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Abstract 

A comprehensive experimental and modelling study of the ignition delay time (IDT) characteristics of 

some single prominent C1–C2 hydrocarbons including methane, ethane, and ethylene have been 

performed over a wide range of temperatures (~800–2000 K), pressures (~1–80 bar), equivalence ratios 

(~0.5–2.0), and dilutions (~75–90%). An extensive literature review was conducted, and available data 

were extracted to create a comprehensive database used in 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 validation set necessary for 

validation of a chemical kinetic model. The required IDTs were recorded using a high–pressure shock 

tube for shorter IDTs and a rapid compression machine for longer times, which encompass high– and 

low–temperature ranges, respectively. The predictions of a C3–NUIG mechanism have been compared 

with all of the available experimental data including those from the current study using the IDT 

simulations and the correlation technique. Moreover, individual and total effects of the studied 

parameters including pressure, equivalence ratio, and dilution on IDT have been studied over a wide 

temperature range. Moreover, correlations which were developed based on the NUIG mechanism are 

presented for each specific fuel over the conditions studied. These correlations show acceptable 

performance versus the experimental Taguchi matrix data.  

Keywords: Methane, ethane, ethylene, shock–tube, rapid compression machine, ignition delay time 
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1 Introduction 

Developing high–fidelity chemical mechanisms based on a hierarchy or core–to–shell system is an 

efficient approach in developing large reliable chemical kinetic mechanisms, which can precisely 

describe the pyrolysis and/or oxidation processes of progressively larger hydrocarbons. This strategy 

can help researchers better understand these processes by recognising critical reactions and 

consumption pathways. In this way, the prominent reactions which control pyrolysis and oxidation 

processes can be recognised for relatively simple fuels (e.g., hydrogen–syngas, methane, ethane, etc.) 

up to very complex ones (e.g., gasoline, diesel). Ignition delay time (IDT) is one of the parameters 

which is extensively used to validate chemical mechanisms. Therefore, in this study, IDT is employed 

as the main criterion for evaluating the performance of C3–NUIG mechanism versus experimental data. 

This required the development of a comprehensive IDT database, which is used as target data in our 

simulations. 

To develop this database an extensive literature review was performed, and available IDT data for 

single component methane, 1-37, ethane, 1, 11, 15, 18, 26, 32, 33, 35, 38-41 and ethylene, 5, 42-49 mixtures were 

extracted and stored (Figure 1). One can observe that although there is sufficient IDT data in the 

literature for methane mixtures, the available information at high temperatures (> 1000 K) for ethane 

and at low temperatures (< 1000 K) for ethane and ethylene is very limited (black solid spheres in Figure 

1). Therefore, in the present study new complementary experimental tests were defined for single fuel 

alkane/alkene+O2+N2+Ar mixtures (red solid spheres in Figure 1) to encapsulate a wide range of 

temperatures, pressures, equivalence ratios, and dilutions. According to the available literature IDTs for 

C1–C2 alkane–alkene mixtures, the IDT characteristics of most of these experimental points have not 

yet been reported. Moreover, as shown in the Supporting Information (Figure S1), although 

AramcoMech 3.0 50 is a high–fidelity chemical kinetic model for larger hydrocarbons ( > C2), it could 

not properly predict some new IDTs taken in the study due to the fact that all available chemical models 

(some of them presented in Table S1) have been developed based on available experimental data. Thus, 

adding new experimental IDT data to a developed database, especially under extreme conditions such 

as those for highly diluted fuel–lean mixtures at low temperatures (800–1000 K), permits the evaluation 

of the performance of available mechanisms at these more extreme conditions. 

In the current study, the diluent (N2 and Ar) concentrations are varied from 75% to 90% of the 

reactive mixtures. Also, three equivalence ratios of 0.5, 1.0, and 2.0 and four compressed mixture 

pressures (p5 or pC) of 1, 20, 40, and 80 bar (only for ethane under low–temperature regime) have been 

chosen to encapsulate the proposed cubic matrix depicted in Figure 1. In this regard, six data sets 

including 70 data points for ethylene (pC = 20 and 40 bar; φ = 0.5, 1.0, and 2.0; dilution = 75, 85, and 

90%) and eight data sets including 85 data points for ethane (pC = 20, 40, and 80 bar; φ = 0.5, 1.0, and 

2.0; dilution = 75, 85, and 90%) were recorded in the present study. To efficiently cover a wide range 

of effective parameters (e.g., pressure, equivalence ratio, percentage dilution, and fuel composition), 

the experiments have been designed using the Taguchi method 1, 51. Moreover, the temperature (T5 or 
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TC) range was varied from ~800–2000 K based on the defined cases. Conducting the required 

experiments over the initial range of pressures, temperatures, equivalence ratios, and dilutions reported 

here provided data in the range which is not available in the literature. Furthermore, we present a 

chemical mechanism which can predict most of the experimental IDT data of various single fuel C1–C2 

mixtures over a wide range of operating conditions. Moreover, the selected conditions over this wide 

range of working conditions mimics the physical conditions in many combustion–based systems 

including gas turbines and internal combustion engines. In this regard, the highly diluted cases could 

specifically resemble situations related to internal combustion engines with excessive exhaust gas 

recirculation or combustion chambers that work under the “mild” combustion regime52.  

 

Figure 1. Extracted data from the studied literature (black spheres); the literature data used in the study 

(Table 1) (blue spheres); and new experimental tests defined in the current study (red spheres); TC: the 

compressed gas mixture temperature. 
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2 Design of Experiments and Experimental Approaches 

Most experiments were conducted at NUI Galway using a high–pressure shock tube (HPST) and 

rapid compression machine (RCM). The data at 80 bar were recorded by the Physico–Chemical 

Fundamentals of Combustion (PCFC) group using the RCM facility at RWTH Aachen University. Both 

of these facilities were described previously 2, 11, 13, 18, 34, 53-55. 

The experimental tests have been designed using an L9 Taguchi matrix 51 for three variables of 

compressed pressures of 1, 20, and 40 bar, equivalence ratios of 0.5, 1.0 and 2.0, and dilutions of 75%, 

85%, and 90%, respectively. Further details are provided in Section 3 of the Supporting Information. 

The details of the experimental tests considered here are listed in Table 1. 

It was determined, (Figure 1 and Table 1), that all of the defined experiments for methane have 

already been investigated, so there was no need for us to add experimental data to the database. 

However, those data marked by blue spheres in Figure 1 have been applied in the study (except those 

under very high pressure, > 100 bar, and in the low–temperature, < 1000 K, regime shown in Figure 

S80), as mentioned in Table 1. Furthermore, we have named all of the defined experimental datasets 

using a unique coding system to better reference our database. In this regard, “P” refers to the applied 

fuels in the study which are “1: methane”, “2: ethylene”, and “3: ethane”, respectively. However, “C” 

notation refers to the studied conditions which are changed from 1 to 9 in accordance to the change in 

pressure, equivalence ratio, and dilution. 

