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Abstract 

Ignition delay time measurements for multi-component natural gas mixtures were carried out using a 
rapid compression machine at conditions relevant to gas turbine operation, at equivalence ratios of 0.5–2.0 
in ‘air’ in the temperature range 650–1050 K, at pressures of 10–30 bar. Natural gas mixtures comprising C 1 –
C 7 n- alkanes with methane as the major component (volume fraction: 0.35–0.98) were considered. A design 

of experiments was employed to minimize the number of experiments needed to cover the wide range of 
pressures, temperatures and equivalence ratios. The new experimental data, together with available literature 
data, were used to develop and assess a comprehensive chemical kinetic model. Replacing 1.875% methane 
with 1.25% n- hexane and 0.625% n- heptane in a mixture containing C 1 –C 5 components leads to a significant 
increase in a mixture’s reactivity. The mixtures containing heavier hydrocarbons also tend to show a strong 
negative temperature coefficient and two-stage ignition behavior. Sensitivity analyses of the C 1 –C 7 blends 
have been performed to highlight the key reactions controlling their ignition behavior. 
© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

The potential of natural gas (NG) as an alterna- 
tive fuel for transportation and heavy-duty power 
generation applications has led to an increase in de- 
mand for conventional and non-conventional NG 

sources. NG is primarily composed of methane 
with some heavier alkanes ranging from ethane to 
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heptane [1 , 2] . Thus, to achieve highly efficient and 

safe use of NG, experimental and kinetic mod- 
eling studies are needed for a wide range of NG 

mixtures to verify their varying combustion char- 
acteristics. One of the fundamental combustion 

characteristics of a fuel is auto-ignition which can 

be measured experimentally at relevant reaction 

times using both rapid compression machines 
(RCMs) and shock tubes (STs). Methane, being 
a major component of NG, has been studied ex- 
tensively in the literature [3–8] and there are many 
available mechanisms describing its oxidation at 
conditions relevant to combustion devices [9–13] . 
Studying blends of alkanes with compositions 
similar to available sources of NG can provide 
tangible targets in predicting the combustion char- 
acteristics of these alternate NG mixtures to test 
their suitability for use in practical combustors. 

A summary of experimental studies of methane 
with larger hydrocarbons was presented previously 
[1 , 7 , 14] and a summary is updated and added as 
Supplementary material (SM). Ignition delay times 
(IDTs) of binary NG blends of methane/ethane 
up to methane/ n -heptane were studied experimen- 
tally using RCMs and STs over a wide range of 
combustion conditions [15–17,19–30] . The results 
showed an increase in negative temperature coef- 
ficient (NTC) behavior and a decrease in the on- 
set of ignition temperature with increasing concen- 
trations of higher order hydrocarbons in the mix- 
tures. A recent study of CH 4 / n -C 6 H 14 mixtures by 
He et al. [22] showed a significant decrease in IDTs 
with increasing n- hexane content at low tempera- 
ture. A kinetic analysis showed that a strong effect 
stems from the decomposition of H 2 O 2 which in- 
duces the production of ȮH radicals. Liang et al. 
[21] studied a different CH 4 / n -C 7 H 16 mixtures in 

a ST. The results showed that the fuel composi- 
tion with methane concentrations of less than 75% 

had IDTs close to pure n -heptane. Kinetic analy- 
ses showed that dominant reactions occurred be- 
tween n- heptane and the radicals, particularly ȮH 

and H ̇O 2 and methane consumption occurred close 
to the ignition event. Similar behavior was also ob- 
served for CH 4 / n -C 6 H 14 ST experiments [22] . 

IDT measurements of ternary blends, includ- 
ing CH 4 /C 2 H 6 /C 3 H 8 as well as higher alkanes 
with volume percentages of up to 50% of the 
entire fuel composition have also been studied 

[18 , 23 , 27 , 29 , 31 , 32] . De Vries and Petersen [29] ob- 
served that adding higher hydrocarbons up to n- 
pentane strongly reduces the activation energy at 
high pressures and low temperatures with an ob- 
served faster and stronger ignition behavior for all 
of the blends compared to pure methane. C 1 –C 4 
ST experiments were also studied [33] for highly 
dilute mixtures containing 14.29% ethane, 7.14% 

propane, 7.14% n- butane, and 71.43% methane. 
It was found that IDTs were shortened by up to 

a factor of 13 compared to pure methane. Re- 

cently, C 1 –C 5 alkanes blends were studied in both 

an RCM and in a ST with higher hydrocarbons 
up to 37.5% by volume of the fuel composition 

