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Abstract 

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

of some binary–blends of C1–C2 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 (~800–2000 K), pressure (~1–40 bar), equivalence ratio (~0.5–2.0), and dilution (~75–90%). 

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 
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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 (C1–C2) hydrocarbons are important because of 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/ethylene1, methane/ethane2-11, and 

ethane/ethylene were extracted and stored, as shown in Figure 1. It can be seen that, although there is 

sufficient IDT data in the literature for methane/ethane (alkane–alkane) 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 1). Therefore, 

new experimental tests were defined for targeted binary-fuel mixtures (alkane/alkene) + O2 + N2 + Ar 

(spheres in Figure 1) to encapsulate a wide range of temperature, pressure, equivalence ratio, alkane ratio, 

and dilution. 

 
Figure 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. 
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It is believed that conducting the required experiments under the compressed pressure range of ~1–40 

bar and also the compressed temperature range of ~800–2000 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 C1–C2 mixtures over a wide 

range of operating conditions. In the present study, the Taguchi (DOE1) method was applied to optimize 

the number of required experiments. 

2 Design of experiments and experimental approach 

The experiments were designed using an L9 Taguchi matrix12 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: 

[1 − (
𝑚𝑜𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛|𝐴𝑙𝑘𝑎𝑛𝑒

𝑚𝑜𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛|𝐹𝑢𝑒𝑙
)] × 100%, which is varied from 10–50%. 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 1(a) and (c). Besides, the compressed temperature (T5, TC) range was 

varied from ~800–2000 K based on the defined cases and the viability of the applied instruments in 

measuring IDTs with acceptable accuracy. 

Mixture IDTs of the defined mixtures and conditions presented in Table 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 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 previously5, 10, 14-19. However, a summary of the facility characteristics and 

exemplary pressure traces are provided as Supplementary material (Sections 2–6). 

As seen in Figure 1(b), sufficient available IDT data exists in the literature for methane/ethane mixtures 

precluding the need for more experiments. As presented in Table 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, “Px” refers to the fuel blends, 

which is “P5: methane/ethylene”, “P6: methane/ethane”, and “P8: ethane/ethylene”, respectively. Also, the 

“C” notation refers to the studied conditions, which change from 1 to 9 in accordance with changes in fuel 

composition, pressure, equivalence ratio, and dilution. 

 
1Design of experiments 
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Table 1. Test conditions defined in the current study. 

 
2 Experimental data is measured for the current study at PCFC of RWTH Aachen University. 

No Code 
Mixture composition (mole fraction) 

φ 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 1167–2024 1 

This study:  

NUIG ST and RCM 

 

