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knock is an excessively high intensity knock which is related to
complex processes such as pre-ignition by hot spots and secondary,
severe, stochastic auto-ignitions, linked to a developing detonation [5].
Engine super-knock is a major obstacle to raising desired boost levels
in SI engines, which is required to improve the power density of
modern gasoline engines. This is related to numerous factors,
including fuel composition itself. An improved understanding of the
auto-ignition phenomena and assessment of fuels based on their
characteristics is required to control, reduce, and prevent the engine
knock and its associated barriers on enhancement of SI engine design.
Hence, it is important to understand the characteristics of auto-ignition
at a hot-spot and how it depends on characteristics of a fuel.

Abstract
The development of highly boosted and high compression sparkignition engines with enhanced thermal efficiencies is primarily
limited by knock and super-knock. Super-knock is an excessively high
intensity knock which has been related to a developing detonation
process. This study investigates the knocking tendency of different
gasoline surrogate fuels with varying research octane numbers (RON),
octane sensitivity (S) and composition. The ξ/ɛ diagram with an
enclosed detonation peninsula is used to assess the knocking tendency
of different fuels. The diagram plots ξ, the ratio of acoustic to autoignitive velocity, against ɛ, the ratio of the transit time of an acoustic
wave through a hot spot, to the heat release time (τe). Constant volume
simulations of auto-ignition delay times (τi) and excitation times (τe)
obtained from chemical kinetic calculations, enable calculations of ξ
and ɛ. Their location for different fuels and operating conditions on the
ξ/ɛ diagram, relative to the detonation peninsula, defines their mode of
reaction propagation and the severity of a detonation. It was shown that
excitation times are not affected by RON and S of the fuel. However,
they are strongly dependent on the mixture composition. Fuels
exhibiting a strong negative temperature chemistry (NTC) region are
found to enter detonation development and explosion region, and are
more likely to result in super-knock events in boosted spark-ignition
engines.

In pioneering work by Zel'dovich [6], it was shown how gradients of
reactivity generate propagating auto-ignitive reaction fronts initiated at
hot spots. Such gradients of reactivity on the threshold of auto-ignition
are characterised by gradients of ignition delay time, and trigger an
auto-ignition velocity, ua [2]. This can lead to a development of
different auto-ignitive reaction front propagation modes during hot
spot development, including supersonic auto-ignition, detonation
development, and subsonic auto-ignition. The rate of change of heat
release at the hot spot defines the amplitude of the generated pressure
wave. If ua reaches the propagation speed of the acoustic speed, a, the
pressure wave set off by the rate of heat release can be coupled with
reaction wave with the mutual reinforcement in a developing
detonation [7].

1. Introduction:

Following Zel'dovich’s [6] auto-ignition concept, Bradley and coworkers [2, 7-11] defined a quantitative diagram with different autoignition modes based on two non-dimensional parameters. This plots
ξ, the ratio of acoustic to auto-ignitive velocity (a/ua), against ɛ, the
ratio of the transit time of an acoustic wave through a hot spot (ro/a),
to the heat release time (τe) [10]. ξ/ɛ diagram forms a detonation
peninsula which is fairly similar for most fuels [7]. Figure 1 shows a
plot of ξ against ɛ for a n-heptane/iso-octane/toluene mixture (RON
95/ MON 85) and n-heptane/iso-octane primary reference fuel 84
(PRF84) from Bates et al.[7]. Progressive black fill of the circle
symbol represents growing severity of knock. In Figure 1, a detonation
peninsula, bounded by lower and upper limits, ξl and ξu, is marked with
solid lines. This outlines boundaries of auto-ignition regimes,
including sub-sonic auto-ignition, developing detonation, deflagration,
and thermal explosion. Also, a possible transition regime is illustrated
in Figure 1 shaded in horizontal lines, in which deflagrative and autoignitive regimes can co-exist [10, 12].

