7-4(h). 

Table 7-3. Evaluated coefficients for correlation of the simulated IDTs for methane + ethylene 

mixtures. 

0.25 Ò ű Ò 2.0 

75 Ò Dilution Ò 95% 

▬ȟἫ  /atm 

╣ȟἫ  /K ╣ȟἫ  /K 

A -8.335 ± 0.021 -9.901 ± 0.0236 

B 15676.25 ± 36.39 18356.2 ± 63.216 

C [methane] -0.214 ± 0.0018 1.047 ± 0.0053 

D [ethylene] -0.598 ± 0.0019 -1.1196 ± 0.0054 

E -0.1362 ± 0.0023 -1.2955 ± 0.0046 

F 0.0746 ± 0.004 0.684 ± 0.0069 

R2 0.991 0.976 

ɢ2 2.54E-04 3.05E-10 

Table 7-4. Evaluated coefficients for correlation of the simulated IDTs for methane + ethane 

mixtures. 

0.25 Ò ű Ò 2.0 

75 Ò Dilution Ò 95% 

▬ȟἫ  /atm ▬ȟἫ  /atm ▬ȟἫ  /atm 

╣ȟἫ  /K ╣ȟἫ  /K 

A -9.783 ± 0.0151 -9.101 ± 0.033 -9.949 ± 0.0264 

B 19718.499 ± 26.840 19258.657 ± 97.04 19458.945 ± 72.877 

C [methane] -0.1653 ± 9.26E-04 1.439 ± 0.008 0.7469 ± 0.0042 

D [ethane] -0.4759 ± 0.001 -0.2413 ± 0.009 -0.717 ± 0.0045 

E -0.067 ± 0.0012 -2.111 ± 0.0107 -1.129 ± 0.0044 

F -0.1378 ± 0.002 0.3386 ± 0.0054 0.4771 ± 0.007 

R2 0.998 0.974 0.973 

ɢ2 3.74E-04 4.32E-09 2.34E-10 
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Table 7-5. Evaluated coefficients for correlation of the simulated IDTs for ethane + ethylene 

mixtures. 

0.25 Ò ű Ò 2.0 

75 Ò Dilution Ò 95% 

▬ȟἫ  /atm ▬ȟἫ  /atm ▬ȟἫ  /atm 

╣ȟἫ  /K ╣ȟἫ  /K 

A -9.827 ± 0.0261 -8.6581 ± 0.0209 -12.118 ± 0.0298 

B 19125.037 ± 46.261 15455.624 ± 62.281 23088.771 ± 86.772 

C [ethylene] -0.466 ± 0.0017 -0.0348 ± 0.004 -0.2374 ± 0.0027 

D [ethane] -0.2555 ± 0.0018 0.4395 ± 0.0044 0.0316 ± 0.0029 

E -0.0496 ± 0.0021 -1.2105 ± 0.0057 -0.4924 ± 0.0034 

F -0.08497 ± 0.0037 0.2072 ± 0.0045 0.41 ± 0.0056 

R2 0.992 0.977 0.976 

ɢ2 5.19E-04 1.12E-10 1.19E-11 

Table 7-6. Performance of the methane/ethylene correlations versus the experimental data shown in 

Figure 2. 

Experimental data set ♯╬▫►►▄●▬ (%) Ɑ╬▫►►▄●▬ (%)  

P5C1 47.5 22.1 

P5C2 28.3 7.5 

P5C3 29.0 15.0 

P5C4 33.8 22.8 

P5C5 38.4 5.9 

P5C6 26.0 17.0 

P5C7 9.9 9.6 

P5C8 19.8 9.1 

P5C9 131.0 56.4 

Table 7-7. Performance of the methane/ethane correlations versus the experimental data shown in 

Figure 3.  

Experimental data set ♯╬▫►►▄●▬ (%) Ɑ╬▫►►▄●▬ (%) 

P6C1 34.1 15.5 

P6C2 2.1 0.8 

P6C3 18.5 7.1 

P6C4 49.1 47.2 

P6C5 40.8 36.3 

P6C6 30.7 10.1 

P6C7 68.1 8.3 

P6C8 24.5 26.0 

P6C9 45.3 3.8 

Table 7-8. Performance of the ethane/ethylene correlations versus the experimental data shown in 

Figure 4.  

Experimental data set ♯╬▫►►▄●▬ (%) Ɑ╬▫►►▄●▬ (%) 

P8C1 39.5 11.8 

P8C2 28.8 3.4 

P8C3 80.6 92.9 

P8C4 36.5 37.3 

P8C5 36.8 4.0 

P8C6 24.9 33.9 

P8C7 24.7 11.9 

P8C8 74.6 92.5 

P8C9 9.9 11.8 
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Figure 7-11. Performance of the derived correlation under an overpressure (> 50 bar) condition 

[11]. 