2 P5C2 0.02143 0.02143 0 0.1071 0.85 1.0 923–1546 20 

3 P5C3 0.0222 0.0222 0 0.0555 0.90 2.0 869–1745 40 

4 P5C4 0.05303 0.02273 0 0.17424 0.75 1.0 845–1465 40 

5 P5C5 0.0488 0.0209 0 0.0802 0.75+0.10 2.0 1471–2022 1 

6 P5C6 0.0125 0.0054 0 0.082 0.90 0.5 995–1783 20 

7 P5C7 0.10976 0.0122 0 0.12805 0.75 2.0 947–1840 20 

8 P5C8 0.02596 0.00288 0 0.12115 0.85 0.5 921–1738 40 

9 P5C9 0.029 0.0032 0 0.0677 0.75+0.15 1.0 1570–2082 1 

10 P6C1 0.0015 0 0.0015 0.0017 0.0+0.98 0.5 1248–1571 1.46 

Aul et al. 2 

11 P6C2 0.0067 0 0.0067 0.0367 0.0+0.95 1.0 1190–1377 32.02 

12 P6C3 0.0316 0 0.0316 0.0868 0.0+0.85 2.0 1094–1366 15.44 

13 P6C4 0.0091 0 0.0273 0.1136 0.0+0.85 1.0 1166–1266 31.42 

14 P6C5 0.0514 0 0.0171 0.0814 0.0+0.85 2.0 1143–1513 29.03 

15 P6C6 0.0228 0 0.0123 0.2015 0.7574+0.0 
0.5 1091–1437 22.26 Petersen et al. 8 

0.6 848–883 9.62 Beerer and McDonell 3 

16 P6C7 0.0419 0 0.0047 0.2003 0.7531+0.0 0.5 1155–1532 22.71 Petersen et al. 8 

17 P6C8 

0.0801 0 0.0089 0.1913 0.7197+0.0 
1.0 

911–1221 
40 

Huang and Bushe 7  

0.0766 0 0.0085 0.1830 0.3+0.432 909–1038 Gersen et al. 9 

18 P6C9 0.0012 0 0.0036 0.0152 0.0+0.98 1.0 1324–1700 1.36 Aul et al. 2 

19 P8C1 0 0.0167 0.0167 0.2167 0.75+0.0 0.5 1153–1862 1 This study:  

NUIG ST and RCM 20 P8C2 0 0.01765 0.01765 0.11471 0.85 1.0 901–1452 20 

21 P8C3 0 0.0190 0.0190 0.0619 0.90 2.0 892–1540 40 

This study: 

NUIG (ST) & RWTH 

Aachen2 (RCM) 

22 P8C4 0 0.01724 0.04023 0.19253 0.75 1.0 

1106–1411 40 
This study: 

NUIG (ST) 

902–971 30 
This study: 

RWTH Aachen (RCM) 

23 P8C5 0 0.0168 0.0392 0.0939 0.75+0.10 2.0 1252–1870 1 
This study:  

NUIG ST and RCM 
24 P8C6 0 0.0039 0.0091 0.087 0.90 0.5 958–1503 20 

25 P8C7 0 0.0092 0.0826 0.1583 0.75 2.0 892–1520 20 

26 P8C8 0 0.0019 0.0171 0.1310 0.85 0.5 933–1446 40 

This study: 

NUIG (ST) & RWTH 

Aachen (RCM) 

27 P8C9 0 0.0022 0.0202 0.0775 0.75+0.15 1.0 1250–1930 1 This study: 

NUIG (ST) 
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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 files3 are provided in support of 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, and the combined figures of reactive, non-reactive, and 

simulation pressure traces. Furthermore, all of the general information related to the applied gases 

(fuel/oxygen/argon/nitrogen), the applied facilities, and data acquisition systems to collect the IDTs are 

provided as Supplementary material. 

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 2. Details of this analysis are provided as Supplementary material 

(Section 7). 

Table 2. Average uncertainties for compressed mixture temperature (TC or T5) and measured IDTs. 

Facility 𝝈𝑻𝐂,𝟓
 (K) 𝝈𝑰𝑫𝑻 (%) 

NUIG–L/HPST ± 30/20 ± 25 

NUIG–RCM ± 10 
± 20 

PCFC–RCM 10 ± 5 

According to the literature20, 22, 23, and also the conditions studied here, values of ± 30/20 K (L/HPST), 

± 5–15 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. 

3 Computational modelling 

Simulations were conducted using NUIGMech1.0 to simulate the experimental targets. This is a 

modified version of NUIGMech0.913 for higher hydrocarbons up to C8 and aromatics. In this regard, the 

experimental data were simulated using a Python script based on the CANTERA24 library (ST simulations) 

and also CHEMKIN-Pro 18.225 software (RCM simulations). As already comprehensively discussed in the 

literature22, 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 

 
3 The supporting/supplementary information/data/files are referred using “S” notation. 
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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 chamber10, 14, 26.  

4 Results and discussions 

All experimental results related to the studied conditions in Table 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. 

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 2–

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. 

Figures 2–4 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 

(φ: 0.5–2.0, T: ~830–2100 K, p: 1–40 bar, 9 different compositions, and dilution: 75–90%). However, there 

is a deviation between the simulations and experimental data in Figures 3(h) and 4(d). Figure 4(d) 

illustrates that the experimental data are affected by the facility’s boundary conditions in the temperature 

range 900–1050 K at p = 40 bar. These data suffer from pre–ignition events that occur behind the reflected 

shock in the NUIG–HPST. 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 PCFC–RCM. In both cases, pre-ignition appeared as a gradual increase in pressure before the 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 3(h) (Figure 

S34) may suffer from a kind of pre–ignition (specifically in9 due to the very short reported IDTs of < 3 

ms) in the intermediate-to-low temperature regime in7 and at 1000–1050 K in9. Comparing the conditions 

presented in Figures 3(h) and 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 