Spark-ignition (SI) engine design is progressively driven towards
downsized, highly-boosted direct injection concepts in pursuit of
enhanced efficiency and lower CO2 emissions. These technologies
offer improved power density and lower fuel consumption by
operating at a higher brake mean effective pressure, while reducing
pumping, friction, and heat losses [1]. However, end-gas auto-ignition
becomes prevalent at high load operation, which can result in
detrimental knocking events.
In SI engines, end-gas auto-ignitions can occur randomly in time and
space at locations between the propagating SI flame and cylinder liner
[2]. Even for pre-mixed fuel-air configurations, the unburnt mixture is
never completely homogeneous, and gradients in both temperature and
mixture composition exist. These inhomogeneities, in temperature or
mixture composition, form localised, isolated, exothermic centres,
called ‘hot spots’, where auto-ignition may initiate. Knocking
combustion is attributed to the end-gas auto-ignition before the arrival
of SI flame [3]. It arises as a result of coupling effects of the end-gas
compression by the moving piston during the compression stroke and
by the propagating flame front [4]. In boosted SI engines, a different
form of knock (i.e. super-knock) is often observed, despite explicitly
selecting the operating condition to avoid conventional knock. Super-
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one-step chemistry. Other uncertainties and limitations of ξ/ɛ
methodology have been elaborated in study by Gorbatenko et al. [10]
on auto-ignition and detonation tendencies of n-butanol/Toluene
Primary Reference Fuel (TPRF) mixtures. Authors concluded that,
despite inherent uncertainties of ξ/ɛ methodology, the detonation
peninsula framework facilitates the evaluation of the comparative
variances between different fuels based on the same fundamental
parameterisations. Hence, it is of interest to study the effects of
different fuel characteristics, especially for complex hydrocarbon
mixtures, on their auto-ignition and detonation tendency based on the
ξ/ɛ methodology.
Here, the ξ/ɛ diagram with an enclosed detonation peninsula is
employed to evaluate the knocking tendency of different single fuels
and multi-component gasoline surrogate fuels. ξ and ɛ values are
calculated based on constant volume computations of auto-ignition
delay times (τi) and excitation times (τe) in Ansys ChemKin Pro [28].
The overall aim of this study is to provide an improved understanding
of the dependence of the auto-ignition mode upon properties and
characteristics of the fuel. Effects of key fuel characteristics on fuel
detonation tendency are studied over 640-1070 K and 2.5-6 MPa.

Figure 1: ξ/ɛ diagram with an enclosed detonation peninsula forming
different auto-ignition modes. Progressive black fill of the circle
symbol represents growing severity of knock. Conditions D, E, and F
are for a RON 95/ MON 85, OI = 105 (0.62 iso-octane, 0.29, toluene,
0.09 n-heptane), at φ=1, 800 K and 7 MPa, 850 K and 9 MPa, and 926
K and 12.8 MPa, respectively. Condition A indicates a lean-burning
benign auto-ignition of PRF84 at φ=0.25, 729 K and 6.52 MPa.
Adapted from Bates et al. [7].

2. Methodology
2.1. Detonation theory
An auto-ignition front propagates at a speed relative to the unburned
mixture, ua, which is inversely proportional to the gradient of the autoignition delay time, τi [7, 8, 19]. Theoretically, auto-ignition
propagation velocity driven solely by temperature gradient with the
radius, r, can be expressed as [6, 11]:

The detonation peninsula was originally derived from numerous direct
numerical simulations of the auto-ignition of 50% H2 – 50% CO–air at
different equivalence ratios [11]. Peters et al. [13] showed that the
same boundaries are valid for different hydrocarbon fuels. The
coordinates for different fuels and operating conditions on the ξ/ɛ
diagram relative to the detonation peninsula, outline their mode of
reaction propagation. This approach is beneficial in assessment of
engine knock and super-knock tendencies of fuels [7, 14-17]. Netzer
et al. [18] successfully applied this methodology and threedimensional computational fluid dynamics to determine knocking
regimes in a SI engine. Thus, ξ/ɛ methodology can be used as a priori
assessment of knock propensity of fuels based on their individual
constituents. Both ξ and ɛ can be determined by means of chemical
kinetic simulations, which will eliminate costs associated with
experimentation.