7.5  Conclusions 

To create a comprehensive IDT database, a detail experimental and simulation study of the IDT 

characteristics of binary blended C1ïC2 alkane/alkene fuels including methane/ethylene, 

methane/ethane, and ethane/ethylene combinations over a wide range of temperature, pressure, 

equivalence ratio, binary combination, and dilution was performed. An extensive literature 

review was conducted, and available data, especially for methane/ethane blends were extracted 

to be used in the simulations. The experimental tests were designed using the Taguchi matrix 

(L9). Nine data sets including 160 data points for methane + ethylene (pC: 1, 20 and 40 bar; ű: 

0.5, 1.0, and 2.0; dilution: 75, 85, and 90%)  and nine data sets including 140 data points for 

ethane + ethylene (pC: 1, 20, and 40 bar; ű: 0.5, 1.0, and 2.0; dilution: 75, 85, and 90%) were 

recorded using L/HPST and RCM facilities at C3-NUIG and PCFC-RWTH Aachen University. 

The experimental data presented here provides a new insight into the oxidation of alkane/alkene 

blended fuel mixtures. These findings are technologically important in terms of safety and the 

design of new low-emission and size-efficient combustion systems. 
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The individual effects of the studied parameters (alkane ratio, dilution, equivalence ratio, and 

dilution) on the IDTs have been considered in detail. The results showed that most parameters do 

not have a monotonic effect on mixture reactivity over the entire temperature range (800ï2100 

K), in that the reactivity of mixtures in certain temperature ranges can be very sensitive to the 

studied parameters, while this sensitivity can be low over other temperature ranges. 

Interestingly, it was shown that increasing the alkanes concentration in the alkane + alkene 

blends at 1 bar, ű: 0.5 and dilution of 75% has a Gaussian distribution with temperature around 

1200 K. However, increasing the pressure or dilution percent has a minimum effect on the 

blends reactivity at 1200 K and 1100 K, respectively. 

Furthermore, the performances of NUIGMech1.0, in addition to several derived correlations for 

the blended fuels, were evaluated using all of the available and measured experimental IDT data. 

The results showed that NUIGMech1.0 could acceptably predict the measured IDTs. Moreover, 

the results showed that the derived correlations based on NUIGMech1.0 for the studied blended 

fuel mixtures could satisfactorily reproduce the experimental IDT data within the studied range. 

This can be a very versatile rule-of-thumb tool to use in predicting the IDT characteristics of the 

fuel blends studied. 
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Abstract 

In this work, the ignition delay time characteristics of C2 ï C3 binary blends of gaseous 

hydrocarbons including ethylene/propane and ethane/propane are studied over a wide range of 

temperatures (750 ï 2000 K), pressures (1 ï 135 bar), equivalence ratios (ű = 0.5 ï 2.0) and 

dilutions (75 ï 90%). A matrix of experimental conditions is generated using the Taguchi (L9) 

approach to cover the range of conditions for the validation of a chemical kinetic model. The 

experimental ignition delay time data are recorded using low- and high-pressure shock tubes and 

two rapid compression machines (RCM) to include all the designed conditions. These novel 

experiments provide a direct validation of the chemical kinetic model, NUIGMech1.1, and its 

performance is characterized via statistical analysis, with the agreement between experiments 

and model being within ~ 26.4% over all of the conditions studied, which is comparable with a 

general absolute uncertainty of the applied facilities (~ 20%). Sensitivity and flux analyses allow 

for the key reactions controlling the ignition behavior of the blends to be identified. Subsequent 

analyses are performed to identify those reactions which are important for the pure fuel 

components and for the blended fuels, and synergistic/antagonistic blending effects are therefore 

identified over the wide range of conditions. The overall performance of NUIGMech1.1 and the 

correlations generated are in good agreement with the experimental data. 

Keywords: Ethane, ethylene, propane, shock-tube, rapid compression machine, ignition delay 

time, detailed kinetic model 
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8.1  Introduction  

According to the U.S. Energy Information Administration (EIA) report 2019 [1], it is projected 

that global energy consumption will increase by approximately 28% in 2050 compared to 2018 

levels, with fossil fuels providing around 77% of the total energy demand. Liquid fuels, natural 

gas, and coal are the most important sources amongst all fossil fuels. Liquid fuels, such as 

gasoline, diesel, etc. are predicted to represent around 33% of energy consumption, with natural 

gas at close to 30%, coal near 18%, with the remaining 19% corresponding to nuclear, 

hydropower, and renewable sources [2]. 