(~71–75% 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 2–4 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. 
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Furthermore, comprehensive comparisons of IDT, laminar burning velocities (LBVs), and 

speciation plots shown in the Supporting information file (Figures S26–38 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 S11). 
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Figure 2. Experimental and simulation data of methane/ethylene’s IDT values: (a) 2.08% CH4, 2.08% 

C2H4, 20.83% O2, (φ = 0.5) in 75% N2 at �̅�C = 1 bar, P5C1; (b) 2.143% CH4, 2.143% C2H4, 10.71% O2, (φ 

= 1.0) in 75% N2, 10% Ar, �̅�C  = 20 bar, P5C2; (c) 2.22% CH4, 2.22% C2H4, 5.55% O2, (φ = 2.0) in 75% 

N2, 15% Ar, �̅�C = 40 bar, P5C3; (d) 5.303% CH4, 2.273% C2H4, 17.424% O2, (φ = 1.0) in 75% N2, �̅�C = 

40 bar, P5C4; (e) 4.88% CH4, 2.09% C2H4, 8.02% O2, (φ = 2.0) in 75% N2, 10% Ar, �̅�C = 1 bar, P5C5; (f) 

1.25% CH4, 0.54% C2H4, 8.2% O2 (φ = 0.5) in 75% N2, 15% Ar at �̅�C = 20 bar, P5C6; (g) 10.976% CH4, 

1.22% C2H4, 12.805% O2, (φ = 2.0) in 75% N2, �̅�C = 20 bar, P5C7; (h) 2.596% CH4, 0.288% C2H4, 12.115% 

O2 (φ = 0.5) in 75% N2, 10% Ar at �̅�C = 40 bar, P5C8; (i) 2.9% CH4, 0.32% C2H4, 6.77% O2, (φ = 2.0) in 

75% N2, 15% Ar, �̅�C = 1 bar, P5C9. (solid–line: NUIGMech1.0, dash–line: derived correlations (section 

4.3)) 
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Figure 3. Available experimental and simulated data of methane/ethane’s IDT values at: (a) 0.15% CH4, 

0.15% C2H6, 1.7% O2, (φ = 0.5) in 98% Ar, �̅�C = 1.46 bar, P6C1; (b) 0.67% CH4, 0.67% C2H6, 3.67% O2, 

(φ = 1.0) in 95% Ar, �̅�C = 32.02 bar, P6C2; (c) 3.16% CH4, 3.16% C2H6, 8.68% O2, (φ = 2.0) in 85% Ar, 

�̅�C = 15.44 bar, P6C3; (d) 0.91% CH4, 2.73% C2H6, 11.36% O2 , (φ = 1.0) and 85% Ar, �̅�C= 31.42 bar, 

P6C4; (e) 5.14% CH4, 1.71% C2H6, 8.14% O2, (φ = 2.0) in 85% Ar, �̅�C = 29.03 bar, P6C5; (f) 2.28% CH4, 

1.23% C2H6, 20.15% O2, (φ = 0.5 8 and 0.6 3) in 75.74% N2, �̅�C = 22.26 bar 8 and 9.62 bar 3, P5C6; (g) 

4.19% CH4, 0.47% C2H6, 20.03% O2, (φ = 0.5) in 75.31% N2, �̅�C = 22.71 bar, P5C7; (h) 8.01% 7/7.66% 9 

CH4, 0.89% 7/0.85% 9 C2H6, 19.13% 7/18.3% 9 O2, (φ = 1.0) in 71.97% N2 7/30% N2+43.2% Ar 9, �̅�C = 40 

bar; P6C8; (i) 0.12% CH4, 0.36% C2H6, 1.52% O2, (φ = 1.0) and 98% Ar, �̅�C = 1.36 bar, P6C9. (solid–line: 

NUIGMech1.0, dash–line: derived correlations (section 4.3)) 
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Figure 4. Experimental and simulation data for ethane/ethylene oxidation at: (a) 1.67% C2H6, 1.67% C2H4, 

21.67% O2 (φ = 0.5), 75% N2, �̅�C =1 bar, P8C1; (b) 1.765% C2H6, 1.765% C2H4, 11.471% O2 (φ = 1.0), 

75% N2, 10% Ar, �̅�C = 20 bar, P8C2; (c) 1.9% C2H6, 1.9% C2H4, 6.19% O2 (φ = 2.0), 75% N2, 15% Ar, 