𝑇 −1 𝛿𝜏𝑖 −1
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With an activation temperature, E/R, at temperature, T, and constant
pressure, the gradient of ignition delay with temperature is [6, 11]:
𝛿𝜏𝑖
𝐸
( ) = −𝜏𝑖 ( 2 )
𝛿𝑇
𝑅𝑇

(2)

Hence,

Although originally developed for syngas fuels [11, 19], ξ/ɛ diagram
with defined detonation peninsula has been successfully applied to
study other more complex fuels [7-10, 14, 20]. Some contradiction
exists in the literature regarding the applicability of the detonation
peninsula boundaries for different fuels. Rudloff et al. [15] advocated
the dependence of detonation development regime on fuel. This view
has been supported by [16, 21-25], who investigated auto-ignition and
detonation behaviour of large hydrocarbon fuels, exhibiting negative
temperature coefficient (NTC) behaviour. They found that the low
temperature chemistry significantly complicates chemical reaction and
pressure wave interaction processes, where both temperature and
species concentration gradients can trigger detonation under certain
conditions. Liberman et al. [26] and Wang et al. [27] found that the
temperature gradient predicted by detailed chemical kinetics is
substantially shallower (with larger hot spot) compared to that of the
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(3)

When an auto-ignition front velocity, ua, is approximately at the same
magnitude as the sound speed, a, chemical reaction and pressure wave
can be coupled into a developing detonation [6, 11]. The critical
temperature gradient for such chemical resonance at which ua = a is:
𝑇
𝛿𝜏𝑖
( ) = (𝑎 ( ))
𝛿𝑟 𝑐
𝛿𝑇

2

−1

(4)

The resonance parameter describing the instance of a coupling
mechanism between the chemical and acoustic waves is described by
non-dimensional parameter ξ, the ratio of acoustic to auto-ignitive
velocity [2, 7, 19]:
=
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closed, zero-dimensional, homogeneous batch reactor with an
adiabatic constant volume solver in Ansys ChemKin Pro [28]. Here,
the effects of compression processes on predictive capability of τi and
τe are assumed to be negligible. An adaptive meshing based on
temperature change of 1 K in region of high curvature with time steps
down to 1x10-10 was used.

(5)

The auto-ignition delay time, τi, was defined as the time elapsed
between the start of the simulation to the point of the maximum
pressure derivative (Figure 2). Evaluation of ɛ comprised detailed
chemical modelling of excitation times, τe. Based on Lutz et al. [31], τe
was defined as the time span from the point where 5% of the maximum
heat release rate is reached to the instant at which that maximum value
was attained (Figure 2). These are usually on the order of
microseconds, and hence are difficult to validate experimentally [12].
Therefore, their accuracy is completely dependent upon the predictive
accuracy of the detailed chemical kinetics [10, 12]. For an improved
calculation of τe and accuracy of the simulated heat release at its lower
bound, the value of the heat release was interpolated using cubic
splines in time [12].

Detonations and severe knock are linked to ξ values close to unity,
provided that a sufficient energy is fed into the pressure wave to create
a high pressure ratio of a detonation front [8, 19]. At ξ=0, thermal
explosion is prevalent, with a reaction wave running ahead of an
acoustic wave. Here, all fresh gases auto-ignite instantaneously due to
minor temperature gradients [2, 8, 19]. At larger values of ξ, the autoignition propagating front is more deflagrative, with no harmful
damage to the engine [10, 29]. Although, auto-ignitions can occur at
higher ξ values, the ensuing pressure pulses would be comparatively
weak, with no transition to detonation [8].
For each fuel’s ξ value, the acoustic velocity, a, for an ideal gas mixture
were computed in Cantera [28] and can be calculated as:
𝑎=√

𝑐𝑝 𝑃
𝑐𝑣 𝜌

(6)

where P is the pressure, ρ is the density of the mixture, cp and cv are
the heat capacities at a constant pressure and volume, respectively.
To trigger a detonation, the heat release rate by auto-ignition must be
fed fast enough into the developing acoustic front as it transverses
through the hot spot at transit time. This is defined by a reactivity
parameter ɛ, which indicates the resistance time of the developing
acoustic wave in the hot spot, given by [2, 7, 19]:
𝜀=

𝑟0
𝑎𝜏𝑒

(7)
Figure 2: Definitions of excitation time and ignition delay time based
on volumetric heat release rate and pressure gradient for stoichiometric
FACE F surrogate at 6 MPa and 850 K.

where ro is a hot spot radius and τe is the heat release time, excitation
time.
The higher the value of ɛ indicates the stronger reinforcement of any
potential acoustic wave triggered by the heat release, hence the greater
the extent of any detonation [10].