The combustion of fossil fuels is the main sources of CO2, SOx, and NOx emissions, among other 

pollutants. In this regard, natural gas is considered preferable to other fossil fuels including 

liquid fuels and coal as it is a cleaner energy source, having the highest hydrogen/carbon among 

them. Widely used in the domestic, transportation, and industrial sectors, liquefied natural gas 

(LNG) is typically composed of methane (82 ï 100%) but can contain substantial amounts of 

ethane, propane and butane, while liquified petroleum gas (LPG) includes mainly propane, and 

butane. To reduce emissions, it is necessary to improve the efficiency of the combustion systems 

for which a detailed understanding of the combustion chemistry is essential. The oxidation 

kinetics of small hydrocarbons play an important role as the base of any mechanism for 

alternative fuels. For these reasons, the combustion community is interested in enhancing our 

understanding of the chemistry controlling the oxidation of hydrocarbons to increase the 

efficiency of engines and to reduce the emission of pollutants such as soot, NOx, UHCs 

(unburned hydrocarbons), and greenhouse gases in general. Thus, the generation of reliable 

chemical kinetic mechanisms is essential in achieving this. A hierarchical [3-6] (bottom-up) 

strategy has proven to be a good way to develop reliable chemical kinetic mechanisms and 

improve our understanding of the chemistry controlling pyrolysis and oxidation. 
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Combustion properties of fuels such as ignition delay time (IDT), speciation profiles, flame 

speed, and others become invaluable for the optimization of combustors. Relevant experiments 

and modeling studies for mono-fuels and some blends, such as ethylene, ethane, and propane, 

have been carried out with different methods and are available in the literature [7-14]. 

Dagaut et al. [15-17] studied species profiles consumed and produced during the oxidation 

ethylene, ethane, and propane in a jet-stirred reactor (JSR) using fuel mixtures diluted with 

nitrogen, at equivalence ratios (ű) of 0.1 ï 4.0, at pressures ranging from 1 ï 10 atm in the 

temperature range 800 ï 1250 K. Their conclusions showed the importance of small molecule 

sub-mechanisms including CO2, CH2O, CH4, C2H2, C2H4, and C3H6 on the combustion of higher 

hydrocarbons. 

Lowry et al. [18] measured laminar premixed flame speeds of pure methane, ethane, propane, 

and their binary blends with methane, at ű = 0.7 ï 1.3, in a constant-volume cylindrical vessel, in 

the pressure range 1 ï 10 atm, at room temperature (298 K). It was highlighted the need to 

extensively the synergistic effect of blends in comparison to pure fuels.  

Baigmohammadi et al. [5, 6] measured IDTs for pure ethylene, ethane, and propane, and binary 

alkane/alkene blends in a shock tube (ST) and a rapid compression machine (RCM) at ű = 0.5 ï 

2.0, at pressures ranging from 20 ï 40 atm in the temperature range of 800 ï 2000 K. Their 

conclusions showed that the synergistic effect on the reactivity of the mixture is important not 

only based on the fuel blends but in each variable considered during the combustion phenomena 

such as pressure, temperature, dilution, etc. These previous studies [5, 6, 15-17] also used 

chemical kinetic mechanisms to predict the experimental data presented and identify the most 

relevant chemical reactions controlling the oxidation of these fuels. 

Despite the large amount of data for pure ethylene, ethane, and propane fuels, there are 

comparatively fewer studies of their blends, Table 8-1. 
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Table 8-1. IDTs for C2H4, C2H6, C3H8, and binary blends from the literature. 

Facility Fuel pC / atm TC / K Year Reference 

ST/RCM C2H4 1 ï 40 773 ï 2200 1999 ï 2020 [5, 8, 19-22] 

ST/RCM C2H6 1 ï 40 830 ï 1862 1971 ï 2020 [5, 9, 23-25] 

ST/RCM C3H8 1 ï 40 689 ï 2615 1977 ï 2013 [26-31] 

ST/RCM C2H4/C2H6 1 ï 40 800 ï 2000 2020 [6] 

Firstly, the current study aims to address this by providing IDT data for binary C2H4/C3H8 and 

C2H6/C3H8 blends over a wide range of temperatures, pressures, equivalence ratios, and dilutions 

relevant to engine and gas turbine conditions. Secondly, it aims to validate a detailed chemical 

kinetic model using novel experiments and literature data. Provided first is a summary of the 

experimental condition details and approaches taken for this study, followed by details of the 

modeling work. The results and discussion section encompasses all the comparisons of the 

model performance with the experimental data. Additionally, a comparison of the most 

important reactions for the pure fuels and their binary blends are presented to determine the 

kinetics controlling the reactivity of the blends. 