�̅�C = 40 bar, P8C3; (d) 4.023% C2H6, 1.724% C2H4, 19.253% O2 (φ = 1.0), 75% N2, �̅�C =  40 bar, P8C4; 

(e) 3.92% C2H6, 1.68% C2H4, 9.39% O2 (φ = 2.0), 75% N2, 10% Ar, �̅�C =  1 bar, P8C5; (f) 0.91% C2H6, 

0.39% C2H4, 8.7% O2 (φ = 0.5), 75% N2, 15% Ar, �̅�C =  20 bar, P8C6; (g) 8.26% C2H6, 0.92% C2H4, 

15.83% O2 (φ = 2.0), 75% N2, �̅�C =  20 bar, P8C7; (h) 1.71% C2H6, 0.19% C2H4, 13.10% O2 (φ = 0.5), 

75% N2, 10% Ar, �̅�C = 40 bar, P8C8; (i) 2.02% C2H6, 0.22% C2H4, 7.75% O2 (φ = 1.0), 75% N2, 15% Ar, 

�̅�C =  1 bar, P8C9. (solid–line: NUIGMech1.0, dash–line: derived correlations (section 4.3)) 

 

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 C1–C2 

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 (φ = 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 
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from 1.0 to 2.0, the new cases are defined as (φ = 1.0, pC = 1 bar, dilution = 75%) and (φ = 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 (800–2100 K) is calculated as follows: 

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

IDT |𝑃𝑥𝐶1
                                                                (1) 

Where “x”, and “y” are “5, 8” and “2–9”, 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 5. For better visualization, the y-axis in Figure 5 is scaled in 

“log2” so that 2–1, 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. 

4.2.1.1 Effect of binary blend compositions 

As seen in Figure 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 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 

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 (≥ 1670 K) and low temperatures (≤ 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 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 

analyses27 (Figure 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:  

S =
𝑙𝑛(

𝜏+

𝜏−)

𝑙𝑛 (
2

0.5
)
                                                                            (2) 

As shown above, the rate constant for each reaction is increased/decreased by a factor of two, and IDTs 

are calculated as τ+ (increased) and τ- (decreased), respectively. A positive sensitivity coefficient indicates 

inhibition of reactivity, while a negative coefficient indicates a promotion in reactivity. Figure 6 indicates 
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that adding ethylene to methane makes the chemistry more complex in terms of the number of important 

reactions involved (sensitivity coefficient ≥ 0.1) in IDT in comparison to addition to ethane. 

Figure 6 shows that increasing methane concentration in the methane/ethylene blend promotes the 

chain-termination reactions: ĊH3 + ĊH3 (+M) ↔ C2H6 (+M) and ĊH3 + HȮ2 ↔ CH4 + O2. Simultaneously, 

increasing the methane concentration promotes the reactions: CH4 + ȮH ↔ ĊH3 + H2O, CH4 + Ö ↔ ĊH3 

+ ȮH, ĊH3 + HȮ2 ↔ CH3Ȯ + ȮH, ĊH3 + O2 ↔ CH2O + ȮH in competition with the reactions: C2H4 + 

ȮH ↔ Ċ2H3 + H2O, C2H4 + Ö ↔ ĊH2CHO + Ḣ, Ċ2H3 + O2 ↔ ĊH2CHO + 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 (ĊH3) reactions but instead promotes reactions of vinyl radicals, 

which are more reactive than methyl radicals. As seen in Figure 6, increasing the ethane concentration 

(50%→90%) in the ethane/ethylene blend at 1200 K has no significant effect on the ten most prominent 

reactions, so that this increment promotes Ḣ + O2 (+M) ↔ HȮ2 (+M), Ḣ + HȮ2 ↔ ȮH + ȮH, and ĊH3 + 

HȮ2 ↔ CH3Ȯ + ȮH against the suppression of the important reaction: Ċ2H3 + O2 ↔ ĊH2CHO + Ö. Thus, 

the decrease in reactivity of the ethane/ethylene fuel blend with increasing ethane concentration (Figure 

5(a)), mainly stems from competition among the chain propagating reactions: Ċ2H5 + O2 ↔ C2H4 + HȮ2 

and C2H4 + Ḣ (+M) ↔ Ċ2H5 (+M) and the chain branching reaction: Ċ2H3 + O2 ↔ ĊH2CHO + Ö by 

scavenging Ċ2H5 radical and O2 molecules from the radical pool. 
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Figure 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 6. Sensitivity analysis of IDT corresponding to the temperature of 1200 K (0.833) in Figure 5(a). 