Table 1. Test Conditions Defined in the Current Sudy 

No Code 
Mixture composition (mole fraction) 

φ T (K) p (bar) ref 
CH4 C2H4 C2H6 O2 N2+Ar 

1 P1C1 0.05 0 0 0.2 0.0+0.75 0.5 1540–1820 0.849 Aul et al.1 

2 P1C2 0.0951 0 0 0.1901 0.0+0.7148 1.0 
1175–1480 

24.318 Burke t al.2 
930–1110 

3 P1C3 0.2 0 0 0.133 0.0+0.667 3.0 1335–1540 40.53 Petersen et al.3 

4 P1C4 0.05 0 0 0.2 0.75+0.0 0.5 
1250–1540 

24.3 Burke et al.2 
1000–1110 

5 P1C5 0.0951 0 0 0.1891 0.7157+0.0 1.0 1308–1348 43.23 Burke et al.2  

6 P1C6 0.01 0 0 0.01 0.0+0.98 2.0 1800–2160 0.85 Mathieu et al.5 

7 P1C7 0.0499 0 0 0.1996 0.7505+0.0 0.5 1238–1425 44.53 Burke et al.2  

8 P1C8 0.0067 0 0 0.0133 0.0+0.98 1.0 1780–2160 0.93 Mathieu et al.5 

9 P1C9 0.174 0 0 0.174 0.0+0.652 2.0 
1350–1565 

24.32 Burke et al.2 
860–980 

10 P2C1 0 0.0338 0 0.2030 0.0+0.7632 0.5 1065–1380 1.0254 Gillespie44 

11 P2C2 0 0.0625 0 0.1875 0.75 1.0 855–1110 20 NUIG 

12 P2C3 0 0.1 0 0.15 0.75 2.0 770–1315 40 NUIG 

13 P2C4 0 
0.0338 

0 
0.2030 0.0+0.7632 

0.5 
1065–1410 23.24 Kopp et al.46 

0.0214 0.1286 0.48+0.37 905–991 20 NUIG 
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2.1 Setup and Procedure 

The current study has been divided into six distinct stages: 1, extensive literature review; 2, database 

development; 3, simulating the available literature data using available kinetic mechanisms; 4, defining 

new experimental tests using an L9 Taguchi matrix; 5, performing the RCM and HPST experiments; 

and 6, simulating the new experimental data with the available mechanisms. It should be noted that 

although some low to moderate temperature range experimental IDT data for the fuels studied from 

RCMs are available in the literature, most cannot be simulated as the appropriate files necessary to 

simulate facility effects are not available. Therefore, we have repeated a limited number of previously 

reported literature experiments (e.g., see Figure 1f; pC = 20 and 80 bar, φ = 0.5 and 1.0, and dilution = 

75%, respectively) to account for this gap in validation data. Comprehensive files are provided in the 

Supporting Information, including non–reactive traces, the original spreadsheets of experimental tests, 

HPST and RCM oscilloscope traces, and the combined plots of reactive, non–reactive, and modelling 

pressure traces. Moreover, all of the general information concerning the gases used in preparing the 

mixtures studied, with the applied facility and data acquisition system information to collect the IDT 

data, are provided in the Supporting Information. 

 
1 Experimental data is measured at PCFC of RWTH Aachen University 

 

14 P2C5 0 0.0375 0 0.1125 0.85 1.0 835–1335 40 NUIG 

15 P2C6 0 0.1229 0 0.1843 0.6929+0.0 2.0 1125–1265 1.1 Kopp et al.46 

16 P2C7 0 0.0143 0 0.0857 0.9 0.5 875–1515 40 NUIG 

17 P2C8 0 0.005 0 0.015 0.0+0.98 1.0 1280–1820 1.159 Mathieu et al.5 

18 P2C9 0 
0.035 

0 
0.035 0.0+0.93 3.0 1040–1600 18.75 Saxena et al.48 

0.04 0.06 0.45+0.45 2.0 895–980 20 NUIG 

19 P3C1 0 0 0.0313 0.2188 0.0+0.75 0.5 1190–1405 1.29 Aul et al.1 

20 P3C2 0 0 0.056 0.194 0.75 1.0 890–1390 20 NUIG 

21 P3C3 0 0 0.0909 0.1590 0.75 2.0 820–1350 40 NUIG 

22 P3C4 0 0 0.0188 0.1313 0.85 0.5 930–1390 20 NUIG 

23 P3C5 0 0 0.0333 0.1167 0.85 1.0 900–1390 40 NUIG 

24 P3C6 0 0 0.001 0.0175 0.0+0.9725 2.0 1290–1820 1.0 de Vries et al.39 

25 P3C7 0 0 0.0125 0.0875 0.9 0.5 900–1565 40 NUIG 

26 P3C8 0 0 0.005 0.0175 0.0+0.9775 1.0 1233–1805 1.15 de Vries et al.39 

27 P3C9 0 0 0.0364 0.0636 0.9 2.0 922–1695 20 NUIG 

28 P3C10 0 0 0.0291 0.2039 0.3835+0.3835 0.5 864–962 80 RWTH Aachen1 

29 P3C11 0 0 0.0566 0.1981 0.7453+0.0 1.0 848–927 80 RWTH Aachen 
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2.2 Uncertainty Analysis 

A comprehensive uncertainty analysis of the data taken in both our HPST and RCM is provided in 

the Supporting Information with the outcomes briefly discussed here. These analyses try to explain the 

effect of specific parameters including pressure, temperature, and equivalence ratio on observed IDT 

measurements. The uncertainty analysis presented here was developed based on studies conducted by 

Petersen et al. 56 and Weber et al. 57. The uncertainty of each experimental point changes in varying the 

temperature, pressure, and mixture composition, and is not identical for each experimental test. The 

average uncertainties in the compressed mixture temperatures (TC or T5) and measured IDTs are 

summarized in Table 2. 

Table 2. Average Uncertainties for Compressed Mixture Temperature (TC or T5) and Measured IDTs 

Facility 𝝈𝑻𝑪,𝟓
 (K) 𝝈𝑰𝑫𝑻 (%) 

NUIG–HPST ± 20 ± 25 

NUIG–RCM ± 13 ± 25 

The analysis presented in the section is consistent with that presented by Mittal and Sung 58. The 

uncertainty in the compressed temperature for the PCFC–RCM is estimated to be ± 5 K with an 

observed variation of less than 20% for the IDTs 34. According to the literature 56, 59, 60, and also the 

conditions studied here, values of ± 20 K (HPST), ± 5–20 K (RCM), and ± 25% have been reported as 

the average uncertainties for both the compressed gas temperature (TC) and the measured IDT, 

respectively, over the entire range of cases studied here. 

3 Computational Modelling 

In the current study, an under–development comprehensive chemical mechanism NUIGMech0.9 

was used to simulate the experimental targets. All of the experimental results have been simulated using 

a Python script based on the CANTERA 61 library (ST/RCM simulations) and also CHEMKIN–Pro 

18.2 62 software (RCM simulations). All simulations in both ST and RCM operating regimes are 

performed using the constant volume reactor model. However, the adiabatic constant volume reactor 

model for RCM simulations is modified by imposing a heat loss boundary condition on the calculations 

due to significant heat losses in the post–compression zone of the reaction chamber 2, 34, 63. It is also 

assumed that the walls of the HPST and RCM are inert, so that the effect of surface reactions 

(heterogeneous reactions) 64 on measured IDTs is ignored in the simulations. 

4 Results and Discussion 

In this section, all experimental results, whether taken from the literature or from the present study, 

are collected in the following plots in accordance to the applied fuels (methane, ethylene, and ethane) 
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and the wide range of examined operating conditions. All experimental points are simulated using the 

chemical mechanism mentioned in Section 3. 

4.1 General Performance of NUIG Mechanism and the Correlations versus Experimental Data 

The performance of NUIGMech0.9 versus available IDT experimental data in the literature and 

the newly taken data in the present study for various methane, ethylene, and ethane mixtures are shown 

in Figures 2–4. In all plots the symbols refer to the experimental data, and the black solid line refers to 

NUIGMech0.9 predictions. Also, the red dashed lines refer to the derived correlations which will be 

discussed later in section 4.3. However, the red dashed line is altered to a blue line if one parameter 

(e.g., pressure or dilution) is out of the range of correlation, and it is changed to a blue dotted line if 

there are two parameters (e.g., pressure and dilution) out of the correlation range. 