The detailed chemical kinetic model by LLNL/NUIG/KAUST [32]
was employed to simulate τi and τe. This scheme has been validated
over a range of operating conditions [33, 34]. It comprises of 701
species and 16048 reactions. Among these, 11 species in the scheme
were used as potential gasoline fuel surrogate candidates in
formulations by [33-38], where the availability of detailed and
validated chemical kinetics mechanisms was an important selection
criteria. The surrogate palette included paraffins (n-butane, n-heptane),
iso-paraffins (2-methyl butane, 2-methyl hexane, iso-octane), olefins
(1-hexene), naphthenes (cyclopentane, cyclohexane), aromatics
(toluene, 1,2,4-trimethylbenzene) and alcohol (ethanol). The details on
fuel characteristics and surrogate formulations are provided in Section
2.3.

ξ values were calculated based on the temperature gradient assumption
of -2 K/mm following studies of [7, 10, 12]. A hot spot radius ro, of 5
mm was considered, consistent with [10, 12, 15, 30].

2.2. Modelling Approach
The activation temperature (E/R) was calculated from a local linear fit
of the logarithmic auto-ignition delay times, τi, over the inverse
temperature. Calculations of ξ were deduced from these activation
temperature of τi computed by means of detailed chemical kinetic
simulations at 640-1070 K and 2.5-6 MPa, which are relevant to
modern boosted engines. These simulations were performed using a
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Table 1. Molar fractional composition and octane numbers of surrogate
fuels of RON 70 proposed in Singh et al. [35] for C fuels and Javed et
al. [37] for FACE I and J.

2.3. Fuel Characterisation
To help understand effects of fuel properties and characteristics on the
auto-ignition and knocking tendency, the ξ/ɛ methodology was applied
to study gasoline surrogate mixtures with varying research octane
numbers (RON), octane sensitivity (S), and composition. Octane
Numbers (ON) measure the anti-knock properties of a fuel. ON of a
test fuel is the volume percentage of iso-octane in mixture of iso-octane
and n-heptane (also known as Primary Reference Fuel (PRF)), which
has the same anti-knock capacity as the test fuel [39]. Research Octane
Number (RON) and Motor Octane Number (MON) are measured in a
Cooperative Fuel Research (CFR) engine, whose specifications are
defined in ASTM D2699 [40] and ASTM D2700 [41], respectively.
The difference between RON and MON is defined as octane sensitivity
(S). Octane sensitivity is a measure of how the fuel reactivity alters
with a change in operating conditions, in comparison to the reactivity
of PRFs.
Surrogate fuels consisting of a reduced number of selected neat
constituents designed to emulate target properties of real fuels. A welldesigned surrogate fuel coupled with a thoroughly validated chemical
kinetic model enable accurate prediction of fuel behaviour and
combustion processes. The accuracy of the surrogate fuel with respect
to the gasoline chemistry often depends upon the number of its
constituents. However, the computational cost grows drastically with
an increased number of chemical compounds in the surrogate. Hence,
a compromise has to be made between the number of components in a
surrogate fuel, and computational efficiency, and kinetic mechanism
availability. Different surrogate formulations strategies have been
proposed, employing AKI, S, H/C ratio, PIONA, RON, MON, carbon
types, average molecular weight, distillation curve/volatility,
molecular functional groups as target properties [33, 34, 37, 42-46]. A
thorough discussion on a surrogate fuel formulation is outside the
scope of this study.