 

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 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. Surprisingly, it is seen in Figure 

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 1000–1250 K but enhances reactivity by 

~10% at 1100 K (0.909). In this regard, three new experimental datasets within the target temperature 
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range (1000–1200 K), under 1 bar, 50% C2H6 + 50% C2H4, φ = 0.5, and dilution levels (Ar) of 75%, 85%, 

and 90% conditions were performed. However, some of the measured IDTs (> 4–5 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. As seen in Figure 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 8, it is inferred that this behaviour stems from the effect of dilution (third body) 

and the competition between Ċ2H4 + Ḣ (+M) ↔ Ċ2H5 (+M) and Ċ2H5 + O2 ↔ C2H4 + HȮ2 in consuming 

Ċ2H5 radicals. On the one hand, increasing the dilution level intensifies the reverse reaction of Ċ2H4 + Ḣ 

(+M) ↔ Ċ2H5 (+M) which produces more reactive Ḣ atoms. On the other hand, increasing the dilution 

level decreases the oxygen concentration in the radical pool, which suppresses the reaction Ċ2H5 + O2 ↔ 

C2H4 + HȮ2. Also, Figure 8 shows that increasing the dilution level inhibits the reaction of H2O2 (+M) ↔ 

ȮH + ȮH (+M) and simultaneously promotes ĊH3 + HȮ2 ↔ CH3Ȯ + ȮH, Ḣ + O2 (+M) ↔ HȮ2 (+M), and 

Ḣ + HȮ2 ↔ ȮH + ȮH. Apart from the intermediate temperature regime, it is seen in Figure 5(b) that the 

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. Experimental and simulation data for ethane/ethylene oxidation concerning Figure 5(b). The 

magenta dash–line refers to the turning point temperature (0.909) in Figure 5(b). 
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        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

T= 900 K

 P5C1-75%

 P8C1-75% H + O2 <=> O + OH

C2H4 + OH <=> C2H3 + H2O

C2H3 + O2 <=> CH2CHO + O

CH3 + HO2 <=> CH3O + OH

            H2O2 (+M) <=> 2 OH (+M)

         C2H6 + HO2 <=> C2H5 + H2O2

          C2H5 + HO2 <=> C2H5O + OH

           C2H6 + OH <=> C2H5 + H2O

             C2H6 + H <=> C2H5 + H2

C2H5 + O2 <=> C2H4 + HO2

CH4 + H <=> CH3 + H2

C2H3 + O2 <=> CH2O + HCO

H + O2 (+M) <=> HO2 (+M)

C2H4 + H (+M) <=> C2H5 (+M)

CH4 + OH <=> CH3 + H2O

-1.2 -0.8 -0.4 0.0 0.4 0.8

T= 1100 K

 P5C1-75%

 P8C1-75%                   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
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T= 2000 K

 P5C1-75%

 P8C1-75%

           C2H4 + OH <=> C2H3 + H2O

           C2H3 + O2 <=> CH2CHO + O

            H2O2 (+M) <=> 2 OH (+M)

            CH3 + HO2 <=> CH3O + OH

                  H + O2 <=> O + OH

       C2H4 + HO2 <=> C2H4O1-2 + OH

         C2H6 + HO2 <=> C2H5 + H2O2

         C2H4 + HO2 <=> C2H3 + H2O2

           C2H6 + OH <=> C2H5 + H2O

                2 HO2 <=> H2O2 + O2

        C2H4 + H (+M) <=> C2H5 (+M)

             CH3 + HO2 <=> CH4 + O2

         C2H3 + O2 => CH2O + CO + H

             CH4 + OH <=> CH3 + H2O
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 P8C1-85% H + O2 <=> O + OH

C2H4 + OH <=> C2H3 + H2O

CH3 + HO2 <=> CH3O + OH

C2H3 + O2 <=> CH2CHO + O

C2H4 + O <=> CH2CHO + H

        C2H4 + H (+M) <=> C2H5 (+M)

            H2O2 (+M) <=> 2 OH (+M)