8.2  Design of experiments and experimental approaches 

All of the measured IDTs collected and presented in this study were obtained using two different 

shock tubes (ST) and two rapid compression machines (RCMs). For those experiments carried 

out at NUI Galway at pressures ranging from 1 ï 40 bar and intermediate-to-high-temperatures 

(> 1000 K), low- (LPST) (pC = 1 bar) and high-pressure (pC Ó 20 bar) shock tubes (HPSTs) were 

applied. The IDT experiments corresponding to the relatively high-pressure (20 Ò pC Ò 40 bar) 

and low-temperature (< 1000 K) regimes were taken using a twin-piston RCM. Some 

experiments at working pressures of 40 bar and greater were measured using a single-piston 

RCM at the Physico-Chemical Fundamentals of Combustion (PCFC)-RWTH [32, 33] Aachen 

University to enhance the fidelity of the experimental IDTs. Details of these facilities and their 

operating characteristics are available in the literature [6, 34, 35]. 
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For the IDT experiments performed at NUIG, ethane, ethylene, and propane gases with a purity 

of 99.95% were supplied by Air liquid UK. BOC Ireland provided all other gases with purities of 

99.99% for oxygen, nitrogen, argon, and 99.96% for helium. At the PCFC-RWTH Aachen 

University, the alkane/alkene gases were supplied by Westfalen AG with a 99.95% purity. All 

other gases were supplied by Westfalen AG and Praxair with purities of oxygen Ó 99.995%, 

nitrogen Ó 99.95%, and argon Ó 99.996%. 

To stochastically distribute the experimental IDTs, the experimental conditions for this study 

were generated using the Taguchi [36] approach by applying an L9 matrix based on four 

parameters of propane concentration, pressure, equivalence ratio, and dilution and also three 

different levels for each parameter studied. This approach has already been described by 

Baigmohammadi et al. [5, 6]. 
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Figure 8-1. Experimental Taguchi [36] L9 matrix of conditions. For 90%/10%, 70%/30%, and 

50%/50% ratios (a) red: binary C2H4/C3H8 blends, blue: binary C2H6/C3H8 blends; and (b) 

pressure, equivalence ratio, and dilution parameters. 

For the mixture conditions studied, the propane concentration in the fuel blends varies from 10 ï 

50%, at pressures ranging from 10 ï 135 bar, for ű of 0.5 ï 2.0 and at dilutions of 75 ï 90% (75% 

N2 + 0ï15% Ar). However, the ratio between the diluents were changed at lowïtemperature 

regime (RCM) depending on the desired compressed gas temperature. A synopsis of the 

designed conditions is presented Figure 8-1 in Table 8-2. 
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In the current study, most of the measured IDTs in the HPST and RCMs [10, 33, 37-42] are 

defined as the time between compression and the maximum gradient in pressure () behind the 

reflected shock. However, we define the ignition event as the maximum gradient in CH*
ᶻ

 

behind the reflected shock in the LPST measured by a photomultiplier and also when the test 

mixture is highly diluted in the HPST. 

Table 8-2. C2H4/C3H8 and C2H6/C3H8 mixture compositions in % mole volume in the current study. 

Where keywords NUIG refers to ST/RCM facilities at C3-NUIGalway, and PCFC refers to RCM 

facility at PCFC-RWTH Aachen University, respectively. 

 No. % C2H6 % C2H4 % C3H8 % O2 Dilution  ű pC / bar Facility  

C2H4/C3H8 

50%/50% 

1 0.000 1.40 1.400 22.20 75% N2 0.5 1 NUIG 

2 0.000 1.50 1.500 12.00 75% N2+10% Ar 1.0 20 NUIG 

3 0.000 1.70 1.700  6.60 75% N2+15% Ar 2.0 40 NUIG/ PCFC 

C2H4/C3H8 

70%/30% 

4 0.000 3.75 1.610  9.64 75% N2+10% Ar 2.0 1 NUIG 

5 0.000 0.85 0.360 8.790 75% N2+15% Ar 0.5 20 NUIG 

6 0.000 3.80 1.600 19.60 75% N2 1.0 40 NUIG 

C2H4/C3H8 

90%/10% 

7 0.000 2.10 0.200  7.70 75% N2+15% Ar 1.0 1 NUIG 

8 0.000 8.60 1.000 15.40 75% N2 2.0 20 NUIG 

9 0.000 1.80 0.200 13.00 75% N2+10% Ar 0.5 40 NUIG/ PCFC 

C2H6/C3H8 

50%/50% 

10 1.300 0.00 1.300 22.40 75% N2 0.5 1 NUIG 

11 1.430 0.00 1.430 12.14 75% N2+10% Ar 1.0 20 NUIG 

12 1.600 0.00 1.600 6.80 75% N2+15% Ar 2.0 40 NUIG/ PCFC 

C2H6/C3H8 

70%/30% 

13 3.530 0.00 1.510  9.96 75% N2+10% Ar 2.0 1 NUIG 

14 0.790 0.00 0.340  8.87 75% N2+15% Ar 0.5 20 NUIG 

15 3.535 0.00 1.515 19.95 75% N2 1.0 40 NUIG 

C2H6/C3H8 

90%/10% 

16 1.940 0.00 0.220  7.84 75% N2+15% Ar 1.0 1 NUIG 

17 8.000 0.00 0.900 16.10 75% N2 2.0 20 NUIG 

18 1.600 0.00 0.200 13.20 75% N2+10% Ar 0.5 40 NUIG/ PCFC 

19 1.860 0.00 0.210  7.53 45.2% N2+45.2% Ar 1.0 90 PCFC 

20 2.520 0.00 0.280 20.40 76.8% N2 0.5 120 PCFC 

21 1.860 0.00 0.210  7.53 65.4% N2+25% Ar 1.0 135 PCFC 

The corresponding uncertainties involved in the measured IDTs are discussed by 

Baigmohammadi et al. [5, 6]. Based on the analysis, the uncertainties in compressed mixture 