4.1.1 Methane 

It is seen in Figure 2 that NUIGMech0.9 predicts methane IDTs well. As seen in Figure 2, the IDT 

data for methane at 1 bar is very sensitive to oxygen concentration over the temperature range studied, 

so that decreasing the oxygen mole fraction from 20% in Figure 2a to 1% in Figure 2f increases the IDT 

by over a factor of 5 due to the dominance of the main chain–branching reaction Ḣ + O2 ↔ Ö + ȮH in 

this temperature range (TC > 1540 K). Also, Figure 2 shows that, at lower temperatures (TC < 1000 K), 

IDTs for methane oxidation reduce with increasing equivalence ratio and fuel concentration. This shows 

that, at lower temperatures, the concentration of fuel radical reactions governs reactivity. NUIGMech0.9 

shows consistent agreement over the conditions examined at 24 bar (Figure 2). Moreover, Figure 2 

shows that decreasing the oxygen concentration in the mixtures increases the IDTs. These trends are 

reproduced well by NUIGMech0.9. Further evaluations (Figure S80) show that NUIGMech0.9 is not 

only able to predicts methane’s IDTs at low–to–moderate pressures and temperatures, but it can also 

reproduce methane’s IDTs at very high–pressure and low–temperature conditions 34, 36. 
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Figure 2. Available experimental and simulation data of methane’s IDT values for average compressed 

reactive mixture pressure (pC): (a) φ = 0.5, 75% Ar, 0.85 bar, P1C1; (b) φ = 1.0, 71.48% Ar, 24.32 bar, 

P1C2; (c) φ = 2.0, 66.7% Ar, 40.53 bar, P1C3; (d) φ = 0.5, 75% N2, 24.3 bar, P1C4; (e) φ = 1.0, 71.57% 

N2, 43.23 bar, P1C5; (f) φ = 2.0, 98% Ar, 0.85 bar, P1C6; (g) φ = 0.5, 75.05% N2, 44.53 bar, P1C7; (h) 

φ = 1.0, 98% Ar, 0.93 bar, P1C8; (i) φ = 2.0, 65.2% Ar, 24.32 bar, P1C9. 

 

4.1.2 Ethylene 

The IDT characteristics for ethylene oxidation are shown in Figure 3 over a wide range of pressures, 

temperatures, equivalence ratios, and dilutions together with simulations from NUIGMech0.9. Ethylene 

plays a significant role in the oxidation of heavy hydrocarbons,46 and its chemistry changes dramatically 

with varying conditions of pressure and fuel/O2/diluent composition. Figure 3 shows that the IDTs for 

ethylene mixtures are significantly shorter than those for methane at the same operating conditions. 

Similar to methane at 1 bar, reducing the oxygen concentration in the mixture increases IDTs. This 

trend is well captured by NUIGMech0.9. By increasing the compressed pressure to 20 bar, it is seen in 

Figure 3b,d,i that NUIGMech0.9 best reproduces the experimental IDT results, particularly at low 

temperatures (TC < 1000 K). By further increasing the compressed pressure to 40 bar (Figures 3c,e,g), 

the IDTs significantly decrease in comparison to those at 20 bar. NUIGMech0.9 captures the trends 
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observed in the experimental IDTs, so that it shows a good performance over all the studied conditions, 

particularly at low temperatures. 
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Figure 3. Available experimental and simulated data of ethylene’s IDT values at (a) φ = 0.5, 76.32% 

N2, 1.025 bar, P2C1; (b) φ = 1.0, 75.0% N2, 20 bar, P2C2; (c) φ = 2.0, 75% N2, 40 bar, P2C3; (d) (ST) 

φ = 0.5, 76.32% N2, 23.24 bar, (RCM) φ = 0.5, 37% Ar + 48% N2, 20 bar, P2C4; (e) φ = 1.0, 10% Ar + 

75% N2, 40 bar, P2C5; (f) φ = 2.0, 69.29% N2, 1.1 bar, P2C6; (g) φ = 0.5, 15% Ar + 75% N2, 40 bar, 

P2C7; (h) φ = 1.0, 98% Ar, 1.16 bar; P2C8; (i) (ST) φ = 3.0, 93% Ar, 18.75 bar,  (RCM) φ = 2.0, 45% 

Ar + 45% N2, 20 bar, P2C9. 

 

4.1.3 Ethane 

Understanding fully the combustion chemistry of ethane is very important, as it can be a significant 

component of natural gas. Thus, the ignition characteristics of various ethane mixtures were also studied 

over a wide range of pressures, temperatures, equivalence ratios, and dilutions. The performances of 

NUIGMech0.9 versus the experimental IDT data are summarized in Figure 4. Figure 4a,f,h shows that, 

for the same oxygen concentration, the IDTs for ethane mixtures lie between those for methane and 

ethylene. As seen again, NUIGMech0.9 can reasonably predict the experimental results at 1 bar. 
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Figure 4. Available experimental and constant volume simulation data for ethane oxidation at (a) φ = 

0.5, 75% Ar, 1.31 bar, P3C1; (b) φ = 1.0, 75% N2, 20 bar, P3C2; (c) φ = 2.0, 75% N2, 40 bar, P3C3; (d) 

φ = 0.5, 75% N2, 10% Ar, 20 bar, P3C4; (e) φ = 1.0, 75% N2, 10% Ar, 40 bar, P3C5; (f) φ = 2.0, 97.25% 

Ar, 0.98 bar, P3C6; (g) φ = 0.5, 75% N2, 15% Ar, 40 bar, P3C7; (h) φ = 1.0, 97.75% Ar, 1.17 bar, P3C8; 

(i) φ = 2.0, 75% N2, 15% Ar, 20 bar, P3C9; (j) φ = 0.5, 38.35% Ar, 38.35% N2, 80 bar, P3C10; (k) φ = 

1.0, 80 bar, P3C11. 

By increasing the compressed mixture pressure to 20 bar in Figure 4b,d,i, we see that the 

experimental IDTs decrease at high temperatures (> 1000 K). Moreover, there is no sensible effect on 

IDT with changes in equivalence ratio due to the simultaneous variations in oxygen and diluent 

concentrations. However, there is a positive dependence of fuel concentration and a negative 
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dependence of the diluent on measured IDTs at temperatures below 1000 K. The individual and 

combined effects of these parameters on the IDTs will be discussed in detail later in the following 

sections. Figure 4b,d,i also shows that NUIGMech0.9 can reproduce the experimental IDTs. 

Furthermore, as shown in Figure 4c,e,g, elevating the pressure for ethane oxidation to 40 bar 

decreases the measured IDTs compared to those at 20 bar. In the low temperature regime (< 1000 K) in 

Figure 4c,e,g, it is observed that increasing the compressed pressure in tandem with fuel concentration 

and simultaneously reducing the diluent concentration has a significant effect in decreasing the 

measured IDTs. It can be inferred from Figure 4c,e,g, that increasing the fuel concentration, by 

increasing the equivalence ratio, in tandem with decreasing the diluent concentration significantly 

affects the measured IDTs over the entire range of the conditions studied. Figure 4c,e,g, also 

demonstrates that NUIGMech0.9 is able to reasonably predict the experimental IDTs for the conditions 

studied. 

Moreover, increasing the compressed pressure to 80 bar at low temperatures (RCM data) leads to a 

significant decrease in measured IDTs, compared to those at 20 and 40 bar (Figures 4j,k). Figure 4k 

also shows that, in the low temperature regime, increasing the equivalence ratio to φ = 1.0 leads to a 

decrease in measured IDTs, compared to the measurements at φ = 0.5, Figure 4j. It is shown that 

NUIGMech0.9 can acceptably reproduce the IDTs. 

