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Abstract 

A detailed experimental study was performed in a rapid compression machine to 

investigate the effect of several EGR components on the autoignition of natural gas. 

Ignition delays of methane, natural gas and mixtures of natural gas with hydrogen, 

carbon monoxide, carbon dioxide and water were measured for temperatures ranging 

from 870 K to 1000 K and pressures from 18 to 24 bar, at equivalence ratios 1 and 

0.7. The results show an accelerating effect of H2 blending.  The experimental 

measurements are compared with results from numerical simulations using detailed 

chemical mechanisms from the literature. Natural gas ignition delays can be 

reproduced satisfactorily, but improvements need to be made to give an accurate, 

quantitative account of the effect of the inclusion hydrogen. 

 

 

Keywords: RCM, natural gas, ignition, EGR, hydrogen. 
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1. Introduction 

 

Natural gas (NG) is widely recognised as a very convenient automotive fuel: its high 

H/C ratio involves lower CO2 emissions than conventional fuels; it has high 

combustion efficiency, it induces lower CO and unburned hydrocarbons emissions 

and has a low propensity to knock [1]. It is readily available as a fossil resource, but 

can also be synthesised from biomass [2-4]. As a consequence, surrogate 

compositions of NG, have been widely studied in combustion systems, including 

burners [5], rapid compression machines [6-9] and shock tubes [10, 11]. 

Investigations prior to 1994 were reviewed by Spadaccini and Colkett [12]. It is well 

understood that the reactivity of natural gas is correlated to its content of higher 

hydrocarbons, such as ethane and propane, especially in the low and intermediate 

temperature regime [7, 8, 13-16].  

However, the use of EGR technology in modern engines, as well as the eventual 

presence of impurities in synthesised NG, indicates a need for detailed studies on the 

effect of additional components on the ignition delays of NG in engine conditions.  

The present study relates to the inclusion of H2, CO, CO2 and H2O individually in 

mixtures with natural gas and the experimental investigation of the subsequent 

variation of ignition delay following compression in a rapid compression machine 

(RCM) to temperatures in the range 880 - 960 K and pressures in the range 18 - 22 

bar.    

The addition of hydrogen to gaseous fuels has the advantage of reducing CO2 

emissions when hydrogen is obtained from non-fossil resources. However, this 

addition can have an effect on the knock propensity of the fuel in spark ignition 

engines, which also needs to be addressed [17]. Carbon monoxide also has some 

Page 3 of 43

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 

 

part to play as a reactive, heat generating component but carbon dioxide and water 

have largely inert roles, apart from the potential for limited, kinetic contributions or 

through their enhanced heat capacity relative to that of monatomic or diatomic 

molecules.  

The purpose of the present investigation is to provide experimental data to elucidate 

how these supplementary components affect the autoignition of a typical NG 

composition. Experimental comparisons are also made between the combustion of 

NG and pure CH4. In addition, with the distinctions between NG and pure CH4 in 

mind, in order to guide further developments that may be necessary for the 

application of numerical investigations to the influence of EGR components on NG 

combustion, we also explore, briefly, the potential success of several, comprehensive 

kinetic models that have been developed for methane combustion in reproducing the 

ignition delays that we have measured using natural gas.   

 

Previous related studies 

Ignition delay measurements and numerical simulations have been made of the 

effect of hydrogen addition on the combustion of methane in shock tubes [18-21] and 

a rapid compression machine [22]. The investigation by Zhang et al [21] covers a 

complete composition range (100% CH4 to 100% H2 as fuel) at pressures from 5 – 20 

bar and temperatures from 1020 – 1750 K, and is accompanied by extensive 

numerical simulations and kinetic analyses. In each of these studies [18-22], an 

increase of the global rate of oxidation at any given temperature was observed when 

hydrogen was added in increasing proportions. 

