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ARTICLE INFO ABSTRACT
Article type Various LNG mixtures primarily consist of methane and smaller amounts of other alkanes, which,
Research Article despite their similarities, can exhibit different combustion phenomena. This study investigates
- - the effect of LNG composition on ignition delay time and the likelihood of knocking. To this end,
Article history a C0-C4 kinetic model was developed based on a recently published methanol model, with the
Received 2026.01.25 . . . .
Received in revised form: 2026.03.17 addition of C2-C4 sub-models. Eleven standard LNG mixtures were then simulated and studied
Accepted:2026.03.25 under various experimental conditions at equivalence ratios of ¢ = 0.4 and 1.2. The results show
Available online: 2026.03.28 good agreement with experimental data for high and intermediate temperatures (T > 1000 K).
Keywords The model outputs were also compared with the performance of two other well-established
%iQ_U_CﬁCdD I\iam?‘l Gas detailed models; the model developed in this study provides more successful predictions. Finally,
g:ﬁf;ﬁ:naﬁmﬁf Modeling the formation pathway of combustion products was investigated using rate of production analysis.
As demonstrated, two distinct regimes—high-temperature and low-temperature—are identified
for the combustion of each fuel component. At high temperatures, all fuel components undergo
direct decomposition into small species and radicals, followed by combination with oxygen. At
low temperatures, for methane, the formation of C2H6 from the methyl radical (CH3) is very
significant, and the cascade hydrogen abstraction process is an effective mechanism in the
continuation of the combustion pathway. This also applies to larger fuel components, rather than
direct combination with oxygen.
Introduction

Recent decades have witnessed technological progress in gas liquefaction processes, enabling the
intercontinental export of natural gas (NG) through worldwide maritime networks. Nowadays, numerous countries
acquire liquefied natural gas (LNG) as a primary energy source for both industrial applications and residential use.
LNG is generated through multiple rounds of cooling and compression applied to NG blends, lowering their
temperature to -160 °C [1].

The characteristics of LNG mixtures—including calorific value, physicochemical properties, and combustion
behavior—are heavily dictated by the original NG composition prior to liquefaction. Various LNG blends
predominantly consist of methane (79-99%), accompanied by minor quantities of C,-Cs alkanes and occasionally
nitrogen [1, 2]. Even with their substantial methane fraction, the overall combustion characteristics of these blends
can deviate notably from those of pure methane or even standard natural gas. In other words, the influence of larger
hydrocarbons on LNG combustion may exceed what their low molar proportions would imply. Consequently,
within practical combustion devices such as internal combustion engines, LNG blends may perform differently
from CH4 and compressed natural gas (CNG), particularly in terms of thermal efficiency, exhaust emissions, and
knock resistance [3]. The latter aspect holds special significance owing to its harmful impact on engine hardware,
along with associated environmental consequences and efficiency losses.

According to established standards, the anti-knock properties of various LNG mixtures can be rated based on their
methane content, analogous to the octane numbering system for gasoline. This metric is referred to as the methane
number (MN), defined as the volumetric share of methane in a CH4/H, reference blend spanning 0 to 100. Pure
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methane is assigned as MN100, whereas pure hydrogen receives MNO [3]. The original methodology for
calculating MN in LNG mixtures was introduced by AVL in 1971 [4], and later refined by MWM (Motoren Werk
Mannheim) [5] in 2015 to accommodate heavier hydrocarbons up to C4 as well as the effect of N [6]. The latest
initiative toward standardizing LNG blends has come from TUB (Technical University of Braunschweig), which
examined how iso- and normal butane and pentane affect the MN across various LNG mixtures [7].