4.1.4 Performance of NUIGMech0.9 for Predicting Laminar Burning Velocity and Chemical 

Speciation 

Although evaluating the performance of NUIGMech0.9 in predicting laminar burning velocity 

(LBV) and chemical speciation measurements is not the main target of the current study, some 

information in this regard is presented in the Supporting Information (Figures S81–86). As seen in 

Figures 2–4 and S81–86, NUIGMech0.9 can reasonably predict all IDTs, LBVs, and chemical 

speciations, while AramcoMech 3.0 fails to predict IDTs of ethylene mixtures at low–temperature 

regime as well as NUIGMech0.9 (Figure S1). This difference almost stems from high fidelity and 

optimised low–temperature chemistry of NUIGMech0.9, especially those reactions which control IDT 

predictions. Moreover, when comparing the performance of AramcoMech 3.0 with NUIGMech0.9 on 

LBVs (Figures S84 and S85), it can be observed that NUIGMech0.9 slightly over predicts LBVs of 

ethylene and ethane. 

4.2 Individual and Combined Effects of the Studied Parameters on IDT 

The general performance of NUIGMech0.9 and its fidelity for predicting the IDTs of various C1–C2 

single fuel mixtures over a wide range of the studied conditions has been demonstrated. According to 

the nature of the applied Taguchi approach in designing the experiments, which makes it possible to 

populate the experimental points over a wide range of conditions which have never been studied before 

and simultaneously reduce the required tests, it is not possible to experimentally consider the effect of 

each individual parameter (pressure, equivalence ratio, and dilution) on the IDT characteristics of the 
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studied fuels due to multiple parameters changing from case to case. Therefore, these effects can be 

considerd using NUIGMech0.9, showing its fidelity for reproducing the stochastically distributed 

experimental IDTs in Section 4.1. Thus, the individual and combined effects of temperature, pressure, 

equivalence ratio and dilution on the IDTs of the studied mixtures are considered in detail with a focus 

on the experimental data taken in the current study and NUIGMech0.9 performance (Figure 5). In 

considering the effect of each individual parameter on IDTs, several constant volume adiabatic 

simulations have been performed using NUIGMech0.9 over the conditions studied. In this regard, the 

P2C2 and P3C2 (φ = 1.0, pC = 20 bar, dilution = 75%) mixture conditions are chosen as the base cases. 

For instance, if we want to study the effect of equivalence ratio on the measured IDTs for ethylene, we 

only perturb the equivalence ratio to 0.5 and 2.0 in the P2C2 case, so that the other parameters remain 

constant. The same procedure is followed for the other parameters. Therefore, the effect of each 

parameter on the IDTs over the studied temperature range (750–1700 K) is calculated as follows: 

       IDT 𝑟𝑎𝑡𝑖𝑜 =
 IDT|𝜑,𝑝𝑐,𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛,𝑃𝑥𝐶𝑦

IDT |𝑃𝑥𝐶2
                                      (1) 

Where x is 2 and 3 and y is 3–11, respectively. Thus, when the IDT ratio is unity, it meanes that there 

is no change in IDT value corresponding to the perturbed parameter(s). 
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Figure 5. Experimental and simulation (NUIGMech0.9) IDT data. (a, b) Ethylene: (P2C2) φ = 1.0, 75% 

N2, 20 bar; (P2C3) φ = 2.0, 75% N2, 40 bar; (P2C4) φ = 0.5, 37% Ar + 48% N2, 20 bar; (P2C5) φ = 1.0, 

10% Ar + 75% N2, 40 bar; (P2C7) φ = 0.5, 15% Ar + 75% N2, 40 bar; (P2C9) φ = 2.0, 45% Ar + 45% 

N2, 20 bar. (c, d) Ethane: (P3C2) φ = 1.0, 75% N2, 20 bar; (P3C3) φ = 2.0, 75% N2, 40 bar; (P3C4) φ = 

0.5, 75% N2 + 10% Ar, 20 bar; (P3C5) φ = 1.0, 75% N2 + 10% Ar, 40 bar; (P3C7) φ = 0.5, 75% N2 + 

15% Ar, 40 bar; (P3C9) φ = 2.0, 75% N2 + 15% Ar, 20 bar; (P3C10) φ = 0.5, 38.35% Ar + 38.35% N2, 

80 bar; (P3C11) φ = 1.0, 80 bar. 
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4.2.1 Ethylene 

The individual and combined effects of the studied parameters on ethylene’s IDTs are shown in 

Figures 6 and S87. In fact, these effects on IDTs in Figure S87 are enlarged and more pronounced in 

Figure 6 in accordance to eq. 1. It is observed that the effect of each parameter on the IDTs changes 

quantitatively (Figure S87) and qualitatively (Figure 6) over the temperature range, so that some 

parameters control the pattern of the IDTs, while others control the quantity of IDTs with temperature. 

4.2.1.1 Effect of Pressure 

It can be seen in Figure 6a,c,d that increasing the pressure from 20 to 40 bar has a non–monotonic effect 

on the reactivity with temperature. On the one hand, increasing the temperature from 750 K to 1350 K 

leads to a decrease in the effect of pressure on reactivity, so that this effect is negligible at 1380 K. On 

the other hand, this trend is reversed at temperatures higher than 1380 K, so that increasing pressure 

leads to an increasing reactivity with associated shorter IDTs. According to the sensitivity and flux 

analyses demonstrated in Figures S89 and S90, respectively, the ascending–descending effect of 

pressure on the IDT in the determined zone in Figure 6a stems from a competition between promoting 

and suppressing the prominent reactions shown in Figure S89. As seen in Figure S90, increasing the 

pressure significantly intensifies the net flux of the vital reactions in comparison to the baseline case, 

so that increasing the pressure by a factor of 2 elevates the net fluxes on average by a factor of 3.5. As 

seen, by increasing the temperature from 1177 K to 1370 K, although there is a reduction in the number 

of critical promoting reactions, C2H4 + Ḣ ↔ Ċ2H5 (+M), Ċ2H3 + O2 ↔ CH2O + HĊO, and C2H4 + Ö ↔ 

ĊH3 + HĊO are dominant. The inhibiting reactions can sensibly decrease the mixture reactivity. One 

can see that, by increasing the temperature beyond 1370 K, Ḣ + O2 (+M) ↔ HȮ2 (+M) is the most vital 

inhibiting reaction which can govern IDT in competition with the three main promoting reactions. 



Energy Fuels; DOI: 10.1021/acs.energyfuels.9b04139 

14 

 

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

0.25

0.5

1

 

(3
)

(2
)

(>1) Decreasing reactivity

(<1) Increasing reactivity

ID
T

 r
a

ti
o

 Total effect (P2C3)

 : 1.0=>2.0

 p
c
: 20=>40 bar

(a)

(1
)

1.0 1.1 1.2 1.3 1.4
1

2

4

 

(b)

 Total effect (P2C4)

 Dilution: 75%=>85%

 : 1.0=>0.5

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

0.5

1

2

 

(c)

ID
T

 r
a

ti
o

 Total effect (P2C5)

 Dilution: 75%=>85%

 pc: 20=>40 bar

(1
)

(2
)

(3
)

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

0.5

1

2

 

(d)

 Total effect (P2C7)

 Dilution: 75%=>90%

 : 1.0=>0.5

 pc: 20=>40 bar

(1
)

(2
)

(3
)

1.0 1.1 1.2 1.3 1.4

0.5

1

2

 

(e)

1000 K / T

ID
T

 r
a

ti
o

 Total effect (P2C9)

 Dilution: 75%=>90%

 : 1.0=>2.0

 

Figure 6. Constant volume adiabatic simulations of individual and combined effects of pressure, 

equivalence ratio, and dilution on variations of IDTs for ethylene (eq 1) (Y–axis is in log2 scale); dashed 

line (1): 1700 K, dashed line (2): 1370 K, and dashed line (3): 1177 K (1112 K at Figure 6d). 