Recently, with interests in the use of syngas, Gersen et al [23] measured ignition 

delays of stoichiometric and fuel-lean mixtures, comprising H2, H2/CO, CH4, CH4/CO, 
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CH4/H2 and CH4/CO/H2, in an RCM at pressures ranging from 20 to 80 bar over the 

compressed gas temperature range 900–1100 K. Ignition delays were shortest for H2 

under comparable conditions to other mixtures, and those of CH4 were the longest. 

The replacement of 30% CH4 by H2 had a significant effect on CH4 ignition, the 

delays falling between those of the single component fuels. The effects of CO, at 

50% of the fuel with H2 and at 20% of the fuel with both CH4 and CH4/H2 mixtures, 

were found to be negligible. The addition of syngas to CH4 resulted in ignition 

behavior that resembled an equivalent CH4/H2 mixture containing the same H2 

fraction. The experimental observations were reproduced satisfactorily in numerical 

simulations. 

Although a helpful approach because it simplifies the interpretation of the kinetic 

effects, the study of methane as a surrogate for NG has limitations because, in 

reality, the heavier hydrocarbons that are present in NG also have a marked 

influence on methane oxidation. Thus, a complementary investigation of the ignition 

response of NG to the inclusion of EGR and syngas components is appropriate.  

However, little kinetic work has been done so far using natural gas/hydrogen 

mixtures. Dagaut and Dayma [24] studied the kinetics of oxidation of CH4/C2H6/H2 

mixtures in a high pressure (10 atm) Jet-Stirred Reactor (JSR), between 900 and 

1200 K.  They showed that the oxidation of the CH4/C2H6 mixture is enhanced by the 

addition of H2, and attribute the reactivity enhancement to an increase in the 

concentrations of H., .OH and HO2
. radicals when hydrogen is present in the initial 

mixtures. De Ferrières et al. [25] added 20 to 60% H2 to NG in a low pressure flat 

flame and measured the concentration profiles of the reactants and products in order 

to study the kinetic effects of hydrogen addition. Their conclusion was that, under 
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their conditions, the channels involving H-abstraction by H. atoms are increasingly 

favoured, as is the formation of CO over CO2. 

Prior to the work reported in [23] the ignition of pure H2/O2 and H2/CO/O2 mixtures 

was investigated in an RCM by Mittal et al. [26] under a wide range of experimental 

conditions, and the kinetic importance of HO2
. radicals and of H2O2 was emphasised 

through numerical simulation. 

The large heat capacity of carbon dioxide, compared to that of nitrogen or argon, has 

led to its frequent use as an inert gas for RCM studies under 700 K [27]. But the 

effect of CO2 blending on CH4 ignition at higher temperatures is limited to the study of 

the addition of large quantities of CO2 to CH4/air mixtures in a JSR at 10 atm, 

between 900 and 1450 K, by Le Cong and Dagaut [28]. They showed that CO2 has a 

thermal effect which reduces flame temperatures, as well as a chemical effect that is 

likely to proceed through the reduction of the concentration of H. atoms via CO2 + H. 

= CO + .OH. 

To our knowledge, there are no reported studies on the effect of added water on the 

ignition delay of NG, although Christensen and Johansson [29] have shown that the 

addition of water could be used to delay the ignition time in an HCCI engine fuelled 

with natural gas. 

 

2. Experimental 

 

The experiments were carried out in the RCM at the University of Lille. This RCM has 

a right-angle design, which ensures that the volume is kept strictly constant at the 

end of the compression. The full details of this facility have been described elsewhere 

[9,27,30-32]. The pressure profiles during operation of the RCM are measured by a 
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Kistler 601A piezoelectric pressure transducer with a 40 µs time step. The ignition 

delay time is defined as the time between the end of the compression (TDC: Top 

Dead Centre) and the maximum rise of the pressure associated with ignition. The 

core gas temperature (TC) is calculated following the adiabatic core model from the 

pressure at TDC and the initial conditions [30,33,34]. The compression ratio was 11:1 

and the cylinder and combustion temperature walls were maintained at 90 oC.  