Multiple mixtures defined by the aforementioned standards exist, differing from one another in both composition
and reported MN. Nevertheless, they can all be categorized into three categories of MN70, 74, 80 according to the
TUB and MWM algorithms. Table 1 compiles these mixtures (with hydrocarbon chain lengths up to Cs), together
with their compositions, corresponding MN values, and estimated higher heating values (HHVs). All 11 mixtures
exhibit HHVs within comparable ranges, despite having distinct compositions and MN numbers. In some
instances, such as Mix1, Mix6, and Mix7, despite compositional differences that are nearly negligible (around
1%), their MN values vary considerably. This observation points to the fact that varying higher hydrocarbon
species, even at small concentrations, can markedly alter the overall ignition behavior. Whenever MN and
resistance to knocking come under discussion, the auto-ignition characteristics and ignition delay time (IDT)
become essential factors to take into account.

Table 1. The standard LNG mixtures with their compositions, declared MN number and the HHV.
MN

Mixtures CH4 CzHﬁ C}Hx n-C4H]() i-C4H10 Nz (TUB, MWM) HHV (MJ/mz)
Mix 1 91.83 5.83 1.84 0.5 80 403
Mix 2 89.4 10.1 0.5 80 40.48
Mix 3 94.5 50 0.5 80 39.02
Mix 4 94.5 5.0 0.5 80 40.43
Mix 5 96.6 1.45 1.45 0.5 74 40.45
Mix 6 90.91 5.78 1.81 1 0.5 74 41.4
Mix 7 90.91 5.78 1.81 1 0.5 74 41.12
Mix 8 90.91 5.78 1.81 0.5 0.5 0.5 74 41.26
Mix 9 89.99 5.71 1.80 2 0.5 70 42.5
Mix 10 89.99 5.71 1.80 2 0.5 70 41.94
Mix 11 89.99 5.71 1.80 1 1 0.5 70 42.22

Methodology

The kinetic model developed in this work is based on the most recent Co-C; chemistry from Technische
Universitit Miinchen (TUM) [8] and Slavinskaya et al. (2023) [9] for CH3OH oxidation. This base mechanism
comprises 74 species and 510 reactions, optimized through a genetic algorithm (GA) that minimized the feasible
model parameter set based on deterministic uncertainty of reaction rate coefficients (40 active parameters). The
base model has been successfully validated against shock-tube ignition delay time (IDT) data, laminar flame
speeds, and species concentration profiles from plug flow reactors (PFRs). C,-C; chemistry was incorporated from
the acetylene model of Slavinskaya et al. [10], while sub-mechanisms for iso- and normal butane, including key
reaction classes, were adopted from the NUIG 1.1 mechanism [11]. The final combined mechanism consists of 89
species and 754 reactions. Fig. 1 illustrates the model's performance for a test case of stoichiometric CH4
combustion at high temperature (1400 K) and atmospheric pressure, in comparison with the well-known GRI-
Mech3.0 model [12], highlighting the enhanced role of methanol-related species.
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(@) (b)
Figure 1. Species rout diagram for CH4 combustion in homogenous reactor in T=1400 K,
P=10 bar, ¢ =1 depicted by: a) current mechanism b) GRI 3.0 detailed mechanism.

Results and Discussion

The 11 standard LNG mixtures (Table 1) were subjected to simulate the experimental ignition delay time (IDT)

data from Refs. [2,3] under conditions of T = 850-1450 K, ¢= 0.4 and 1.2, and P = 10, 20, and 40 bar. Simulations
were performed using CHEMKIN-PRO software [13] with a constant-volume calorimetric bomb reactor, without
incorporating the experimental pressure profile.
The present model demonstrates generally consistent performance across a wide range of conditions for all three
methane number (MN) groups, capturing trends well in both low-temperature (LT) and high-temperature (HT)
regimes. Model accuracy improves notably at T > 1200 K. At lower temperatures (T < 1000 K), some discrepancy
with experimental values appears, though overall trends remain consistent. The present model demonstrates better
predictability across all IDT ranges than the NUIG and LLNL [14] mechanisms, especially in the LT regime. Fig.2
presents data for Mix1-Mix4 (MN80), with IDT measurements in both LT and HT ranges, along with simulation
results from the present model and linear regressions. The LT and HT data trends for individual mixtures differ
from one another, exhibiting distinct gradients in the two thermal zones.
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Figure 2. IDT data collection from ST and RCM of [2, 3] in lean condition ¢=0.4 for a) MN80: Mix 1-4, P=20 bar at HT,
LT; b) MN 75: Mix5-8, P=10 bar at HT. The filled dots show simulation results and the red lines illustrates the linear
regression of the overall simulation results.