4.2.1.2 Effect of equivalence ratio 

Figure 6a,b,d,e shows that increasing the equivalence ratio to 2.0 has a monotonic effect on 

increasing the IDT with increasing temperatures from 750 K to 1700 K, while decreasing the 

equivalence ratio to 0.5 has a mixed effect on the reactivity. As seen in Figure 6d, although decreasing 
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the equivalence ratio to 0.5 makes the reactivity very sensitive to gradients in temperature in the range 

750–1350 K, its effect is minor at temperatures higher than 1350 K. 

From the flux analyses, increasing the equivalence ratio suppresses the vital chain branching 

reaction Ḣ + O2 ↔ Ȯ + ȮH by about 23% at 1700 K, while there is no significant change in the fluxes 

of the other important reactions shown in Figure S91 in comparison to the baseline case. However, as 

shown in Figure S92, increasing the equivalence ratio promotes the reaction Ċ2H3 + Ḣ ↔ C2H2 + H2 at 

1700 K which inhibits reactivity. Interestingly, Figure S92 shows that increasing or decreasing the 

equivalence ratio from the stoichiometric condition intensifies the chain propagation reaction of C2H4 

+ Ö ↔ C̈H2 + CH2O instead of the chain branching reaction of C2H4 + Ö ↔ ĊH2CHO + Ḣ at 1700 K. 

All of these effects reduce the reactivity of the fuel–rich ethylene mixture at 1700 K in Figure 6(a: the 

dash–line (1)). 

By reducing the temperature to 1370 K, Figure 6(a: the dash–line (2)), it is seen in Figure S91 

that increasing the equivalence ratio intensifies the net fluxes of reactivity promoting reactions: C2H4 + 

Ḣ ↔ Ċ2H3 + H2, C2H4 + HȮ2 ↔ Ċ2H3 + H2O2, Ċ2H3 + O2 ↔ ĊH2CHO + Ö. However, increasing the 

equivalence ratio at 1370 K promotes Ċ2H3 + O2 → CH2O + C̈O + Ḣ instead of C2H4 + Ö ↔ ĊH3 + 

HĊO and, simultaneously, intensifies the net fluxes of some important reactivity inhibiting reactions of 

C2H4 + Ḣ (+M) ↔ Ċ2H5 (+M) and Ċ2H3 + O2 ↔ CH2O + HĊO. An accumulative effect of these changes 

makes ethylene slightly more reactive in comparison to 1700 K. The sensitivity and flux analyses at φ: 

2.0 and 1177 K (Figure 6(a: the dash–line (3))) show that increasing the equivalence ratio promotes the 

Ċ2H3 + O2 ↔ C2H3OȮ reaction instead of Ḣ + O2 (+M) ↔ HȮ2 (+M) and significantly intensifies the 

net fluxes of some important reactivity promoting reactions of Ċ2H3 + O2 ↔ ĊH2CHO + Ö, Ḣ + O2 ↔ 

Ȯ + ȮH, C2H4 + HȮ2 ↔ C2H4O1-2 + OḢ, and C2H4 + HȮ2 ↔ Ċ2H3 + H2O2 at this temperature. 

However, this increase in equivalence ratio also promotes the net fluxes of some inhibiting reactions, 

including Ċ2H3 + O2 → CH2O + C̈O + Ḣ, C2H4 + Ḣ (+M) ↔ Ċ2H5 (+M), Ċ2H3 + O2 ↔ CH2O + HĊO, 

and Ċ2H3 + O2 ↔ C2H3OȮ. 

Furthermore, decreasing the equivalence ratio to 0.5 at 1112 K promotes the reaction Ḣ + O2 (+M) 

↔ HȮ2 (+M) over C2H4 + Ḣ (+M) ↔ Ċ2H5 (+M) and significantly reduces the net fluxes of all of the 

important reactions, especially the two most promoting reactions Ċ2H3 + O2 ↔ ĊH2CHO + Ö and Ḣ + 

O2 ↔ Ȯ + ȮH. These effects reduce the mixture reactivity. By increasing the temperature to 1370 K, 

the net fluxes of all of the important reactions, whether promoting or inhibiting, are increased by a factor 

of 2.5 which increases mixture reactivity. Unlike the fuel–rich condition, decreasing the equivalence 

ratio at 1370 K promotes the reaction C2H4 + Ö ↔ ĊH2CHO + Ḣ and simultaneously suppresses the 

reaction C2H4 + Ḣ ↔ Ċ2H3 + H2 due to the abundance of oxygen in the mixture. Although all of the 

fluxes are still lower than those for the baseline condition, the mixture reactivity is balanced by a 

simultaneous increase in the net fluxes of both reactivity promoting and suppressing reactions, 

specifically Ḣ + O2 ↔ Ȯ + ȮH and Ḣ + O2 (+M) ↔ HȮ2 (+M), so that there is no change in reactivity 
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of the mixture in comparison to the baseline case. As seen in Figure 6d, further increasing the 

temperature to 1700 K at the fuel–lean condition has no effect on reactivity in comparison to the baseline 

case. Figure S92 shows that decreasing the equivalence ratio at this temperature promotes the reaction 

C2H4 + Ö ↔ C̈H2 + CH2O and suppresses ĊH2CHO ↔ ĊH3 + C̈O in comparison to the base condition. 

It is seen in Figure S91 that increasing the temperature to 1700 K for the fuel–lean condition intensifies 

the net fluxes of all of the important reactions by a factor of 1.6 in comparison to 1370 K, so that the 

normalized net fluxes of some vital reactions such as Ḣ + O2 ↔ Ȯ + ȮH, Ḣ + O2 (+M) ↔ HȮ2 (+M), 

HĊO + O2 → C̈O + HȮ2 are close to unity, which means that there is no appreciable effect on reactivity 

of the mixture at the temperature. 

4.2.1.3 Effect of dilution 

As expected, increasing dilution results in a decrease in reactivity. However, this effect is not 

monotonic with temperature. Figure 6c,d shows that increasing the dilution to 85% and 90% increases 

the IDTs by approximately 63% and 141%, respectively. This sensitivity is very significant at 

temperatures below 1000 K. In this regard, it can be seen in Figure S93 that increasing the dilution level 

significantly suppresses the net fluxes of all the important reactions listed in Figure S94, so that 

increasing the dilution level from 75% to 85% and from 85% to 90% decreases the net fluxes by a factor 

of 2 on average, respectively. However, as shown in Figure S94, its effect on the patterns of the 10 most 

prominent reactions is limited to a few reactions. Figure S94 shows that increasing the dilution level to 

85% promotes the HĊO + M → C̈O + Ḣ + M reaction at 1370 K, and simultaneously suppresses only 

C2H4 + Ö ↔ ĊH3 + HĊO at 1370 K. However, increasing the dilution level to 90% in Figure S94 

promotes Ċ2H3 + O2 ↔ C2H3OȮ reaction at 1112 K and suppresses Ḣ + O2 (+M) ↔ HȮ2 (+M) (at 1112 

K), C2H4 + Ö ↔ ĊH3 + HĊO, and Ċ2H3 + O2 ↔ CH2O + HĊO (at 1370 K). 