           C2H6 + OH <=> C2H5 + H2O

             C2H6 + H <=> C2H5 + H2

C2H5 + O2 <=> C2H4 + HO2

C2H3 + O2 <=> CH2O + HCO

CH4 + H <=> CH3 + H2

H + O2 (+M) <=> HO2 (+M)

CH4 + OH <=> CH3 + H2O
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 P8C1-85%                   H + O2 <=> O + OH

           C2H4 + OH <=> C2H3 + H2O

             HCO + M <=> CO + H + M

       C2H4 (+M) <=> H2 + H2CC (+M)

              CH2 + O2 => CO2 + 2 H

        C2H2 + H (+M) <=> C2H3 (+M)

        C2H4 + H (+M) <=> C2H5 (+M)

           2 CH3 (+M) <=> C2H6 (+M)

                H2 + OH <=> H + H2O

             C2H6 + O <=> C2H5 + OH

             C2H6 + H <=> C2H5 + H2

              CH2O + H <=> H2 + HCO

              HCO + O2 <=> CO + HO2

             CH4 + OH <=> CH3 + H2O

               CH4 + H <=> CH3 + H2
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           C2H4 + OH <=> C2H3 + H2O

           C2H3 + O2 <=> CH2CHO + O

            H2O2 (+M) <=> 2 OH (+M)

            CH3 + HO2 <=> CH3O + OH

                  H + O2 <=> O + OH

       C2H4 + HO2 <=> C2H4O1-2 + OH

         C2H6 + HO2 <=> C2H5 + H2O2

         C2H4 + HO2 <=> C2H3 + H2O2

                2 HO2 <=> H2O2 + O2

           C2H6 + OH <=> C2H5 + H2O

        C2H4 + H (+M) <=> C2H5 (+M)

             CH3 + HO2 <=> CH4 + O2

         C2H3 + O2 => CH2O + CO + H

             CH4 + OH <=> CH3 + H2O
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 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
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 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
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Figure 8. Sensitivity analysis of IDT corresponding to the temperature 1100 K (0.91) in Figure 5(b). 

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 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 mixtures’ reactivity in the temperature range 800–

1200 K, which is followed by a mild effect in increasing mixture reactivity at temperatures ≥ 1200 K. It is 

seen in Figure 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 1050–1200 K. The maximum gradient in decreasing the reactivity of the 
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ethane/ethylene mixtures (
𝜕𝐼𝐷𝑇 𝑟𝑎𝑡𝑖𝑜

𝜕𝑇
|

𝑚𝑎𝑥
) 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 800–1200 K, while the values for the methane/ethylene 

mixtures are about 0.4 and 0.82 % K–1 (at 1000 K) at equivalence ratios of 1.0 and 2.0, respectively. The 

reactivity of the fuel-rich mixtures is much more affected by changes in temperature, especially in the 800–

1200 K temperature range. In this regard, Figures 9 and S40 show that increasing the equivalence ratio in 

the methane/ethylene blends at 1200 K intensifies H-atom abstraction from CH4 and C2H4 by Ḣ atoms 

instead of ȮH radicals. This effect makes the system less reactive (Figure S41). However, increasing the 

equivalence ratio promotes the chain branching reaction of Ċ2H3 + O2 ↔ ĊH2CHO + Ö compared to the 

more reactive chain branching reaction C2H4 + Ö ↔ ĊH2CHO + Ḣ, so that as seen in Figure S41 this 

promotion reduces the blend reactivity. Also, Figure 9 shows that increasing the equivalence ratio to 2.0 

promotes the reverse reaction of C3H6 + Ḣ ↔ C2H4 + ĊH3 in competition with C2H4 + Ö ↔ C̈H + CH2O 

and ĊH2CHO ↔ CH2CO + Ḣ. 

Similar to the methane/ethylene blend, it is shown in Figures 9 and S42 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 ȮH radicals to Ḣ 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 Ḣ atoms and ȮH radicals and producing Ċ2H5 and Ċ2H4 radicals affect blend reactivity 

due to the higher reactivity of vinyl radicals compared to ethyl radicals in the blends studied. 
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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
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 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
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                  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
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           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
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           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
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           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
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           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
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Sensitivity coefficent
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 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
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 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
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Figure 9. Sensitivity analysis of IDT corresponding to the temperature 1200 K (0.833) in Figure 5(c). 