[14 , 34 , 35] . Beerer and McDonell [18] used a tur- 
bulent flow reactor to measure IDTs for a lean 

( ϕ = 0.6) mixture containing C 1 –C 6 species at p = 9 
atm, in the temperature range 845–895 K. They 
showed that the inclusion of higher alkanes can 

help reduce NOx emissions by decreasing the on- 
set of ignition temperatures for NG mixtures. 

The declining concentration of > C 2 species on 

a volume/mol basis is an observed trend in samples 
of NG found around the world. These are supplied 

to Siemens by potential customers who are inter- 
ested in ensuring their feasibility as fuels for en- 
gine applications and understanding the limitations 
in terms of pollutants, power range, or fuel sup- 
ply systems. Although several studies have explored 

C 1 –C 5 n -alkanes mixtures with limited work per- 
formed on C 1 –C 6 alkane blends [18] . However, to 

our knowledge no IDT measurements are available 
for C 1 –C 7 alkane blends. The aim of the present 
work is to provide useful measurements of IDTs 
for C 1 –C 7 n -alkanes blends at conditions relevant 
to gas turbine (GT) operation and to develop an ac- 
curate chemical kinetic mechanism to understand 

the underlying kinetics of NG mixture combustion 

at the specified conditions. 

2. Experiments 

Experiments were conducted using the RCM at 
NUI Galway, which was described previously [36] . 
A brief description of the machine and the ex- 
perimental procedure are provided as SM. Table 1 
shows the C 1 –C 7 n -alkanes blends by volume per- 
centage, reported as NG1 to NG10. 

Initially the NG1–NG3 blends were selected, 
where NG1 and NG2 compositions are very similar 
to North American and European natural gases, re- 
spectively. NG3 is an extension of the compositions 
along the NG mixture trends in order to capture the 
increasing content of > C 2 species. The new natu- 
ral gas mixtures NG4–NG10 are intended to con- 
sider both the impact of C 6 and C 7 n -alkane ad- 
dition and higher amounts of > C 2 species. The 
motive in the increased content of > C 2 is to en- 
sure that future natural gas compositions can be 
included. Constant volume simulations were per- 
formed for all of the NG blends in Table 1 as shown 

in Fig. S1 in SM1 to help select the final experimen- 
tal conditions. NG2 experiments which had been 

studied previously in our laboratory [14 , 34] helped 

in validating the new experiment targets and con- 
firm the reliability of the old data. The NG3 and 

NG6 experiments were performed to study the ef- 
fect of replacing 1.875% methane in the NG3 blend 

with n -hexane and n -heptane at the same condi- 
tions of pressure and dilution concentrations. Fi- 
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Table 1 
Natural gas blends. 

Species NG1 NG2 NG3 NG4 NG5 NG6 NG7 NG8 NG9 NG10 

Methane (CH 4 ) 98.125 81.25 62.5 98.03125 80.3125 60.625 72.635 45.27 63.107 35.601 
Ethane (C 2 H 6 ) 1 10 20 1 10 20 10 20 10 20 
Propane (C 3 H 8 ) 0.5 5 10 0.5 5 10 6.667 13.33 8.0 14.815 
n- Butane(C 4 H 10 ) 0.25 2.5 5.0 0.25 2.5 5.0 4.44 8.89 6.40 10.974 
n- Pentane ( n -C 5 H 12 ) 0.125 1.25 2.5 0.125 1.25 2.5 2.965 5.93 5.12 8.129 
n- Hexane ( n -C 6 H 14 ) – – – 0.0625 0.625 1.25 1.976 3.95 4.097 6.021 
n -Heptane ( n -C 7 H 16 ) – – – 0.03125 0.3125 0.625 1.317 2.63 3.276 4.460 

Table 2 
Experimental conditions studied in the RCM. 