4.2.1.4 Combined effects 

Figure 6 shows that there is a turning point on the temperature axis where the qualitive effect 

of each parameter on the reactivity of the ethylene mixtures changes. This turning temperature lies 

between 1330–1350 K. As seen in Figure 6a, the combined effect of increasing both the equivalence 

ratio and the pressure follows the pressure pattern, particularly at temperatures higher than 1250 K, 

while it seems that the combined effect almost follows the equivalence ratio pattern at temperatures 

below 1250 K. Moreover, as demonstrated in Figures 6a,b, if the individual effects of parameters on 

the reactivity behave in the same way, their combined effect is synergetic in increasing or decreasing 

the reactivity of the new condition (e.g., P2C2→P2C3 and P2C2→P2C4 in Figure 6). Similar to Figure 

6a, one can see in Figure 6c that the total effect of increasing both the pressure and the dilution follows 

the pattern for pressure over the temperature range studied. As discussed in Section 4.2.1.3, increasing 

the dilution level almost affects (reduces) the net fluxes of the important reactions, so that its effect on 

the pattern of the first 10 important reactions is minor. As seen in Figure 7 and Figures S95 and S96, it 
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is understood that the normalized net fluxes at each temperature stem from the following rough 

correlation:  

            𝑁𝑛𝐹𝑖(𝑃2𝐶𝑥) ≈ 𝑁𝑛𝐹𝑖,𝐷 × 𝑁𝑛𝐹𝑖,𝑃 × 𝑁𝑛𝐹𝑖,𝜑                                    (2) 

where, NnFi, D, p, and φ refer to the normalized net flux of each specific (i–th) reaction, dilution effect, 

pressure effect, and equivalence ratio effect, respectively. According to the above formulation and also 

the above discussion about the effect of dilution, one can conclude that the reactivity pattern of P2C5 

(Figure S96) case over the studied temperature range in Figure 6c is coming from the effect of pressure 

on the reactivity/chemistry pattern of the studied mixture which is suppressed by a factor of 0.39, 0.31, 

and 0.23 at 1700 K, 1370 K, and 1177 K, respectively. 

As seen in Figure S97, the combined effect of pressure, dilution, and equivalence ratio brings 

chain propagating reaction of ĊH3 + HȮ2 ↔ CH3Ȯ + ȮH into the first 10 important reactions list at 

1370 K, which is not among the first 10 important reactions in the sensitivity analysis of each individual 

effect. Although Figure 6d shows that the increasing pressure almost promotes reactivity over the 

studied temperature range, it is seen that the reactivity pattern of P2C7 in comparison to the P2C2 

condition follows a specific pattern which comes from a combination between the decreasing 

equivalence ratio (1→0.5) and the increasing dilution (75%→90%) patterns over the temperature range 

750–1325 K due to the synergy of these effects on decreasing the reactivity of P2C7. This behaviour 

implies that the deficient fuel concentration and the abundant third–body effects are controlling the 

reactivity of the P2C7 mixture in comparison to the P2C2 base condition in the temperature range 750–

1325 K. However, one can see in Figure 6d that this trend seems to be surpassed by the effect of 

increasing pressure on increasing reactivity in the temperature range 1325–1700 K, so that the P2C7 

pattern within temperature range of 1325–1700 K follows the pressure pattern. 

Furthermore, Figure 6e shows how the promoting effect of the equivalence ratio on the 

reactivity is balanced by the inhibiting effect of dilution in the low–temperature regime, so that the 

reactivity of combined case (P2C9) is almost constant over low–temperature regime. 
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Figure 7. Normalized flux analysis (based on the flux analysis of P2C2 base case when 20% of ethylene 

is consumed) of some important reactions corresponding to Figure 6d. Blue lines: case (1), TC = 1700 

K. Black lines: case (2), TC = 1370 K. Red lines: case (3), TC = 1112 K. Red numbers: effect of dilution. 

Black numbers: effect of pressure. Magenta numbers: effect of equivalence ratio. Blue numbers: 

combined effects. 

4.2.2 Ethane 

The individual and combined effects of the studied parameters on the ethane’s simulated IDTs are 

shown in Figures 8 and S88. Similar to the ethylene case, the effect of each parameter on the IDTs is 

changing quantitatively and qualitatively over the temperature range and certain parameters control the 

mixture reactivity in terms of pattern and quantity. 
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Figure 8. Constant volume adiabatic simulation of individual and combined effects of pressure, 

equivalence ratio, and dilution on variations IDTs for ethane (eq 1) (Y–axis is in log2 scale). Dashed 

line (1): 1700 K. Dashed line (2): 1112 K. Dashed line (3): 750 K. 

4.2.2.1 Effect of pressure 

As seen in Figure 8, unlike the ethylene case, pressure has almost a monotonic effect on the IDTs, 

so that its effect significantly promotes the reactivity over the temperature range. However, a kind of 

decreasing effect can be seen over the temperature range (Figure 8a,c,d) so that the promoting effect of 

the pressure rise on the reactivity of ethane’s mixtures is slightly suppressed by increasing the 

temperature. Although it is not obvious from the sensitivity analysis (Figure S99) to understand which 

reactions are responsible for suppressing the pressure effect on the reactivity by increasing the 

temperature in Figure 8, Figure S100 shows that the normalized net fluxes of reactions corresponding 

to the pressure effect are significantly decreased by increasing the temperature from 750 K (~ 8.7) to 

1112 K (~ 4), while there are no significant changes in the fluxes beyond 1112 K (at 1700 K: ~ 3.3). In 

general, increasing the compressed pressure to 40 bar (Figure 8a,c,d) and 80 bar (Figure 8f,g) over the 

low–temperature regime (<1000 K) make the average IDTs shorter about 50% and 77%, respectively. 

However, this effect for the 40 bar case over >1000 K is about 36%. 
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4.2.2.2 Effect of equivalence ratio 

Similar to the ethylene case, Figure 8a,b,d,e,f shows that increasing the equivalence ratio to 2.0 has 

a monotonic (power curve instead of almost linear curve for the ethylene case) increasing effect on the 

IDT by increasing the temperature from 750 K to 1700 K, while decreasing the equivalence ratio to 0.5 

has a mixed effect on the reactivity. As seen in Figure 8b, although decreasing the equivalence ratio to 

0.5 makes the reactivity very sensitive to the gradient in temperature over the temperature range 1050–

1480 K, its effect is constant over temperatures beyond the range. Here, it should be noticed that the 

sensitivity of ethane to increasing equivalence ratio (φ:1.0→2.0) over the temperature range (~120%) 

is higher than the ethylene’s sensitivity (~84%), while this behavior is reversed for decreasing 

equivalence ratio (φ:1.0→0.5). In the temperature range of 1350–1700 K, decreasing the equivalence 

ratio has a pomoting effect on the reactivity, while this effect on the reactivity of ethylene in the same 

temperature range is minor. Also, the effect of decreasing the equivalence ratio on the reactivity over 

the low–temperature regime (<1000 K) is not significantly changed by temperature, while this change 

in the reactivity is obvious over the temperature range for ethylene (Figure 6d). One can see in Figure 

S101 that the effect of decreasing the equivalence ratio from the stochiometric condition at P3C2 to 0.5 

on increasing the reactivity over 1112–1700 K may stem from suppression of the inhibiting reactivity 

reactions of C3H8 (+M) ↔ Ċ2H5 + ĊH3 (+M) (backward reaction) and C2H6 + Ḣ ↔ Ċ2H5 + H2 and 

intensification of the promoting reactivity reaction of ĊH3 + ĊH3 (+M) ↔ C2H6 (+M) (backward 

reaction). However, by looking at Figure S102, it is inferred that increasing effect of the reduced 

equivalence ratio on the reactivity with increasing temperature is pronounced by intensifying the 

normalized net flux of all reactions, specifically Ḣ + O2 ↔ Ö + ȮH and C2H4 + Ḣ (+M) ↔ Ċ2H5 (+M) 

(backward reaction), which have determining role in increasing the reactivity of ethane’s mixtures 

(Figures S101 and S103) within the temperature window of 1112–1700 K (Figures 8(b,d) (the dash 

lines (2) and (1)). 