temperatures (ůTc,5) and measured IDTs change for every individual experimental point 

depending on the initial temperature, pressure, and/or mixture composition. In this regard, the 

average uncertainties of the compressed temperatures and the measured IDTs in NUIG-L/HPSTs 

are estimated to be approximately ± 10/20 K and ± 25%, respectively. However, the compressed 
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temperature uncertainty and the measured IDT variation in the NUIG and PCFC RCMs are 

evaluated to be about ± 5 ï 15 K and ± 20% over the entire range of conditions. 

8.3  Computational modeling 

In the current study, NUIGMech1.1 is used to simulate the experimental targets. This 

mechanism comprises 2746 species and 11270 reactions, which is developed based on series of 

recent experimental [4-6, 43-47] and theoretical studies [48-50]. These works are outcome of 

continuous evolution of the detailed NUIGMech1.1 model which is extensively validated in the 

prior studies for oxidation of C1ïC2 hydrocarbons [5, 6], natural gas mixtures [44], 

propane/propene blends [47], propyne [45], iso-butene [51], as well as auto-ignition and 

pyrolysis of C2 ï C6 alkenes [4, 46]. The current work is a part of simultaneous development of 

the overall NUIGMecah1.1 mechanism. For the purpose of comparison, AramcoMech3.0 [52] is 

also utilized to perform simulations against the IDT experimental data from this study. 

Modifications of the most important reactions explicit to ethane, ethylene and propane chemistry 

in NUIGMech1.1 havenôt been mentioned in detail in the previous publications [5, 6, 43, 50], 

and thus are discussed in this study. 

The experimental results were simulated using Python scripts based on the Cantera 2.4 [53] 

library and the CHEMKIN-Pro 18.2 [54] software, Cantera is suitable for automatization making 

data manipulation faster; however, Chemkin-Pro is faster for simulations involving large 

mechanisms and thus is more suitable for simulations when a full mechanism is required. As 

mentioned above, the definition of IDT is taken as the maximum gradient of pressure or radical 

concentration with respect to time for the ST simulations. In the RCM simulations, facility 

effects are included using the volume-time profiles derived from non-reactive experimental 

pressure-time traces in which O2 is replaced by N2 in the mixture [55, 56].  
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The global model uncertainties, ‭MAD and ‭MAPE, are calculated based on the differences between 

experimental data and mechanism simulated data using the Mean Absolute Deviations (MAD), 

and the Mean Absolute Percentage Error (MAPE), equations 8-1 and 8-2 respectively. However, 

to analyze the data with an individual error, the Relative Percentage Error (RPE), ‐RPE, was used 

(equation 8-3) to generate the histograms presented in this work. The mathematical expressions 

used are the following: 

‭a!5
ρ

ὲ
ȿὍὈὝƳƻŘ ὍὈὝŜȄǇȿ (8-1) 

‭a!t9
ρ

ὲ

ὍὈὝƳƻŘ ὍὈὝŜȄǇ

ὍὈὝŜȄǇ
ρzππ (8-2) 

‐wt9
ὍὈὝƳƻŘ ὍὈὝŜȄǇ

ὍὈὝŜȄǇ
ρzππ (8-3) 

where n is the total number of experimental measurements. Further details about the statistical 

analysis are provided appendix E.  

To identify the reactions controlling IDTs, brute-force sensitivity analyses were performed at the 

experimental conditions presented in this study. The sensitivity coefficient (S; [57]) is defined 

as: 

Ὓ  
Ὅὲ†+Ⱦ†-

ὍὲὯ+ȾὯ-
 
Ὅὲ†+Ⱦ†-

ὍὲςȢπȾπȢυ
 

The sensitivity coefficient S calculated using the brute force method is based on the IDT (Ű), 

with the pre-exponential factor in the Arrhenius equations for each reaction perturbed in the 

sensitivity analysis. The sensitivity coefficient can be negative or positive, where a negative 

value refers to a reaction promoting reactivity (decreasing IDT), while a positive value refers to 

a reaction inhibiting reactivity (increasing IDT). Furthermore, rate of production (ROP) analyses 

was carried out to track the consumption of the blends and the production of intermediate 

species. 
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The global correlation discussion based on constant volume (CV) IDT simulations using 

NUIGMech1.1 is presented in the ñRegression analysisò section (Section 8.4.5), together with 

general equations sorted by various temperature and pressure conditions. The aim of these 

correlations is to provide an easy and quick way to determine the IDT behavior of the binary 

fuels. It does not require any kind of software pre-set up, and the coefficients of interest can be 

directly substituted in the equations provided in the respective section. A complete table of 

coefficient values and further details is provided in appendix E. 