The gas mixtures were prepared in a glass mixing facility, using the partial pressures 

method, and left to homogenise overnight. The dilution of all mixtures by inert gases 

(N2, Ar) was identical to that of the proportion of N2 in air. The natural gas used in this 

study was composed of 89% methane, 9% ethane and 2% propane. The gases were 

provided by Air Liquide with the following purities: NG (9.00 ± 0.18% C2H6, 2.00 ± 

0.18% C3H8 in CH4), CH4 (99.95%), H2 (99.999%), O2, N2 and Ar (99.99%), CO 

(99.91%), CO2 (99.95%). Carbon monoxide was stored in an aluminium cylinder to 

avoid Fe(CO)5 formation [35]. The composition of the N2/Ar inert gas mixture was 

varied, so changing the ratio of heat capacities in order to reach the different core 

gas temperatures investigated.  

Mixtures containing H2O were prepared in a heated mixture preparation facility [36] to 

avoid its condensation. Its temperature was fixed at 80 oC, and the tubing between 

the facility and the RCM was also heated to 80 oC. At this temperature, the vapour 

pressure of water is more than 47 kPa, whereas the maximum water partial pressure 

used during mixture preparation was less than 5 kPa. The water was purified from 

dissolved gases by several freezing/pumping cycles. 

It has been shown earlier [35] that when measuring ignition delays in the presence of 

H2, non-uniform ignition can be a major concern, and the presence of particles has 

been discussed as a possible cause for these non-uniform ignitions. To avoid this 
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eventuality a Millipore filter (0.5 µm) was installed between the gas mixture 

preparation facility and the RCM. No difference was observed between results 

performed with and without the filter for the mixture with the highest hydrogen 

content. As a consequence, most of the experiments were performed without utilizing 

the filter. 

Non-reactive pressure profiles were acquired for each reactive mixture by replacing 

O2 by N2. These profiles reveal the rate and extent of the pressure fall due to cooling 

in the boundary layer after the end of compression and they enable an accurate 

reproduction of the heat loss, based on adiabatic expansion of the core gas, to be 

obtained in zero-dimensional simulations [37]. The corresponding mixture 

compositions and “thermal diffusivity” values, as well as the non-reactive pressure 

profiles, are available from the authors for all mixtures studied.  

The right-angle design of this RCM allows the compression time to be varied without 

changing the compression ratio. The influence of the compression time on natural 

gas ignition was therefore investigated, as shown in Section 3. Following the 

recommendations of Lee and Hochgreb [38], a creviced piston head was used, to 

ensure maximum homogeneity of the temperature field in the core gas at the end of 

the compression.  

 

3. Experimental Results  

 

A comparison of a reactive and a non-reactive pressure profile is presented for an 

NG/H2 mixture, in Figure 1. Heat release during the development of autoignition is 

sufficiently small for there to be no discernible difference in the pressure profiles until 

a relatively late stage. Figure 2 sums up the results obtained for the effect of the 
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variation of the compression time on ignition delay measurement. At high piston 

velocities, it shows variations of the TDC pressure increase, and also that the 

decrease of the pressure after TDC occurs in two distinct phases. This is partly due 

to vibration which induces a periodic perturbation of the pressure signal, but also 

from possible non-ideal effects such as turbulence dissipation, and consequent 

mixing of the adiabatic core with the boundary layer. Adequate reproduction of the 

heat loss with the core gas expansion model [37] is then made very difficult. At the 

other extreme, too long a compression time would increase the opportunity for 

reaction to occur during the compression phase. A compression time of 60 ms was 

therefore chosen, as in previous work [9,27,30-32]. 