4.2.2.3 Effect of dilution 

Figure 8b–g shows that increasing the dilution to 85% and 90% can increase the IDT to about 37% 

and 80%, respectively. This shows that the reactivity of ethane’s mixtures are very sensitive to dilution. 

However, this sensitivity is lower than that for ethylene’s mixtures. Although Figure 8b shows that the 

effect of increasing the dilution level to 85% on decreasing the reactivity is almost constant over the 

temperature range, it is demonstrated in Figure 8d that this effect is not constant for 90% case. As seen 

in Figures S104 and S105, increasing the dilution level from 85% to 90% decreases the normalized net 

fluxes of the prominent reactions by a factor of 2. The direct effect of such a change in the normalized 

net fluxes can be easily seen in Figure S105 where the reactivity is decreased by a factor of 2 due to 5% 

increase in the dilution level. Therefore, the accumulative effects of change in the prominent promoting 

or inhibiting reactions and the normalized net fluxes of these reactions cause such a sensible oscillating 

effect of 90% dilution level on the reactivity of ethane’s mixture over the studied temperature range. 
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4.2.2.4 Combined effects 

Figure 8a shows that, unlike the ethylene case (P2C2→P2C3), the combined effect of increasing 

both the equivalence ratio and the pressure (P3C2→P3C3) on the reactivity almost follows the 

equivalence ratio pattern. This effect stems from the negligible gradient of the pressure effect on the 

IDT over the temperature range (~ –0.021 %/K) in comparison to the equivalence ratio effect (~ –0.111 

%/K). However, according eq 2, it seems that its quantity is mostly affected by the pressure effect in 

the temperature range of 1300–1700 K. Similar to the ethylene cases, the synergetic influence of the 

same effects on the final reactivity of the ethane’s mixture is demonstrated in Figure 8a,b over the 

temperature range of 750–1250 K (e.g., P3C2→P3C3 and P3C2→P3C4). As seen in Figure 9, the 

normalized net fluxes of the P3C4 case are increased by a factor of ~ 2.75 by increasing the temperature 

from 1112 K to 1700 K. This increase in the net fluxes alongside with promoting Ḣ + O2 ↔ Ö + ȮH 

and C2H4 + Ḣ (+M) ↔ Ċ2H5 (+M) (backward reaction) reactions which come from the equivalence 

ratio effect cancel out the divers effects of increasing dilution and decreasing equivalence ratio on the 

reactivity, so that their combined effects makes P3C4 neutral in comparison to P3C2 case in the 

temperature range of 1430–1700 K. Similar to Figure 8a, one can see in Figure 8c that the total effect 

of increasing both pressure and dilution on the reactivity not only follows the pressure pattern but also 

its quantitative effect is almost skewed toward the pressure effect over the studied temperature range. 

As mentioned above, this effect comes from the fact that both the pressure and the dilution effects on 

the reactivity are not very sensitive to a change in the temperature, so according to eq 2 their combined 

effect on the reactivity and also prominent reactions involved in the reactivity of the P3C5 case make 

the P3C5 case more reactive (~20%) than the P3C2 baseline case by intensifying the normalized net 

fluxes of important reactions in the P3C5 case by a factor of 2.5 (𝑁𝑛𝐹̅̅ ̅̅ ̅̅
𝑖(𝑃3𝐶5) = 𝑁𝑛𝐹̅̅ ̅̅ ̅̅

𝑖,𝐷85% ×

𝑁𝑛𝐹̅̅ ̅̅ ̅̅
𝑖,𝑃40𝑏𝑎𝑟 = 0.47 × 5.3 = 2.5). The combined effects of the three individual parameters on the IDTs 

of the final case (P3C7) are shown in Figure 8d. Although, the pressure has an obvious effect on the 

reactivity of the P3C7 case because of suppressing the synergetic effect of the dilution and equivalence 

ratio over the temperature range of 750–1320 K, it is seen that the total effects of the parameters (P3C7) 

almost follows the equivalence ratio pattern over temperature. As seen in Figures S99–S105, although 

the combination of the pressure (20→40 bar), equivalence ratio (1.0→0.5), and dilution (75%→90%) 

effects yields new reactions into the first 10 important reactions of IDT of P3C7 case, promoting or 

suppressing of some of the reactions come from the effect of the specific parameter (such as pressure, 

equivalence ratio, and dilution) on the IDT of P3C7. For instance, by comparing the prominent reactions 

of P3C7 and 90% dilution cases at 1700 K in Figure S106 and S107, one can see that C2H6 + ĊH3 ↔ 

Ċ2H5 + CH4, HĊO + M ↔ C̈O + Ḣ + M, H2 + ȮH ↔ Ḣ + H2O, and ĊH3 + Ḣ (+M) ↔ CH4 (+M) 

reactions stem from the dilution effect on the reactivity of the P3C7 condition. Furthermore, Figure 8e 

shows that although the equivalence ratio pattern almost controls the reactivity of P3C9 over the 

temperature range, its quantitative effect is skewed toward the dilution effect for the temperatures higher 
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than 1170 K because of approaching the equivalence ratio effect toward the neutrality line (IDT ratio = 

1). Also, the synergetic effect of the equivalence ratio and dilution substantially decreases the reactivity 

of P3C9 over the temperature range of 1450–1700 K. Finally, Figure 8f,g shows how the promoting 

effect of pressure rise (20→80 bar) on the reactivity controls the ethane mixture reactivity over the low–

temperature regime, so that the inhibiting effect of the decreasing equivalence ratio on the reactivity of 

P3C10 (Figure 8f) is almost suppressed by the prominent effect of pressure on reactivity. 

 

Figure 9. Normalized flux analysis (based on the flux analysis of P3C2 base case when 20% of ethane 

(fuel) is consumed) of some important reactions shown in Figures S99–S102 corresponding to Figure 

8b. Blue line: case (1), TC = 1700 K. Red line: case (2), TC = 1112 K. Red numbers: effect of equivalence 

ratio. Black number: effect of dilution. Blue number: combined effects (P3C4). 
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4.3 Correlations and their performances 

In engineering applications and specifically computational fluid dynamics (CFD) of reactive 

flows, having reliable global equations which could properly explain IDT characteristics of a reactive 

mixture would be in demand. This will enormously decrease computation times in real–time 

combustion controlling systems and real–scale CFD simulations. Therefore, in this section, we attempt 

to explain the IDT characteristics of the studied fuels using simple correlations over the wide range of 

studied conditions. As shown in the previous sections, NUIGMech0.9 could acceptably reproduce the 

IDTs of various methane, ethane, and ethylene mixtures. Thus, this mechanism is used to derive some 

correlations as abstracted versions of the mechanism for the conditions shown in Figure 10. In this 

regard, several correlations are derived which can reasonably predict the IDTs of methane, ethane, and 

ethylene mixtures over a wide range of temperatures, pressures, equivalence ratios, and dilutions. As 

shown in Figure 10, to derive the relevant correlations to describe the IDT characteristics of the fuels 

studied over the conditions studied (Figure 10a), a comprehensive constant–volume adiabatic modelling 

study using NUIGMech0.9 is performed to completely encapsulate the designed cube (Figure 10b; 1 ≤ 

p ≤ 50 atm, 1000 ≤ T ≤ 2000 K, 0.25 ≤ φ ≤ 3.0, 75% ≤ dilution ≤ 95%). In fact, this cube and its 

corresponding ranges stem from the targets of the current study as discussed in Sections 1 and 2. In this 

regard, there is a strategy that if the derived correlations from the IDT modeling can predict the 

experimental results randomly distributed in the cube using the L9 Taguchi output, they can then 

acceptably reproduce all imaginable IDTs inside the cube. Therefore, the following formula is applied 

to correlate the relationship between the numerically studied conditions: 

𝜏idt,corr = 10Aexp (
B

𝑇
)[Fuel]C[Oxygen]D[Diluent]E                           (3) 

where the concentrations of fuel, oxygen, and diluent are calculated based on the ideal gas law in 

accordance to the partial pressure of each species in the mixture under specific temperature with units 

of mol m–3. As seen in Tables S26–36 of the Supporting Information, the correlations are evaluated by 

sub–dividing the numerically studied conditions into three zones: (a) low–, intermediate– and high 

temperatures; (b) fuel–lean, stoichiometric, and fuel–rich; and (c) high and low pressure, corresponding 

to the different chemical pathways 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 (e.g., heat 

loss effect on measured IDTs) are prominent. Therefore, the performance of the correlations is 

compared to the experimental data only in the intermediate–to–high temperature regime. Moreover, 

Origin 8.5 software65 is used to evaluate the correlation parameters of “A” to “E” mentioned in eq 3. 