C2

C3
0

FACE
I
0.1

FACE
J
0

2-Methyl butane

0

2-Methyl hexane
Cyclopentane

0

0

0.28

0.23

0

0

0

0

1,2,4Trimethylbenzene
1-Hexene

0

0

0

0.3

0.1144

0.2232

0.06

0

2,2,4Trimethylpentane
Toluene

0.3809

0.3039

0.35

0.12

0.2018

0.1967

0.04

0

n-Butane

0

0

0

0.1

n-heptane

0.3028

0.2762

0.12

0.25

Cyclohexane

0

0

0.05

0

Ethanol

0

0

0

0

RON

72

72

70.7

70.6

MON

68

67.2

68.4

66.5

S

4

4.8

2.3

4.1

Table 2. Molar fractional composition and octane numbers of surrogate
fuels of RON 85 proposed in Singh et al. [35] for C fuels, and Ahmed
et al. [33] for FACE A and C.
FACE A FACE C C15

The previously developed simple and multi-component gasoline
surrogate fuels of varying RON, S, and composition, which have been
subject to rigorous chemical modelling and experimental studies [3338], have been selected for this study. These have been grouped into
different categories based on their RON values, S of approximately 4,
and their aromatic content of approximately 30% by mole. Molar
fractional compositions and octane numbers of these gasoline
surrogates are given in Tables 1-6.
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2-Methyl butane

0.12

0.05

0

2-Methyl hexane

0.103

0.047

0

Cyclopentane

0

0

0

1,2,4-Trimethylbenzene

0

0

0.1561

1-Hexene

0

0

0

2,2,4-Trimethylpentane

0.6

0.546

0.311

Toluene

0

0.048

0.2014

n-Butane

0.077

0.184

0

n-heptane

0.1

0.125

0.3315

Cyclohexane

0

0

0

Ethanol

0

0

0

RON

86.6

85.3

82.6

MON

83.5

83

76.2

S

3.1

2.3

6.4

Table 3. Molar fractional composition and octane numbers of surrogate fuels of RON 90 proposed in Singh et al. [35] for C fuels, Singh et al. [36] for
TPRFs, and Lee at al. [38] for HG-KAUST.

2-Methyl butane
2-Methyl hexane
Cyclopentane
1,2,4-Trimethylbenzene
1-Hexene
2,2,4-Trimethylpentane
Toluene
n-Butane
n-heptane
Cyclohexane
Ethanol

TPRF20
0
0
0
0
0
0.053
0.707
0
0.24
0
0

TPRF40
0
0
0
0
0
0.133
0.642
0
0.255
0
0

HG-KAUST
0.1382
0
0.154
0.2418
0.0691
0.0873
0
0.0715
0.0912
0
0.1469

C12
0
0
0
0
0.2124
0.3133
0.3745
0
0.0997
0
0

TPRF60
0
0
0
0
0
0.266
0.534
0
0.2
0
0

C6
0
0
0
0
0.1172
0.5762
0.2066
0
0.1
0
0

TPRF80
0
0
0
0
0
0.545
0.301
0
0.154
0
0

RON
MON
S

87
77.05
9.95

87.57
78.53
9.04

91.5
82.8
8.7

90.9
82.7
8.2

88.22
80.71
7.51

91.2
86.8
4.4

89
84.77
4.23

Table 4. Molar fractional composition and octane numbers of surrogate fuels of RON 95 proposed in Singh et al. [35] for C fuels, Sarathy et al. [34]
for FACE G and F, and Lee at al. [38] for CG-KAUST.

CG-KAUST

FACE G

C18

FACE F

C17

2-Methyl butane

0.0865

0.095

0

0.098

0

2-Methyl hexane

0

0.098

0

0.07

0

Cyclopentane

0
0.1246

0.153

0
0.16

0.158

0
0.0787

0
0.2061

0.081
0.18

0
0.5089

0.084

2,2,4-Trimethylpentane

0.437

0
0.7

Toluene

0.3426

0.106

0.2063

0

0.116

n-Butane

0.0727

0.076

0

0.069

0

n-heptane

0.0311

0

0.1248

0

0.1053

Cyclohexane

0.043

0

0

0

0

Ethanol

0.0934

0

0

0

0

RON

99.2

95.2

94.4

93.6

93.3

MON

89.9

87.9

88.4

88.9

90.1

S

9.3

7.3

6

4.7

3.2

1,2,4-Trimethylbenzene
1-Hexene

0.211

5

0.084

Table 5. Molar fractional composition and octane numbers of surrogate fuels of S=4 of Singh et al. [35] for C fuels, Sarathy et al. [34] for FACE F,
and Javed et al. [37] for FACE J.
FACE F