Blend ϕ p C / bar T C / K 

NG2 0.5, 1.0, 2.0 10,18, 20, 30 711–1054 [ 14 , 34 ], current study 
NG3 1.0 20, 30 754–952 [ 14 , 34 ], current study 
NG6 1.0 20, 30 670–1032 current study 
NG7 0.5, 1.0, 1.5 10, 20, 30 688–952 current study 
NG8 1.0 20, 30 679–960 current study 
NG10 0.5, 1.0, 1.5 10, 20, 30 650–1052 current study 

nally, NG7, NG8, and NG10 were chosen so that 
different levels of higher hydrocarbon in the blends 
with different conditions can be tested. Developing 
a chemical kinetic mechanism that can reproduce 
well the experiments in the different conditions will 
be useful in predicting other NG blends that have 
not been studied experimentally. Concerning the 
DOE approach, we have not applied the method- 
ology in a strict manner implied by the terminol- 
ogy but rather a sensitivity analysis was performed 

to identify the experiments that would be the most 
informative to develop/validate/calibrate the mech- 
anism within the large parameter space of pressure, 
equivalence, temperature, and natural gas compo- 
sitions considered. Table 2 shows the experimental 
conditions with the NG blends which were chosen 

in the current study. The measured IDT is quanti- 
fied from the reactive pressure-time trace as shown 

in Fig. S2. Each experimental point is repeated at 
least three times and the IDTs measurement uncer- 
tainty in the current study is estimated to be ±15%. 

3. Kinetic modelling 

The detailed chemical kinetic mechanism em- 
ployed here, NUIGMech1.0, is built in a hierar- 
chical way and has been derived by merging our 
C 0 –C 5 base chemistry [37–40] with the hexane iso- 
mer mechanisms from Zhang et al. [41] . Rate con- 
stants for the n -heptane sub-mechanism are in- 
corporated from a previously published model by 
Zhang et al. [42] . This mechanism has been val- 
idated against the experimentally measured IDTs 
from the present work across a wide range of 
temperature ( T C = 650–1500 K), equivalence ratio 

( ϕ = 0.4–2.0), and pressure ( p C = 10–100 bar) as 
well as a variety of natural gas mixture compo- 

sitions [31 , 35 , 22 , 32] as shown in Figs S10–S16. A 

detailed description of the important reactions for 
the conditions studied here identified in sensitiv- 
ity analyses are provided in the following sections. 
In addition, the performance of NUIGMech1.0 
is compared with that published by Zhang et al. 
[42] and Mehl et al. [43] . 

4. Results and discussion 

The results of the IDTs for the tested NG blends 
listed in Table 1 are provided in this section. The 
term “in air” in the figures refers to the oxidizer 
mixture containing O 2 /diluent in the ratio of 1:3.76. 
The diluent was either 100% N 2 or 45:55 N 2 : Ar. 
The fuel compositions, initial conditions, IDT data, 
and pressure/time histories for the simulations are 
all provided as SM. 

4.1. Experimental validation 

Fig. 1 and Figure S3 show that the current IDT 

measurements for NG2 at different compressed 

gas temperatures and NG3 at stoichiometric con- 
ditions are comparable with our previously pub- 
lished data [14 , 34] . Moreover, simulations of the 
new IDTs using three kinetic models, C5_49 which 

was previously used to simulate the NG2 and NG3 
data [14] , that from Zhang et al. [42] , and NUIG- 
Mech1.0. The three models show good agreement 
with the experiments, with NUIGMech1.0 showing 
particularly good agreement, especially at low tem- 
peratures. Overall, there is good agreement among 
the old and new data and the difference which ap- 
pears clearly in the fuel-lean and stoichiometric 
conditions at temperature above 900 K stems from 

the use of 100% Ar as the diluent gas in the old 



368 A.A. El-Sabor Mohamed, S. Panigrahy and A.B. Sahu et al. / Proceedings of the Combustion Institute 38 (2021) 365–373 

Fig. 1. Comparison of current study IDTs measurements for NG2 verse NG2 previous study [34] and the simulations, 
NUIGMech1.0 (solid line, Zhang et al. [42] (dash lines), and C5_49 [14] (Dotted line). 