A comparison of ignition data obtained with a flat piston and a creviced piston was 

performed at a compression time of 60 ms, as shown on Figure 3. The ignition delays 

using the flat piston appear to be slightly longer than those with the creviced piston, 

suggesting that there is a limited effect of a roll up vortex. These experimental results 

were simulated using the NUIG mechanism [16].The simulation results are also 

plotted in Figure 3, and show little difference between the flat piston and the creviced 

piston results. The modelling of the results using core gas expansion into the 

boundary layer gives acceptable results in both cases [37]. 

Measurements of ignition delay for a range of reactive mixtures, using the creviced 

piston crown, are shown in Figures 4-11 and presented in the following sub-sections, 

The lines are included as β-spline fits to the experimental data, and the indicated 

pressures are the minimum and maximum values reached at TDC. The compressed 

gas pressure variation results from the increased gas temperature for a fixed initial 

pressure of each composition, in the range 80.0 - 106.7 kPa, as the heat capacity of 

the mixture is decreased. 
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Methane 

Autoignition delay times for stoichiometric (Φ = 1.0) methane/”air” mixtures and at Φ 

= 0.7 have been measured. Their variation with TC was investigated over the 

temperature range 880 - 1000 K at compressed gas pressures in the range 20.5 - 

22.7 bar, as presented in Figure 4. The studies of stoichiometric CH4/"air" mixtures 

were restricted to an upper compressed gas temperature of 950 K at the given 

compression ratio, as a result of their higher overall heat capacity relative to those for 

the compositions at Φ = 0.7 (Figure 4), for which 1000 K could be reached. Ignition 

delays are longer for Φ = 0.7 mixtures, especially at the lower temperatures. This is 

consistent with the results of Healy et al. [7].  

In this and other cases, at the lowest compressed gas temperature for ignition the 

ignition delay becomes very sensitive to variation between experiments, as its 

duration tends asymptotically to infinity. This scatter of the data may also be 

influenced by a gradual reduction of the core volume owing to heat loss competing 

with the low exothermicity of reaction, in the early stages of the ignition delay. 

 

Natural Gas 

Figure 5 shows the decrease of the ignition delays of stoichiometric NG/"air" mixtures 

with increasing TC at three different initial pressures. Ignition was still possible at TC < 

900 K, at the higher initial pressures, but it was not observed below 915 K at an initial 

pressure of 80 kPa. The enhanced reactivity of NG in a stoichiometric mixture relative 

to that at φ = 0.7 is presented in Figure 6.  
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A comparison between the measured ignition delays for stoichiometric CH4/”air” and 

NG/"air" mixtures, in Figure 7, demonstrates the marked sensitisation of methane 

autoignition to the presence of ethane (9%) and propane (2%). 

 

Natural gas blending with hydrogen 

The effect of hydrogen blending to natural gas has been studied for fuel fractions 

xH2/(xH2+xNG) = 0.2 and 0.6. The measured ignition delays are plotted as a function of 

TC in Figure 8: That the presence of hydrogen reduces the ignition delay of natural 

gas is clear, but there are interesting, additional features. That is, there is a 

significant reduction of the ignition delay when NG is replaced by 20% H2 but the 

sensitivity to a further increase of H2 to 60% is very slight. Moreover, from the data 

obtained either side of TC ~ 905 K at the two compositions, the reproducibility of the 

experiments is sufficiently good to show a cross-over of the ignition delay 

dependence on the proportion of H2. The 80/20 NG/H2 mixture appears to be the less 

reactive mixture below 905 K, as expected, but the slightly more reactive of the two 

above this temperature.  

 

Natural gas blending with carbon monoxide 

In order to evaluate the effect of carbon monoxide on the ignition delays of natural 

gas, a partial substitution of NG by CO was made, at fuel proportions ranging from 10 

to 30% in the reactant mixture, while keeping the equivalence ratio constant at φ = 

1.0. The ignition delays are plotted as a function of Tc on Figure 9.Carbon monoxide 

appears to have no discernible effect on the ignition delays of natural gas. 
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Natural gas blending with carbon dioxide 

Several NG/CO2 mixtures were studied by addition of CO2 up to xCO2/(xNG+xCO2) = 

0.3, the equivalence ratio of the NG being kept constant.  At its highest proportion, 

the CO2 constitutes about 4% by volume of the total reactant mixture.  This has a 

small effect of increasing the overall heat capacity and so decreases the temperature 

reached at the end of compression to a limited extent. As can be seen on Figure 10, 

no effect on the ignition delay could be discerned. The proportion is very low 

compared with the 20% mole fraction of CO2 in the mixtures studied by Le Cong and. 