The results of the correlation for methane, ethane, and ethylene including standard errors and validity 

ranges over the studied conditions are presented in Tables S26–36 of the Supporting Information file 

and in the following discussion. 
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Figure 10. (a) Populated experimental points using the Taguchi approach, “Exp” refers to targeted 

experimental conditions derived from the L9 Taguchi matrix (“x” is 1–3). (b) Populated simulation 

points inside the studied cube. “Sim” refers to simulations performed over the designed cube using the 

NUIGMech0.9 mechanism for deriving the correlations in accordance to the applied fuels. 

The performance of the derived correlations versus available IDT experimental data in the literature 

and the newly taken data in the present study for various methane, ethylene, and ethane mixtures is 

shown in Figures 2–4. 

It is seen in Figure 2 that the correlation formula fitted to the IDT characteristics of methane can 

duplicate the experimental data trend. However, according to Figure 10b, all of the experimental cases 

presented in Figure 2b,c,e,f,h,i are outside of the range of methane’s correlations (p ≥ 1 atm, 75% ≤ 

dilution ≤ 95%). In this regard, the maximum deviations of the correlations from the experimental data 

over the studied temperature ranges in Figure 2a,f,h is 44%, 69%, and 49%, respectively. Note that the 

fitted correlations to methane’s IDTs in Figure 2b,d,i can reasonably capture all of the experimental 

data, so that the maximum deviations of the correlations from the experimental data over the studied 

conditions in Figure 3b,d,i are 21%, 41%, and 36%, respectively. Also, all demonstrated trends in Figure 

2c,e,g are reproduced well by the correlations. This shows that the correlations can not only reproduce 

the IDT characteristics of various methane mixtures inside the defined parameter space but also predict 

IDTs at conditions located roughly ±10% outside this range. In this regard, the maximum deviations of 

the correlations from the experimental data in Figure 2c,e,g are changing in the order of 27%, 36%, and 

32%, respectively. 

The performances of the derived correlations for predicting the IDT characteristics of ethylene 

oxidation are shown in Figure 3. The details of the fitted correlations are presented in Tables S31–33 

of the Supporting Information file for the low temperature, fuel–lean, and fuel–rich regimes, 

respectively. By comparing the experimental data and the correlations in Figure 3a,f,h, it is observed 

that the maximum deviations between the correlation and the experimental data is 39%, 45%, and 57%, 

respectively. 
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By increasing the compressed pressure to 20 bar, it is seen in Figure 3b,d,i that the correlations all 

predict well the measured IDTs at high temperatures. It is interesting to note that the performance of 

the correlations in predicting the experimental data at some conditions presented in Figure 3d,i is better 

than NUIGMech0.9, which was the base mechanism used to derive the correlations. Thus, the 

correlations can better reproduce the chemical behavior of a specific reactive mixture as a function 

pressure, temperature, equivalence ratio, and dilution. In this regard, the maximum deviations of the 

correlations from the experimental data in Figure 3b,d,i are 40%, 47%, and 58%, respectively. By 

further increasing the compressed pressure to 40 bar (Figure 3c,e,g), it is seen that the performance of 

the correlations at high temperatures (≥1000 K) is acceptable, with the performance being similar to 

that of NUIGMech0.9. The maximum deviations of the correlations from the experimental data in 

Figure 3c,e,g are 23%, 30%, and 48%, respectively. 

The performances of the derived correlations versus the experimental IDT data of the ethane 

mixtures are summarized in Figure 4. Moreover, the details of the fitted correlations to the 

comprehensive set of IDT data are provided in Tables S34–36 of the Supporing Information for the low 

temperature, fuel–lean, and fuel–rich conditions, as discussed in Section 3. Similar to the acceptable 

performance of the presented correlations for various mixtures of methane and ethylene, Figure 4 

illustrates that the correlations can satisfactorily reproduce most of the experimental data. In this way, 

the maximum deviation of the correlations from the experimental data in Figure 4a,f,h is changing from 

42.2% to 83.2%. By increasing the compressed mixture pressure to 20 bar in Figure 4b,d,i, we see that 

the correlations describing ethane oxidation can also predict the IDTs of the various mixtures presented 

in these plots. In this regard, the maximum deviations between the correlations and the experimental 

IDTs in Figure 4b,d,i are 47%, 52%, and 52%, respectively. Furthermore, Figure 4c,e,g demonstrates 

that the derived correlations can reasonably predict the experimental IDTs for the conditions studied. 

Moreover, by considering Figure 4c,e,g, one can see that the maximum deviation of the correlations 

from the experimental data are 76%, 48%, and 58%, respectively. 

5 Conclusions 

A comprehensive experimental and modeling study of the IDT characteristics of C1–C2 single fuel 

hydrocarbons over a wide range of temperatures (~800–2000 K), pressures (~1–80 bar), equivalence 

ratios (~0.5–2.0), and dilutions (~75–90%) was conducted. An extensive literature review was 

conducted, and available data were extracted to create the comprehensive database used in 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 validation set necessary for validation of a chemical kinetic model. In this regard, six 

data sets including 70 data points for ethylene (pC: 20 and 40 bar; φ: 0.5, 1.0, and 2.0; dilution: 75, 85, 

and 90%) and eight data sets including 85 data points for ethane (pC: 20, 40, and 80 bar; φ: 0.5, 1.0, and 

2.0; dilution: 75, 85, and 90%) were recorded using a high–pressure shock tube and rapid compression 
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machine for short and longer induction times, which encompass high– and low–temperature ranges, 

respectively. 

The performance of the NUIGMech0.9 in addition to several derived correlations for the studied 

fuels have been evaluated against all the available and measured experimental IDTs. The results showed 

that although NUIGMech0.9 could acceptably predict the measured IDTs over the wide range of studied 

conditions, some modifications and improvements are still required to get a high–fidelity chemical 

mechanism. Moreover, the results showed that the derived correlations based on NUIGMech0.9 for the 

studied fuels could satisfactorily anticipate the experimental IDT data within the studied range. This 

could be a very versatile rule–of–thumb tool to anticipate the IDT characteristics of the studied fuels 

over the studied conditions. 

Finally, the individual and combined effects of the studied parameters on the IDTs were investigated 

in detail. The results showed that most parameters did not have a monotonic effect on the mixture 

reactivity over the entire temperature range (750–1700 K), so that the reactivity of the mixtures at 

certain temperature ranges was very sensitive to the studied parameters, while this sensitivity was low 

over other temperature ranges. Furthermore, it was shown that if the individual effects of parameters on 

the reactivity behave in the same way, their combined effect has a synergistic influence (by a power 

close to unity for each parameter in eq 2) on the reactivity at the new condition. 
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