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 5(d). One can see that increasing pressure increases the reactivity of all mixtures. 

In this regard, it can be seen in Figure 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 

1050–1550 K, while its effect on the reactivity is almost constant at T ≥ 1540 K and T ≤ 1050 K for the 

ethane/ethylene blends and at T ≤ 920 K for the methane/ethylene blends. Moreover, Figure 5(d) shows 

that although the positive effect of increasing pressure for the methane/ethylene blends at T ≥ 1200 K is 
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higher than for the ethane/ethylene mixtures, this trend is reversed at T ≤ 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. In addition, Figure 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 1050–1500 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 mixture’s reactivity. Furthermore, it is demonstrated in Figure 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 (≥ 1666 K) and low-temperatures (≤ 900 K). Figure 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 1100–1330 K. 

Sensitivity and flux analyses (Figures 10, S43 and S44) 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 ȮH and HȮ2 radicals and simultaneously inhibits abstraction by Ḣ atoms. 

These may stem from the promotions in importance of the reactions: Ḣ + O2 (+M) ↔ HȮ2 (+M) and H2O2 

(+M) ↔ ȮH + ȮH (+M) with increasing pressure. One can see in Figures 10 and S44 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 10, increasing the pressure at 1200 K suppresses the C2H4 + Ö ↔ C̈H + 

CH2O/ĊH3 + HĊO reactions, and in particular the important chain branching reaction C2H4 + Ö ↔ 

ĊH2CHO + Ḣ. Moreover, Figures 10 and S44 demonstrate that increasing the pressure of the 

ethane/ethylene blend at 1200 K suppresses the reverse chain branching reaction Ċ2H4 + Ḣ (+M) ↔ Ċ2H5 

(+M) and simultaneously promotes the chain propagating reactions C2H6 + HȮ2 ↔ Ċ2H5 + H2O2 and C2H4 

+ HȮ2 ↔ Ċ2H3 + 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)
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               CH4 + H <=> CH3 + H2
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Figure 10. Sensitivity analysis of IDT corresponding to the temperature 1200 K (0.833) in Figure 5(d). 

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 NUIGMech1.013, 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 authors13. The validity ranges of the correlations are: 1 ≤ p 

≤ 50 atm, 800 ≤ T ≤ 2000 K, 0.25 ≤ φ ≤ 3.0, 75% ≤ dilution ≤ 95%, and Fuel_1/Fuel_2: 30/70%, 50/50%, 
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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: 

𝜏idt,corr = 10Aexp (
B

𝑇
)[Fuel_1]C[Fuel_2]D[Oxygen]E[Diluent]F                 (3) 

where the concentrations (mol m–3) 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 

3–5 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. 

(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 3–5. 

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 2–4. 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 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 3. Although, as seen in 

Figures 2(a), (e), and (i), correlating the simulation results using the format presented in Eq. (3) is 

inaccurate with significant uncertainties due to the highly non-linear behavior of the methane/ethylene 

mixtures at pressures in the range 1–15 atm. As already shown in the sensitivity analysis plots, the highly 

non-linearity of IDTs within 1–15 bar range almost stems from high sensitivity of the IDTs to Ḣ + O2 (+M) 

↔ HȮ2 (+M) and Ḣ + O2 ↔ Ö + ȮH which change significantly with pressure over the range investigated. 

In this regard, the average (𝛿�̅�𝑜𝑟𝑟−𝑒𝑥𝑝) and standard (�̅�𝑐𝑜𝑟𝑟−𝑒𝑥𝑝) deviation of the methane/ethylene 

correlations from the experimental data (only shock–tube data) over the studied temperature range is 

presented in Table 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. (3) fails to accurately predict experimental IDTs, especially in the range 1–20 atm. In fact, 

high sensitivity of IDT to some non–linear 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. (3), so that the derived regressions 

would be less accurate depending on the scattering level of the calculated IDTs by the parent high fidelity 
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chemical mechanism. Such deviations could be somehow understood by looking at R2, χ2, and importantly 

high standard errors of the derived coefficients for the parameters in Eq. (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 1–15 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 

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 3 shows that the simple derived correlations which are reported in Table 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 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. 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 4. The coefficients of the correlations are presented in Table 5 at both low and high 

temperatures. By comparing the experimental data and the correlations in Figure 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 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 2–4 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 chemistry does not significantly change within the 

15–50 bar (3.33 times) window in deriving the correlations, while this effect is dramatically sensitive to 

changes in pressure in the range 1–15 bar (15 times). This fact is somehow demonstrated in Figure 11. 