Also, the route analysis was conducted based on the Species Rate of Production (ROPAD) from the simulation
results of the Mix11 at HT and LT in order to understand the detailed working chemistries from the fuel
contributions until the end combustion products. It is shown that, at the LT, cascading dehydrogenation is the main
influencing scheme. For methane, it starts after formation of C,He, and C;H4 from methyl radicals. This behavior
is observed for all other fuel contributions as well, particularly for i-C4H1o, where the fuel tends to decompose only
through dehydrogenation steps. At HT, the methanol and by C,H> sub-chemistries become important, where it is
mainly controlled by interactions among small species.
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Conclusions

A kinetic model was successfully developed for standard LNG mixtures based on their auto-ignition behavior.
The 11 LNG mixtures of Table 1 were classified according to their knocking resistance (methane number per
MWM and TUB standards). Their IDT data were experimentally measured under various conditions in ST and
RCM apparatuses of [2,3].

The present model is based on an optimized CH3OH mechanism (Co-C1) [8, 9], merged with a C»-C3 model
[10] and key reaction classes for C4 chemistry from NUIG [11]. For all MN groups, simulations showed consistent
agreement with measurements, particularly at T > 1200 K. Within the LT zone, the data trends were successfully
captured by the new model. Compared with NUIG and LLNL mechanisms, the present model demonstrates better
reliability and accuracy. The ROPAD analyses for all 5 fuel components of Mix11 revealed the main reaction
pathways to CO». At low temperatures, H-abstraction and cascading dehydrogenation play key roles, especially
for i-C4Hjo. At high temperatures, direct decomposition into small species and subsequent recombination steps
become dominant.
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Tablel- Comparison of specific energy and energy density of various common fuel [3]

Fuel Energy Density Specific Energy
MJ/L MJ/kg
Gasoline 342 46.08
Diesel 38.16 45.36
CNG @ 200 bar 8.28 50
LNG 21.2 50
LPG 24.57 46
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Table 2- Standard LNG compositions along with the percentage of constituent components, the declared methane number,
and their higher heating value (HHV) [10]

Mixtures CH, C,H, C;Hs n-C4Hyy i-C4Hyo Nz (TU Bl,\/ll\l/\lIWM) HHV (MJ/m®)
Mix 1 91.83 5.83 1.84 0.5 80 40.3
Mix 2 89.4 10.1 0.5 80 40.48
Mix 3 94.5 50 0.5 80 39.02
Mix 4 94.5 5.0 0.5 80 40.43
Mix 5 96.6 1.45 1.45 0.5 74 40.45
Mix 6 90.91 5.78 1.81 1 0.5 74 41.4
Mix 7 90.91 5.78 1.81 1 0.5 74 41.12
Mix 8 90.91 5.78 1.81 0.5 0.5 0.5 74 41.26
Mix 9 89.99 5.71 1.80 2 0.5 70 42.5

Mix 10 89.99 5.71 1.80 2 0.5 70 41.94
Mix 11 89.99 5.71 1.80 1 1 0.5 70 42.22
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Figure 1-Experimental data obtained in order to evaluate consistence between MN and IDT for certain LNG Mixtures [4,

5]: a) Mix1, Mix6 are different in compositions and MNs, showing similar IDTs; b) Mix1, Mix8 have similar compositions,
but different MNs, and IDTs at lower temperatures; c) Mix5, Mix6 are different in compositions, but similar in MN and
IDTs; d) Mix1, Mix2 have same MN but different compositions and IDTs [10].
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Table 3- Summary of experimental and numerical studies conducted in the field of LNG combustion, along with the
objectives and methods used.