Fig. 2. Comparison of experimental (symbols) and model predicted (lines) IDTs of various NG mixtures at ϕ = 1.0, 
p c = (a) 20 bar, (b) 30 bar, measured in an RCM. 

data. Using only Argon as a diluent makes the IDTs 
longer as reported by Würmel et al. [44] whereas in 

the new data 45% N 2 /55% Ar is used. At fuel-rich 

conditions for NG2 the same diluent was used for 
both studies and they show very good agreement, 
Fig. S3(c). 

4.2. Effect of fuel composition 

Comparisons of the IDTs of the different NG 

mixtures, NG2, NG3, NG6, NG7, NG8, and 

NG10, studied here are presented in Fig. 2 for sto- 
ichiometric mixtures at 20 bar and 30 bar and 675–
1000 K. It is observed that NG2 and NG3 mixtures 

containing highest percentage of smaller alkanes 
(C 1 –C 3 ) amongst all fuels exhibit the lowest reac- 
tivity, with reactivity increasing with the increasing 
percentage of higher order hydrocarbons present. 
Mixture NG10, which has a total of almost 10% 

n C 6 H 14 and n C 7 H 16 , exhibits the highest reactivity. 
The effect of composition on the IDTs is seen to be 
the largest in the temperature range 700–900 K. For 
NG3 at 770 K, 20 bar, the IDT is ∼150 ms while for 
NG10 the IDT is ∼6 ms, showing that there is more 
than an order of magnitude reduction in reactivity 
with changing fuel compositions. Fig. 2 also shows 
that NUIGMech1.0 can predict the IDTs with very 
good agreement for the range of NG mixtures at 
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Fig. 3. Ignition delay times at different p C (a) NG2, ϕ = 0.5; (b) NG7, ϕ = 0.5; (c) NG10, ϕ = 0.5; (d) NG2, ϕ = 2.0; (e) 
NG7, ϕ = 1.5; (f) NG10, ϕ = 1.5. 

both 20 and 30 bar and also accurately reproduces 
the NTC behavior. The Zhang et al. [42] model 
under-estimates the reactivity of the mixtures by a 
factor of two for the NG3 and NG6 mixtures. The 
agreement becomes better for NG mixtures with 

higher alkanes but still over-predicts the IDT by 
factor of 1.5 compared to the experiments in the 
NTC region. Moreover, the Mehl et al. [43] model 
over-estimates the reactivity of NG2 and NG3 and 

begins to under-estimate the reactivity of the mix- 
tures with increasing higher order hydrocarbons in 

NG6–NG10 and by increasing the pressure from 

20 bar to 30 bar. A detailed sensitivity analysis is 
presented in the chemical kinetics analysis section 

to gain insights on the underlying kinetics at differ- 
ent conditions. Figure S6 shows reactive p /t histo- 
ries for the conditions similar to Fig. 2 -b for NG7, 
NG8, and NG10 at T c ̴ 770 K along with simulated 

p /t histories using the experimental non-reactive p/t 
trace to include the effect of heat loss. It is obvious 
that the mechanism can also capture the first stage 
and total ignition very well. 

4.3. Effect of pressure and equivalence ratio 

Fig. 3 shows a comparison of model predictions 
with IDT measurements for fuel-lean and fuel-rich 

NG mixtures at 10–30 bar. A similar comparison 

for the stoichiometric mixtures is provided in Fig. 
S7. The IDTs for all mixtures decrease with increas- 
ing pressure, thus showing an increase in reactivity. 
This is primarily due to the increasing concentra- 
tion of the reactant molecules with pressure. The 
sensitivity of IDT with pressure shows a non-linear 
trend with respect to temperature. For stoichiomet- 

ric NG6–NG10 mixtures, the IDT shortens by a 
factor of 1.5 at T C < 700 K as the pressure increases 
from 20 to 30 bar, while it reduces by a factor of 2 
at T C > 700 K until the end of NTC region. The 
dependence on pressure again decreases with a fur- 
ther increase in temperature. For fuel-lean and fuel- 
rich mixtures, an increase in pressure from 10 bar to 

30 bar leads to a reduction in IDT of almost a fac- 
tor of nine in the NTC region, as shown in Fig. 3 . 
Comparisons of model predictions with measure- 
ments ( Figs. 3 and S7), show that NUIGMech1.0 is 
able to successfully predict the IDTs with very good 

agreement for a wide range of pressures (10–30 bar) 
and equivalence ratios ( ϕ = 0.5–2.0). 