C6

FACE J

C2

2-Methyl butane

0.098

0

0

0

2-Methyl hexane

0.07

0

0.23

0

Cyclopentane

0.158

0

0

0

1,2,4-Trimethylbenzene

0.084

0

0.3

0

1-Hexene

0.084

0.1172

0

0.1144

2,2,4-Trimethylpentane

0.437

0.5762

0.12

0.3809

Toluene

0

0.2066

0

0.2018

n-Butane

0.069

0

0.1

0

n-heptane

0

0.1

0.25

0.3028

Cyclohexane

0

0

0

0

Ethanol

0

0

0

0

RON

93.6

91.2

70.6

72

MON

88.9

86.8

66.5

68

S

4.7

4.4

4.1

4

Table 6. Molar fractional composition and octane numbers of surrogate fuels with aromatic content of approximately 30% by mole, namely TPRF 80
of Singh et al. [36], FACE G of Sarathy et al. [34], FACE J of Javed et al. [37], and HG-TPRF of Lee at al. [38].
FACE J

TPRF80

HG-TPRF

FACE G

2-Methyl butane

0

0

0

0.095

2-Methyl hexane

0.23

0

0

0.098

Cyclopentane

0

0

0

0.153

1,2,4-Trimethylbenzene

0.3

0

0

0.211

1-Hexene

0

0

0

0.081

2,2,4-Trimethylpentane

0.12

0.545

0.54

0.18

Toluene

0

0.301

0.29

0.106

n-Butane

0.1

0

0

0.076

n-heptane

0.25

0.154

0.17

0

Cyclohexane

0

0

0

0

Ethanol

0

0

0

0

RON

70.6

89

91

95.2

MON

66.5

87.9

4.1

84.77
4.23

83.4

S

7.6

7.3

The surrogate compositions of Singh et al. [36] are simple three
component fuels, namely Toluene Primary Reference Fuel (TPRF)
surrogates of approximately RON 90 and varying composition. TPRF
surrogates are comprised of n-heptane, iso-octane and toluene, i.e., an
aromatic compound added to the conventional PRFs. Kalghatgi et al.’s
[47] methodology was implemented for initial formulation of surrogate
fuels to match RON 90, whereas base PRF fuels varied (PRF20 to

PRF80). Then the resulting composition of the surrogate was corrected
to emulate PRF90 auto-ignition timing.
The more complex multi-component surrogate fuels proposed by
Singh et al. [35] consist of iso-paraffins (iso-octane), n-paraffins (nheptane), aromatics (toluene, 1,2,4-trimethylbenzene), and olefins (1hexene). Singh et al. [35] used PRF91 and PRF70 as base fuels.
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Toluene, 1-hexene, and 1,2,4-trimethylbenzene were added to these
base fuels in the systematic way while maintaining the target RON by
changing the percentages of iso-octane and n-heptane. The RON and
MON values were calculated based on linear-by-mole blending [42]
method, while emulating RON of target fuel by changing the isooctane and n-heptane ratios.
The surrogate mixtures (summarised in Alfazazi et al. [48]) for FACE
[49] (Fuels for Advanced Combustion Engines) gasoline fuels were
adopted from Ahmed et al. [33] for FACE A and C, from Sarathy et al.
[34] for FACE F and G, and from Javed et al. [37] for FACE I and J
surrogate fuels. FACE surrogates comprise of paraffins (n-butane and
n-heptane), iso-paraffins (2-methylbutane, 2-methylhexane, isooctane), olefins (1-hexene), naphthenes (cyclopentane, cyclohexane)
and aromatics (toluene, 1,2,4-trimethylbenzene). These were
formulated based on the computational methodology of Ahmed et al.
[33]. This methodology defines the optimal surrogate composition by
reducing the objective function representing the difference between
target properties of real fuel and surrogate mixtures [34]. The
optimisation targets included the RON and MON (linked to autoignition), PIONA (represents the distribution of hydrocarbon groups in
the surrogate fuel, namely n-Paraffins, Iso-paraffins, Olefins,
Naphthenes, and Aromatics), H/C ratio (governs equivalence ratio and
heating value), carbon types (governs chemical kinetic reactivity),
average molecular weight (governs equivalence ratio, density, and
heating value), density (governs viscosity, spray formation, mixing
behaviour, and heating value), and distillation characteristics (governs
vaporisation and air/fuel formation). For formulation of these
surrogates, RON and MON values were calculated based on linear-bymole blending [42] of various palette compounds for FACE A, C, F,
G, and I. However, for a highly aromatic FACE J (~30 mol %)
surrogate, a non-linear by volume method of Ghosh et al. [50] was
employed, because a linear-by-mole blending did not show satisfying
results.