8.4  Results and discussions 

All of the experimental results for the ethane/propane (C2H6/C3H8) and ethylene/propane 

(C2H4/C3H8) blends are presented in Section 8.4.1 together with simulations using 

NUIGMech1.1 and AramcoMech3.0 [52]. Henceforth, in all figures, the open symbols represent 

experimental LPST and/or HPST data, and the solid symbols represent the experimental low-

temperature RCM data. Sections 8.4.2 ï 8.4.4 present results for the effects of blend 

composition, pressure, and equivalence ratio using NUIGMech1.1 and their corresponding 

correlations. Finally, Section 8.4.5 discuss the correlation performance. 

8.4.1  Ethylene/propane and ethane/propane blends 

Figures 8-2 and 8-3 present experimental data and model predictions of IDTs over the range of 

conditions studied for the binary C2H4/C3H8 and C2H6/C3H8 blends. 

Figures 8-2 and 8-3 show that NUIGMech1.1 is in better agreement than AramcoMech3.0 with 

the experimental data. Statistical analyses were conducted using the IDTs from the experiments, 

and those calculated using both NUIGMech1.1 and AramcoMech3.0. A total sample of 328 

IDTs was used to determine the mean, standard deviation (ů), mean absolute deviation (MAD), 

relative percentage error (RPE), and mean absolute percentage error (MAPE). Figures. ES10(a) 

and ES10(b), with ñESò notation referring to the Supplementary material  in appendix E, provide 
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the RPE frequency distribution for NUIGMech1.1 and AramcoMech3.0 relative to the IDT 

experiments. It can be inferred that the differences between NUIGMech1.1 and AramcoMech3.0 

are a consequence of the poor predictions of AramcoMech3.0 in the low-temperature regime for 

the C2H4/C3H8 blends. Furthermore, the absolute values of MAPE calculated over the entire 

dataset using NUIGMech1.1 were 26.4%, while that for AramcoMech3.0 is 31.9%, indicating 

the greater accuracy of NUIGMech1.1. As it can accurately predict the IDT data measured over 

a wide range of temperatures, pressures and equivalence ratios, CV simulations are performed 

using NUIGMech1.1 to understand the effects of these operating conditions on the IDTs of pure 

fuels and their binary blends. 
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Figure 8-2. Comparisons of experimental ST (Ǐ) and RCM (ƴ) data against model predictions using 

NUIGMech1.1 (solid lines) and AramcoMech3.0 (dashed lines) for; (a) a 50% C2H4/50% C3H8 

blend at 75% N2 (black symbols/lines), 75% N2 + 10% Ar (red symbols/lines), and 75% N2 + 15% 

Ar (blue symbols/lines); (b) a 70% C2H4/30% C3H8 blend at 75% N2 + 10% Ar (black 

symbols/lines), 75% N2 + 15% Ar (red symbols/lines), and 75% N2 (blue symbols/lines); and (c) a 

90% C2H4/10% C3H8 blend at 75% N2 + 15% Ar (black symbols/lines), 75% N2 (red symbols/lines), 

and 75% N2 + 10% Ar (blue symbols/lines). 
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Figure 8-3. Comparisons of experimental ST (Ǐ) and RCM (ƴ) data against model predictions using 

NUIGMech1.1 (solid lines) and AramcoMech3.0 (dashed lines), for; (a) a 50% C2H6/50% C3H8 

blend at 75% N2 (black symbols/lines), 75% N2 + 10% Ar (red symbols/lines), and 75% N2 + 15% 

Ar (blue symbols/lines); (b) a 70% C2H6/30% C3H8 blend at 75% N2 + 10% Ar (black 

symbols/lines), 75% N2 + 15% Ar (red symbols/lines), and 75% N2 (blue symbols/lines); (c) a 90% 

C2H6/10% C3H8 blend at 75% N2 + 15% Ar (black symbols/lines), 75% N2 (red symbols/lines), 

and 75% N2 + 10% Ar (blue symbols/lines); and (d) a 90% C2H6/10% C3H8 blend at 45.2% N2 + 

45.2% Ar (magenta symbols/lines), 76.8% N2 (green symbols/lines), and 65.4% N2 + 25% Ar 

(orange symbols/lines). 