4.4. Chemical kinetics analysis 

Fig. 4 shows the brute-force sensitivity analy- 
sis for NG3, NG6 and NG10 mixture blends at 
ϕ = 1.0, pc = 30 bar, and T C = 830 K. Modifica- 
tions have been made to some of these important 
reactions and the choice of the updated rate con- 
stants are discussed here. 

The reactivity of the NG mixtures (NG3, NG6 
and NG10) is highly sensitive to ȮH radical re- 
actions with propane producing n -propyl and iso - 
propyl radicals, via C 3 H 8 + ȮH ↔ n ̇C 3 H 7 + H 2 O 

and C 3 H 8 + ȮH ↔ i ̇C 3 H 7 + H 2 O, respectively. The 
previous model [42] utilised the rate constant 
measured by Droege and Tully [45] at temper- 
atures below 900 K. More recently, Sivaramakr- 
ishnan et al. [46] directly measured site-specific 
rate constants for the C 3 H 8 + ȮH system at high 

temperatures (927–1146 K). Their measurements 
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Fig. 4. Brute-force sensitivity analysis of various NG mixtures (NG3, NG6, NG10) IDTs at ϕ = 1.0, p c = 30 bar, and 
T C = 830 K. 

showed a slightly higher branching fraction to 

i ̇C 3 H 7 than measured by Droege and Tully [45] . 
The current model applies a fit which takes ac- 
count of the direct measurement for C 3 H 8 + ȮH 

↔ i ̇C 3 H 7 + H 2 O by Sivaramakrishnan et al. [46] . 
It is evident from Fig. 4 that for all NG mix- 
tures direct hydrogen-abstraction from C 2 H 6 by 
ȮH radical has the largest inhibiting effect on the 
NG ignition. In the present model, the rate con- 
stant for C 2 H 6 + ȮH ↔ Ċ 2 H 5 + H 2 O is adopted 

from the fit recommended by Krasnoperov and 

Michael [47] . A sensitivity analysis also shows 
that the low temperature reactions pertaining to 

C 3 H 8 chemistry influence the overall reactivity 
of NG mixtures. The formation of carbonyl hy- 
droperoxide species via the isomerization reac- 
tions of C 3 H 6 OOH1–3 ̇O 2 promotes the overall 
reactivity of the NG mixtures containing higher 
concentration of n -hexane and n -heptane fuels 
(NG6 and NG10). Whereas the concerted elimi- 
nation reaction, producing C 3 H 6 + H ̇O 2 , inhibits 
NG oxidation at low temperatures. For the reac- 
tion nC 3 H 7 O 2 ↔ C 3 H 6 + H ̇O 2 , the rate constant 
used in the previous model was based on the calcu- 
lation by Villano et al. [48] while for (C 3 H 6 OOH1–
3O 2 ↔ C 3 KET13 + ȮH), the rate parameters were 
taken from the study of Sharma et al. [49] . In the 
current model, the rate constant for these reactions 

are adopted from the high-level quantum chemical 
calculation by Goldsmith et al. [50] , and these up- 
dates improved the model predictions as shown in 

Fig. 2 . 
The chain terminating reaction between H ̇O 2 

radicals (H ̇O 2 + H ̇O 2 ↔ H 2 O 2 + O 2 ) is an impor- 
tant reaction that inhibits reactivity under these 
conditions, while the decomposition of H 2 O 2 is the 
most important reaction enhancing reactivity of 
NG mixtures for all conditions. For the reaction 

H ̇O 2 + H ̇O 2 ↔ H 2 O 2 + O 2 , we use the rate con- 
stant from the recent high-level ab-initio theoreti- 
cal study by Klippenstein et al. [51] . Notably, this 
value is slightly lower than the rate constant as- 
signed in our previous model [42] , in which the 
rate parameters were taken from the experimen- 
tal work of Hong et al. [52] . Interestingly, in NG6 
and NG10 mixtures, the sensitivities of the impor- 
tant promoting reactions from the C 2 H 6 to n -C 5 H 12 
sub-mechanism are reduced significantly as com- 
pared to the NG3 mixture. However, the n -C 6 H 14 
and n -C 7 H 16 chemistries begin to control the reac- 
tivity for NG6 and NG10. The H-atom abstraction 

from the n -C 6 H 14 and n -C 7 H 16 by ȮH radicals be- 
come more important for NG10. 