Dagaut [28]. Adding a compound with a relatively high heat capacity to the mixture is 

likely to have an effect on the variation of temperature induced by the heat release. 

This can result in a variation of the ignition delays, as described by Würmel et al. [39], 

but no such effect was observed in our conditions with relatively low CO2 mole 

fractions.  

 

Natural gas blending with Water 

Water was introduced in our mixtures, in a way similar to that of CO2, at a proportion 

of 30% relative to the fuel. As shown on Figure 11, there appears to be no effect of 

water addition on the ignition delay at compressed gas temperatures above 910 K. 

However, as in the case of CO2, there is a reduction of the core gas temperatures 

reached at the end of the compression as a result of the addition of water to the 

mixtures.  

 

Summary of the effects of EGR components 

The results obtained with all of the EGR components are summarised in Figure 12, 

for TC between 917 and 936 K. The core gas temperatures were not strictly identical 
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for different additive fuel fractions because the heat capacities of each fuel/additive 

mixture varied to a limited extent. This small variation in TC was sufficient to affect the 

measured ignition delays through the overall activation energy of the reaction rate, 

and this accounts for the scatter in the case of H2O and CO2 blending, which is 

marked within the grey zone in Figure 12. This marked zone corresponds to an 

increase or a decrease of the ignition delay by less than 20%. Only hydrogen has a 

discernible effect in reducing the ignition delay, as the proportion of hydrogen in the 

fuel was increased from 0 to 60%.  The other additives hardly influence the ignition 

delay, up to proportions equivalent to 30% of the fuel. 

 

4. Discussion 

 

By virtue of the presence of higher alkanes (9 mol% C2H6 and 2 mol% C3H8) the 

significant enhancement of the autoignition of NG relative to that of CH4 is evident 

throughout the temperature range investigated in the present experiments. There is 

further enhancement of the reactivity when H2 is substituted for NG, albeit with a 

much reduced sensitivity at high proportions of H2. The lack of sensitivity to the 

replacement of NG by CO shows that CO plays some part in the kinetics and heat 

release in the overall reaction. If CO were to act predominantly as an inert diluent, 

then we would expect there to be an increase in the ignition delay consistent with the 

response of NG at φ = 0.7 relative to that of NG at φ = 1.0. This is corroborated by 

Mittal et al [40], who showed that the ignition delay in H2/N2 mixtures was longer than 

that in corresponding H2/CO compositions, at above 1000 K, especially when the 

proportion of CO or N2 exceeded 50% of the ‘fuel’ component. The behaviour of NG 

in the presence of CO observed in the present work is similar to ignition data 
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obtained by Gersen et al [23], both for CH4/CO and H2/CO mixtures relative to those 

from CH4 and H2 respectively. By contrast, at the extreme, the sensitization of CO 

ignition by very small amounts of H2, or other hydrogenous compounds, has been 

known for a considerable time and is well documented [41].  

 

Tests of methane kinetic models applied to natural gas autoignition 

The purpose of this final part of our discussion is to explore the extent to which 

various comprehensive kinetic models for methane combustion may be applied 

successfully to the simulation of the present experimental measurements of ignition 

delay involving a natural gas of known composition.  

The simulations were performed using the Chemkin package [42], assuming time-

dependent volume profile to simulate the expansion of the core gas into the boundary 

layer [37]. The natural gas composition used in the simulations comprised 

methane/ethane/propane = 89/9/2%, as in the experiments. Four models were 

considered: The LENI model [9], the NUIG model [16], the USC model [43], and the 

GRI 3.0 model with the RAMEC sub-mechanism [44,45].  