8.4.2  Synergistic/antagonistic effect of blends 

First, the ignition behavior of pure fuels is analyzed to determine the important reactivity 

controlling reactions. In Figure 8-4, the IDT predictions for C2H4/air, C2H6/air, and C3H8/air 

mixtures at fuel-lean conditions, at pC = 40 bar and TC in the range 740 ī 1660 K are shown. At 

lower temperatures (TC < 1050 K), C3H8 is the fastest fuel to ignite, however, the trend tends to 

reverse at higher temperatures, and it exhibits the slowest reactivity compared to both the C2H4 

and C2H6 mixtures. The reactivity of C2H4 is observed to be higher than C2H6 at all temperatures 

studied here. 
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Figure 8-4. IDT predictions of pure fuels, 90% C2H4/10% C3H8 and 90% C2H6/10% C3H8 binary 

blend in air. The corresponding derived correlation predictions are marked as dotted lines for pure 

fuels and dotted-dashed for binary blends. 

 

Figure 8-5. Flux analyses of pure (a) C2H4, (b) C2H6, and (c) C3H8 fuel ignition for TC = 1430 K, p = 

40 bar and ű = 0.5, at the time of 15% fuel consumption. 

To explore the controlling chemistry at high-temperature conditions, ROP analyses for C2H4/air, 

C2H6/air, and C3H8/air mixtures are illustrated in Figure 8-5 at TC = 1430 K and pC = 40 bar. The 

ROP analyses are performed following an elemental carbon (C) balance. The percentage value 

above the arrow refers to the percentage of the fuel proceeding through that pathway. The 

reaction paths represent the promoting (red color) and inhibiting (blue color) channels of the 

corresponding fuels. At high temperatures, the reactivity of all fuels is governed by the 

dominating chain branching reaction  + O2 ź ¥ + ἽH, which depends on the concentrations of 

 atoms and O2. In the case of C2H4/air ignition, at 1430 K, the fuel mainly undergoes H-atom 
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abstraction by ἽH and  producing vinyl (ǘ2H3) radicals. This radical reacts with O2 to generate 

vinoxy radical (ǘH2CHO) through the chain branching reaction ǘ2H3 + O2 ź ǘH2CHO + Ö. 

Oxygen atoms further react with ethylene greatly promoting reactivity by generating  atoms 

through two different channels, C2H4 + ¥ ź ǘH2CHO +  (18.1%) and C2H4 + ¥ ź ǘH2 + 

CH2O (16%) followed by ǘH2 + O2 ź CO2 +  + . For the reaction of oxygen atoms with 

ethylene the total rate constant and the branching fractions through the various product channels 

(ǘH3 + HǘO, ǘH2CHO + , ǘH2 + CH2O, CH2CO + H2) are taken from the calculations by Li 

et al. [58]. These are in good agreement available experimental data, as shown in Figure 8-6(a). 

Figure 8-6(b) compares the rate constants for the individual pathways associated with the C2H4 + 

Ö system. AramcoMech3.0 used the rate constants for C2H4 + ¥ producing ǘH3 + HǘO and 

ǘH2CHO +  based on the Baulch et al. [59] recommendation. The pathway producing ǘH2 + 

CH2O was not included in AramcoMech3.0, and its inclusion in NUIGMech1.1 significantly 

increases the predicted reactivity. The effect on IDT predictions of updating the rate constant for 

C2H4 + Ö Ÿ products for C2H4/air mixtures is shown in Figure ES19 of appendicx E. The 

ǘH2CHO radical formed here further decomposes to produce ketene and  atom, Figure 8-5(a). 

The formation of substantial concentrations of  atoms is responsible for the faster ignition of 

C2H4/air mixtures at higher temperatures. 
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Figure 8-6. Comparisons for experimental and theoretical determinations for (a) the total reaction 

rate constant of C2H4 + Ö [58, 60-68] and (b) product pathways for the reaction C2H4 + Ö. 
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Ethylene is an important intermediate in C2H6 oxidation. At 1430 K, C2H6 consumption is 

initiated by H-atom abstraction primarily by ἽH and  forming ethyl (ǘ2H5) radicals. There has 

been a wide variety of experimental investigations for these rate constants, as shown in Figure 

ES13. NUIGMech1.1 has an updated rate constant for H-atom abstraction by ἽH based on the 

fit recommended by Krasnoperov et al. [69]. For H-atom abstraction by , we have adopted the 

theoretical calculations from Sivaramakrishnan et al. [70]. ǘ2H5 radicals decompose promptly to 

C2H4 and  atoms, which undergo chain branching by reacting with O2 via  + O2 ź ¥ + ἽH, 

promoting reactivity. However, at 1430 K, approximately 15% of ǘ2H5 radicals react with O2 to 

form C2H4 through the H-atom abstraction reaction that competes with ǘ2H5 radical 

decomposition. The subsequent reaction pathways associated with the C2H6 consumption flux 

are governed by the high-temperature chemistry of C2H4, as discussed in the previous paragraph. 