Although the correlations were derived over 1–50 atm, according to the pressure effect discussed above, 



22 

 

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 2(h), 3(b), 4(f) and 4(h). 

Table 3. Evaluated coefficients for correlation of the simulated IDTs for methane + ethylene mixtures. 

0.25 ≤ φ ≤ 2.0 

75 ≤ Dilution ≤ 95% 

𝟐𝟎 ≤ 𝒑𝟓,𝒄 ≤ 𝟓𝟎 /atm 

𝟖𝟎𝟎 ≤ 𝑻𝟓,𝒄 < 𝟏𝟐𝟎𝟎 /K 𝟏𝟐𝟎𝟎 ≤ 𝑻𝟓,𝒄 ≤ 𝟐𝟎𝟎𝟎 /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 

χ2 2.54E-04 3.05E-10 

 

Table 4. Evaluated coefficients for correlation of the simulated IDTs for methane + ethane mixtures. 

0.25 ≤ φ ≤ 2.0 

75 ≤ Dilution ≤ 95% 

𝟐𝟎 ≤ 𝒑𝟓,𝒄 ≤ 𝟓𝟎 /atm 𝟏 ≤ 𝒑𝟓,𝒄 ≤ 𝟏𝟓 /atm 𝟏𝟓 < 𝒑𝟓,𝒄 ≤ 𝟓𝟎 /atm 

𝟖𝟎𝟎 ≤ 𝑻𝟓,𝒄 < 𝟏𝟐𝟎𝟎 /K 𝟏𝟐𝟎𝟎 ≤ 𝑻𝟓,𝒄 < 𝟐𝟎𝟎𝟎 /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 

χ2 3.74E-04 4.32E-09 2.34E-10 

 

Table 5. Evaluated coefficients for correlation of the simulated IDTs for ethane + ethylene mixtures. 

0.25 ≤ φ ≤ 2.0 

75 ≤ Dilution ≤ 95% 

𝟐𝟎 ≤ 𝒑𝟓,𝒄 ≤ 𝟓𝟎 /atm 𝟏 ≤ 𝒑𝟓,𝒄 ≤ 𝟏𝟓 /atm 𝟏𝟓 < 𝒑𝟓,𝒄 ≤ 𝟓𝟎 /atm 

𝟖𝟎𝟎 ≤ 𝑻𝟓,𝒄 < 𝟏𝟐𝟎𝟎 /K 𝟏𝟐𝟎𝟎 ≤ 𝑻𝟓,𝒄 < 𝟐𝟎𝟎𝟎 /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 

χ2 5.19E-04 1.12E-10 1.19E-11 

 

Table 6. Performance of the methane/ethylene correlations versus the experimental data shown in Fig. 2. 

Experimental data set �̅�𝒄𝒐𝒓𝒓−𝒆𝒙𝒑 (%) �̅�𝒄𝒐𝒓𝒓−𝒆𝒙𝒑 (%) 

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 
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P5C6 26.0 17.0 

P5C7 9.9 9.6 

P5C8 19.8 9.1 

P5C9 131.0 56.4 

 

Table 7. Performance of the methane/ethane correlations versus the experimental data shown in Fig. 3.  

Experimental data set �̅�𝒄𝒐𝒓𝒓−𝒆𝒙𝒑 (%) �̅�𝒄𝒐𝒓𝒓−𝒆𝒙𝒑 (%) 

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 8. Performance of the ethane/ethylene correlations versus the experimental data shown in Fig. 4.  

Experimental data set �̅�𝒄𝒐𝒓𝒓−𝒆𝒙𝒑 (%) �̅�𝒄𝒐𝒓𝒓−𝒆𝒙𝒑 (%) 

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 11. Performance of the derived correlation under an overpressure (> 50 bar) condition10. 

5 Conclusions 

To create a comprehensive IDT database, a detail experimental and simulation study of the IDT 

characteristics of binary blended C1–C2 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; φ: 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; φ: 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. 

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 (800–2100 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, φ: 0.5 and dilution of 75% has a Gaussian 
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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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