Figure 3: Distribution of hydrocarbon groups (PIONA) in FACE A,
FACE C, FACE F, FACE G, and FACE I surrogate fuels.
Three and eight components surrogates for two oxygenated gasolines,
Coryton and Haltermann, were adopted from Lee at al. [38]. The
ternary TPRF (Toluene Reference Fuels) surrogate for Haltermann
gasoline, HG-TPRF, was based on the relationships established by
Kalghatgi et al. [47]. This methodology determines TPRF surrogate
composition required to match the RON and S of the target fuel. Multicomponent surrogates for Haltermann and Coryton (HG-KAUST and
CG-KAUST) were formulated to match RON, MON, PIONA, H/C
ratio, carbon types, average molecular weight, density, and distillation
characteristics for Coryton and Haltermann fuels following Ahmed et
al. [33] methodology. RON and MON values were estimated using
linear-by-mole blending rule [42] of various palette components.

3. Detonation Peninsula
On the assumption that generalised auto-ignition regimes are relevant
to different fuels, the assessment of detonation tendencies based on
ignition delays and excitation times for multi-component gasoline
surrogates is performed and expressed in terms of ξ-ε diagrams. The
effects of different fuel characteristics, namely RON, S, and fuel
composition, on fuel’s auto-ignition and detonation tendencies are
investigated.

FACE fuel surrogates exhibit a very different octane response: FACE
I and J have a low RON and S, FACE A and C have a mid-range RON
and low S, whereas FACE F and G have a high RON and midrange/high S. Thus, comparing detonation tendencies of these fuels can
elucidate the effects of RON/S on detonation tendencies and autoignition modes. Apart from the apparent difference in their octane
response, these fuels have widely different compositions (Figure 3).
FACE A and C are primarily paraffinic in nature, with FACE C having
a small aromatic content (∼ 5 mol %). FACE I is highly paraffinic (∼
85 mol %) and has low aromatic (∼ 4 mol %) and olefinic (∼ 5 mol
%) content. FACE F and J have lower paraffinic content (∼ 67 and ∼
70 mol %, respectively), whereas FACE G has the lowest fractions of
paraffins (∼ 45 mol %). FACE G and J have high aromatic contents
(∼ 32 and ∼ 30 mol %, respectively), while both olefinic and
naphthenic mole fractions are the highest for FACE F, followed by
FACE G, and then FACE I. Therefore, employing FACE fuels for the
current study allows a parametric variation in octane number, octane
sensitivity as well as mixture composition.

3.1. RON and detonation tendencies
3.1.1. RON 70
Figure 4 plots ξ against ε at 2.5, 4, and 6 MPa for stoichiometric
gasoline surrogates of RON 70, relative to the detonation peninsula.
Here, multi-component surrogates C2 and C3 of Singh et al. [35] and
FACE I and J of Javed et al. [37] are shown at 650-1050 K (indicated
by arrows). They are found to lie in subsonic auto-ignition region,
avoiding bounds of detonation development zone, at 2.5 MPa (see
Figure 4a). A pressure increase drives more fuel points into the
detonation development region. While auto-ignition in the subsonic
auto-ignition region is not damaging for the engine operations, knock
is possible within the detonation peninsula [7, 8]. At 850 K, these fuels
enter the thermal explosion region, which is associated with an
instantaneous auto-ignition and super-knock events. Low-octane fuels
display a pronounced Negative Temperature Coefficient (NTC) region
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and strengthen the acoustic front with an increase in ε. Therefore, at
higher ε values (low excitation times and high r0), the detonation can
commence over a greater range of ξ values.

at these temperatures, where ignition delays do not decrease
exponentially, and can even increase in magnitude with an increase in
the temperature. This is consistent with Bradley and Kalghatgi [9],
who demonstrated by theoretical analyses on ignition delay gradient,
that severe knock is induced in the NTC regime.