Fig. 5 depicts brute-force sensitivity analyses 
performed for the NG10 mixture at pc = 10 and 

30 bar, and at an intermediate temperature of 
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Fig. 5. Brute-force sensitivity analysis of NG10 mixtures at ϕ = 1.0, T C = 830 K, for both p C = 10 bar and p C = 30 bar. 

830 K. Fig. S9 shows the sensitivity analyses com- 
parisons for different equivalence ratios ( ϕ = 0.5, 
1.0 and 1.5) for the NG10 mixture at 30 bar pres- 
sure and at an intermediate temperature of 830 K. 
The most important reactions are governed by 
the hydrogen abstraction reactions by ȮH and 

H ̇O 2 radicals that initiate the fuel consumption. 
The low-temperature chemistries such as the addi- 
tion of Ċ 5 H 10 OOH2–4 and Ċ 6 H 12 OOH2–4 radi- 
cals to O 2 are also sensitive reactions that promote 
the reactivity. The concerted elimination reactions, 
producing an olefin + H ̇O 2 , inhibits NG ignition. 
Meanwhile H ̇O 2 + H ̇O 2 ↔ H 2 O 2 + O 2 is the most 
inhibiting reaction. The resultant H 2 O 2 generates 
two ȮH radicals through H 2 O 2 ( + M) ↔ ȮH + ȮH 

( + M). Fig. S9 shows that, for fuel-lean condi- 
tions, the chain branching reaction H 2 O 2 ( + M) ↔ 

ȮH + ȮH ( + M) dominates the reactivity and ex- 
hibits higher sensitivity than at stoichiometric and 

fuel-rich conditions. A similar trend in sensitivity 
coefficients at 10 bar and 30 bar ( Fig. 5 ) indicates 
that the chemistry is not responsible for the increase 
in reactivity at 30 bar, but rather the higher fuel con- 
centration causes the observed reduction in IDTs. 

5. Conclusions 

In the current study, ignition delay time mea- 
surements for C 1 –C 7 n-alkanes blends were per- 
formed by using NUI Galway RCM at conditions 
relevant to GT operating conditions. Six composi- 
tions of natural gas mixtures with methane being 
the major component were chosen for the study. 
The measurements were carried out for mixtures 
in ‘air’ in the temperature range of 650–1050 K at 
equivalence ratios 0.5, 1.0, 1.5 and 2.0 and pres- 
sures varying from 10 to 30 bar. The wide range of 
conditions provides a comprehensive overview of 
the reactivity of the natural gas mixtures. The ex- 
perimental results showed that for the range of fuel- 
compositions considered in this study, the IDTs 
of the mixture shortened by an order of magni- 
tude at the same pressure and temperature condi- 
tions. For NG3 mixture, the IDT measured was ap- 
proximately 150 ms while for NG10 the IDT was 
as low as 6 ms at T C = 770 K and p C ∼20 bar. 
Significantly different IDTs measured over a wide 
range of conditions provide a strong validation tar- 
get for developing accurate and robust chemical ki- 
netic mechanisms. The new detailed kinetic mech- 
anism NUIGMech1.0, with update reaction rates 
based on recent theoretical and experimental stud- 
ies together with the heptane mechanism developed 
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by Zhang et al. were chosen to simulate the ex- 
perimental conditions in this study. The NUIG- 
Mech1.0 model showed excellent agreement with 

the IDT measurements for mixtures with compo- 
sitions ranging from quinternary mixtures (C 1 –C 5 ) 
to seven-component mixtures (C 1 –C 7 ) represented 

by NG6–NG10. The Zhang et al. model showed 

reasonable agreement with mixtures containing n- 
heptane but overestimated the IDTs by more than 

50% in the NTC region for mixtures containing 
large amounts lower hydrocarbons (NG2–NG6). 
The agreement of NUIGMech1.0 with measure- 
ments recorded in this study along existing litera- 
ture data highlights its robustness. 
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