At higher temperature conditions, ǘ2H5 + O2 ź C2H4 + HἽ2, as well as the H-atom abstraction 

by  from the fuel which competes with the major chain branching reaction  + O2 ź ¥ + ἽH, 

are responsible for the lower reactivity of C2H6 compared to C2H4. 

Similar to ethane and ethylene, propane oxidation is mainly driven by H-atom abstraction by Ἵ- 

radicals and  atoms, generating primary (nǘ3H7) and secondary propyl (iǘ3H7) radicals. Due to 

the importance of H-atom abstraction by ἽH from propane, there have been a large number of 

measurements performed, Figure ES14. The rate constant adopted in this work is the best fit 

from the more recent direct measurements by Sivaramakrishnan et al. [71], who investigated the 

branching fraction for the abstraction of the secondary CïH bond in the temperature range 927 ï 

1146 K, together with the measurement by Droege et al. [72] over the temperature range 298 ï 

900 K (Figure ES14). At 1430 K, approximately 15% of the C3H8 is consumed by unimolecular 

decomposition producing ǘ2H5 and methyl radicals (ǘH3), Figure 8-5(c). Substantial 

concentrations of ǘH3 radicals are also formed from the ɓ-scission of nǘ3H7 radicals. Methyl 

radicals are consumed by reaction with HἽ2 to produce methoxy radicals through the chain 
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branching reaction ǘH3 + HἽ2 ź ǘH3O + ἽH, which promotes reactivity. The route through the 

chain-terminating reaction ǘH3 + HἽ2 ź CH4 + O2 inhibits reactivity. This competition between 

chain branching and termination significantly influences IDT predictions for C3H8. The rate 

constants for these reactions are taken from the theoretical calculations of Jasper et al. [73] and 

Zhu et al. [74] respectively. The rate constants and the branching ratio of the two ǘH3 + HἽ2 

channels agree well with the most recent experimental measurements by Hong et al. [75] (Figure 

ES15). The self-recombination of ǘH3 radicals producing C2H6 further contributes to a reduction 

in the reactivity of propane. The presence of high concentrations of ǘH3 radicals ultimately 

decreases the reactivity of C3H8 compared to C2H6 at high-temperature conditions. 

          C3H8 + OH <=> NC3H7 + H2O

            H2O2 (+M) <=> 2 OH (+M)
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Figure 8-7. Sensitivity analyses to IDT at 790 K, 40 atm, and ű = 0.5, for; (a) C2H4 and 90% 

C2H4/10% C3H8, in air; and (b) C2H6 and 90% C2H6/10% C3H8 in air. 

The effects on IDTs of the addition of C3H8 to C2H4/air and C2H6/air mixtures are presented in 

Figure 8-4. The reactivities of the mixtures increase significantly for the 90% C2H4/10% C3H8 

and 90% C2H6/10% C3H8 binary blends at lower temperatures in the range 740 ï 1000 K. The 

addition of only 10% C3H8 to the C2H4/air and C2H6/air mixtures shortens IDTs by a factor of 

2.8 and 2.0 respectively, at 790 K. To interpret the influence of C3H8 addition on the ignition of 

the C2H4/air and C2H6/air mixtures, sensitivity analyses were performed at 790 K, Figure 8-7. 

Moreover, Figure 8-8 illustrates the flux analyses performed for these mixtures in the same 

condition. The black color represents the flux for the pure C2H4/air or C2H6/air mixtures, and the 
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red color represents the flux for the C3H8 blended binary mixtures. The flux analysis presented in 

Figure 8-8 shows that adding propane in the mixture does not alter the reaction pathways of 

ethylene and ethane chemistry and it also makes insignificant changes to their flux values. 

  

Figure 8-8. Flux analyses for; (a) pure C2H4 (black) and 90% C2H4/10% C3H8 (red); and (b) pure 

C2H6 (black) and 90% C2H6/10% C3H8 (red) mixtures ignition for 790 K and at 40 atm, and ű = 0.5. 

At 790 K, for both pure C2H4 and 90% C2H4/10% C3H8 blend, ethylene is primarily consumed 

by the addition of ἽH radical to the double bond forming hydroxyethyl radicals, which accounts 

for around 70% of the overall C2H4 consumption. These add to molecular oxygen producing 

hydroxyethyl-peroxy radicals (Ἵ2C2H4OH), which subsequently decompose, producing two 

formaldehyde molecules and an ἽH radical or form vinyl alcohol and HἽ2 radicals, the former 

being the most favorable product channel promoting reactivity for the C2H4/air mixture, Figure 

8-8(a). Besides ἽH addition, HἽ2 addition to ethylene producing oxirane (C2H4O1-2) and ἽH 

radical also has a large promoting effect on the reactivity of ethylene at low temperatures, 

especially for fuel-rich conditions. 
