In previous work, the LENI model has been tested against RCM data using a 

synthetic methane/ethane/propane mixture with a similar composition to the present 

NG [9]. The NUIG model has been validated on a large number of mixtures, including 

90/6.6/3.3, 70/15/15, and 70/20/10 methane/ethane/propane mixtures, expressed as 

percentages, as well as mixtures containing higher hydrocarbons [7]. The USC model 

has been applied to a large variety of high-temperature ignition delay measurements 

for hydrogen and single component C1 to C3 hydrocarbons [21]. The RAMEC sub-

mechanism has been developed to extend the validation of the GRI mechanism to 

intermediate temperatures shock tube methane ignition delays [45].  
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The comparison between the experimental and the simulated ignition delays is 

presented in Figure 13. It shows that the present natural gas results are best 

simulated by the NUIG model, with which the agreement, for a stoichiometric mixture, 

is very good throughout the pressures and temperature ranges investigated. The 

simulation of experimental investigations of CH4 autoignition, to which similar 

components were blended, also gives a very satisfactory validation of the NUIG 

model [23]. There is a reasonable representation of the present NG data using the 

LENI model, albeit with a consistent under-prediction of the ignition delay by 

approximately 50%. It is conspicuous that the models that have not been set up with 

adequate representation of the kinetic interactions involving ethane and propane do 

not, generally, predict sufficiently high reactivity and fail to capture the combustion 

leading to ignition at the lowest core gas temperatures. 

In a supplementary analysis, simulations were made to explore the extent to which 

reaction may occur during the compression phase, based on the velocity profile of 

the piston, and comparing the results with the non-compression simulation adopted in 

the earlier calculations. The position - time profile of the experiments is available from 

the authors on request. As shown in Figure 14, whereas there is no evidence of 

significant reaction having started during the compression phase of NG alone, the 

decrease of the predicted ignition delay in the case of NG-H2 mixtures indicates that 

some reactivity has occurred during the compression phase.  

Finally, the precision with which the effect of EGR components can be predicted 

using the NUIG model [16] was explored briefly by reference to the data presented in 

Figure 12. The simulations took into account the possibility of reaction in the 

compression stroke in the case of hydrogen-containing mixtures. As shown in Figure 

15, the predicted ignition delays of increasing proportions of CO2, CO and H2O in 
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NG/CO2, NG/CO and NG/H2O mixtures show very little effect on the reactivity of NG. 

The enhanced reactivity in the presence of increasing proportions of H2 is clearly 

demonstrated, although the duration of the ignition delay is over-estimated by the 

model. This may suggest that further model development may be required on the 

interactions between the kinetic mechanisms between the two fuel components.  

 

5. Conclusions 

 

A detailed experimental study of the autoignition of methane, natural gas and natural 

gas with various additional components, typical of those associated with exhaust gas 

recirculation, was performed in an RCM. Ignition delays of pure methane/"air" 

mixtures were measured and found to increase from equivalence ratios 1.0 to 0.7. 

These results were compared with those from natural gas, which ignites with a 

shorter ignition delay at all conditions investigated. Blending hydrogen in the mixture 

at all volume percentages in the fuel from 20 to 60% shortens the ignition delay. CO 

was found to have no effect up to a fuel proportion of 30%. Simulations were 

performed with the NUIG mechanism: the agreement is overall very good for natural 

gas and the different additives. In order to be able to reproduce the effect of EGR in 

real engines conditions, further work might be required to improve the simulation of 

H2-containing mixtures. 
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Figures Captions 

Figure 1: Comparison of the reactive (full line) and the non-reactive (dashed line) 

pressure profiles in the case of the compression of a NG/H2(80/20)/”air” mixture. 

Initial pressure P0 = 106.7 kPa, compression time 60 ms. 