Reference Method of Study Objectives

Experimental IDT measurement of 2 LNG mixtures,
ST, RCM containing Cs.

Vallabhuni et al., 2018 [1] P=20, 40 bar
T=850-1450
0=0.4,1.2
Experimental Auto-ignition behavior of 11 LNG
ST, RCM mixtures, with hydrocarbon size of Ci-Cs

Shu et al., 2020 [5] P=20, 40 bar and MN70-80.
T=870-1550
6=0.4,1.2
Experimental Auto-ignition behavior of various LNG
ST, RCM mixtures, with C1-Cs hydrocarbons and
P=20, 40 bar methane content of MN70-80.
T=850-1550

Nadiri et al., 2021 [4] ¢=04,1.2
Numerical Development of reaction mechanism for
Chemical Kinetic Model for LNG }f)asgd on the IDT m.easurements,
LNG and finding the correlation between MN

and auto-ignition tendency.
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Figure 2- Species rout diagram for CH4 combustion in homogenous reactor in T=1400 K, P=10 bar, ¢ =1 depicted by: a) current
mechanism b) GRI 3.0 detailed mechanism [10].
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Figure 3- Simulation of IDTs from ST and RCM experiments of [2, 3] in HT and LT rages, of the diluted mixtures of
standard LNG Mix1-Mix10, at P = 10, 20 bar and ¢ = 0.4. A comparison is made between the model developed in this
study (p.w., green line), the NUIG model (black dashed line), and the LLNL model (gray dash-dotted line).
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Figure 4-Simulation of IDTs from ST and RCM experiments of [2, 3] in HT and LT rages, of the diluted mixtures of standard
LNG Mix2,6,8, at P = 10, 20 bar and ¢ = 1.2. A comparison is made between the model developed in this study (p.w., green
line), the NUIG model (black dashed line), and the LLNL model (gray dash-dotted line).
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Table 4- Mean Absolute Percentage Error (MAPE) of the simulation results by the developed model P.W,, and two other
models of NUIG, LLNL for the selected experimental points, separated due to the experimental conditions and MN.

Thermal Mix/ MN Operational Experimental MAPE (from experimental data)
Condition lx Condition Apparatus P.W. NUIG LLNL
Mix 1/ MN 80 ¢=0.4 , P=10 bar ST 23% 16% 20%
Mix 1/ MN 80 ¢=1.2, P=20 bar RCM 33% 50% 28%
Mix 4/ MN 80 $=0.4 , P=10 bar ST 21% 29% 32%
Mix 5/ MN 74 $=0.4 , P=10 bar ST 28% 60% 66%
HT Mix 6/ MN 74 ¢=1.2, P=10 bar ST 34% 69% 33%
Mix 8/ MN 74 ¢=0.4 , P=10 bar ST 13% 31% 40%
Mix 8/ MN 74 ¢=1.2, P=10 bar ST 13% 31% 40%
Mix 10/ MN 70 $=0.4 , P=10 bar RCM 45% 79% 40%
Mix 1/ MN 80 ¢=1.2, P=20 bar RCM 24% 43% 48%
LT Mix 10, MN 70 $=0.4 , P=20 bar RCM 29% 45% 42%
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Figure 5- IDT data collection for Mix1-Mix8 with MN80, 75 from ST and RCM of [4, 5] in both HT and LT ranges, at P=10,
20 bar, and ¢=0.4, $=1.2 conditions. The filled dots show simulation results and the red lines illustrates the linear
regression of the overall simulation results.
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Figure 6- ROPAD analysis for CH4 fraction of Mix11 ignition at ¢=1.2 and P=20 bar and (a) HT, (b) LT.
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Figure 7- ROPAD analysis for C:He fraction of Mix11 ignition at ¢=1.2, P=20 bar, and (a) HT, (b) LT.
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