Figure 2: Effect of the compression time on the pressure profile during a reactive 

NG/O2/Ar experiment. P0 = 80 kPa. 

Figure 3: Comparison of the measured (points) and simulated (lines) evolution of the 

ignition delay times of stoichiometric synthetic natural gas/O2/inert mixtures as a 

function of TC, for two piston configurations: crosses, full line: flat piston; diamonds, 

dashed line: creviced piston. Initial pressure P0 = 106.7 kPa. 

Figure 4: Ignition delay times of stoichiometric (diamonds) and Φ = 0.7 (circles) 

CH4/O2/inert mixtures as a function of TC. Initial pressure P0 = 106.7 kPa. 

Figure 5: Ignition delay times of stoichiometric NG/O2/inert mixtures as a function of 

TC. Initial pressure : P0 = 80 kPa (triangles), P0 = 93.3 kPa (circles), P0 = 106.7 kPa 

(diamonds). 

Figure 6: Ignition delay times of stoichiometric (diamonds) and Φ = 0.7 (circles) 

NG/O2/inert mixtures as a function of TC. Initial pressure P0 = 106.7 kPa. 

Figure 7: Ignition delay times of stoichiometric NG/O2/inert (diamonds) and 

CH4/O2/inert (circles) mixtures as a function of TC. Initial pressure: P0 = 106.7 kPa. 

Figure 8: Ignition delay times of stoichiometric NG/O2/inert (diamonds), 80/20 

NG/H2/O2/inert (circles) and 40/60 NG/H2/O2/inert (triangles) mixtures as a function of 

TC. Initial pressure: P0 = 106.7 kPa. 

Figure 9: Ignition delay times of stoichiometric NG/O2/inert (diamonds), 90/10 

NG/CO/O2/inert (circles), 80/20 NG/CO/O2/inert (triangles) and 70/30 NG/CO/O2/inert 

(squares) mixtures as a function of TC. Initial pressure: P0 = 106.7 kPa. 

Page 27 of 43

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28 

 

Figure 10: Ignition delay times of stoichiometric NG/O2/inert (diamonds), 90/10 

NG/CO2/O2/inert (circles), 80/20 NG/CO2/O2/inert (triangles) and 70/30 

NG/CO2/O2/inert (squares) mixtures as a function of TC. Initial pressure: P0 = 93.3 

kPa. 

Figure 11: Ignition delay times of stoichiometric NG/O2/inert (diamonds) and 70/30 

NG/H2O/O2/inert (circles) mixtures as a function of TC. Initial pressure: P0 = 93.3 kPa. 

Figure 12: Effect of additive blending on the ignition delays of NG/O2/inert mixtures. 

Hydrogen (diamonds): TC = 936 K, CO (circles): TC = 917 K, H2O (squares): TC = 937 

K, CO2 (triangles): TC = 920 K. 

Figure 13: Comparison of the experimental and simulated ignition delays of 

stoichiometric NG/O2/inert mixtures at three initial pressures: P0 = 106.7 kPa 

(diamonds, thick line), P0 = 93.3 kPa (circles, medium line), P0 = 80 kPa (triangles, 

thin line). LENI model (long dash), NUIG model (full line), USC model (short dash), 

GRI+RAMEC (dash-dot). 

Figure 14: Simulated pressure profiles obtained in stoichiometric mixtures at P0 = 80 

kPa and T0 = 363 K for: NG/O2/Ar, with the compression phase (full line), without the 

compression phase (crosses). NG/H2(40/60)/O2/Ar, with the compression phase 

(dash-dotted line), without the compression phase (dashed line). 

Figure 15: Comparison of the experimental and simulated effect of additive blending 

on the ignition delays of NG/O2/inert mixtures. Simulations are performed with the 

NUIG mechanism. Experimental data: see Figure 12. Modelling: H2 (full line), CO 

(long dash), H2O (dash-dot), CO2 (short dash). 
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