3.1.2. RON 85
Figure 5 shows plots of ξ against ε at 2.5, 4, and 6 MPa and 650-1050
K for stoichiometric gasoline surrogates of RON 85 (specifically, C15
of Singh et al. [35], and FACE A and C of Ahmed et al. [33]), relative
to detonation peninsula. FACE A and C exhibit an almost identical
behaviour across all the temperatures and pressures. Both have low
octane sensitivities but a very different composition: FACE A is a
purely paraffinic fuel, whereas FACE C contains approximately 5 %
by mole of toluene. This implies that highly paraffinic nature of these
fuels prevails and 5% addition of toluene does not substantially change
their detonation tendencies. On the contrary, C15 is highly aromatic
fuel (approx. 35% by mole) and has higher octane sensitivity (S=6.4)
compared to FACE A (S=0.4) and C (S=1.3). This results in its rather
different behaviour compared to FACE A and C fuels. At 850 K and
2.5 MPa, C15 is the only fuel to enter the detonation development
region. These differences between C15 and FACE fuels are amplified
as pressure increases. Owing to its high S, C15 is less susceptible to
pressure changes compared to low S FACE fuels, which show a greater
change in reactivity with an increase in pressure.

Figure 4: Comparisons of ξ against ε values for stoichiometric gasoline
surrogates of RON 70, specifically C2 and C3 of Singh et al. [35] and
FACE I and J of Javed et al. [37] at 650-1050 K and 2.5, 4, and 6 MPa.
The conditions related to NTC region itself is common under realistic
engine operation. Here, 𝜕𝜏/𝜕𝑇 can reach negative values or zero, and
as ignition delay-temperature dependence becomes less Arrhenius, the
magnitude of ξ decreases. This indicates positive critical temperature
gradients, with auto-ignition appearing in cold spots rather than hot
spots, in the NTC regime [2, 9, 16]. Hence, ξ is governed by autoignition activation temperatures and NTC chemistry. Pan et al. [5]
showed that developing detonation in the NTC regime can even induce
higher knocking intensities compared to thermal explosions occurring
at higher temperatures.
Despite having similar RON value and comparable octane sensitivity
to C2 and C3, FACE J surrogate displays a very distinct behaviour
compared to other RON 70 fuels. At low pressure, ξ magnitude of
FACE J approaches zero and is smaller than other RON 70 fuels.
Hence, stronger knock events are more likely for FACE J compared to
other RON 70 fuels at this temperatures and pressures. Also, FACE J
is found to have larger ε values compared to C2, C3, and FACE I,
driving it closer to the transition region at low temperatures, where
auto-ignition and deflagration can coexist. This can potentially be
related to relatively large proportion of aromatics, namely 1,2,4-TMB
in the surrogate formulated for FACE J, which results in relatively
slower reactivity at low temperatures.

Figure 5: Comparisons of ξ against ε values for stoichiometric gasoline
surrogates of RON 85, specifically C15 of Singh et al. [35] and FACE
A and C of Ahmed et al. [33] at 650-1050 K and 2.5, 4, and 6 MPa.

3.1.3. RON 90
RON 90 fuels, namely TPRFs of Singh et al. [36], C6 and C12 of Singh
et al. [35], and HG-KAUST of Lee at al. [38], are studied in terms of
ξ-ε diagrams at 2.5-6 MPa and 650-1050 K. At low pressure, all RON
90 fuels lie in subsonic auto-ignition region, avoiding bounds of
detonation development zone (see Figure 6A). At high temperatures,
as pressure increases to 4 and 6 MPa they cross the bounds of
detonation peninsula. The fuel composition becomes extremely
important at high pressures, where there is a larger spread of RON 90
fuels’ location points. TPRFs of Singh et al. [36] have varying
proportions of aromatics and S. As aromatic content increases, the

Octane sensitivity of the fuel does not seem to play a detrimental role
in defining detonation tendencies of the fuels. FACE I surrogate has
twice as low octane sensitivity compared to other RON 70 fuels.
However, it shows a rather similar behaviour, with slightly smaller ξ
and larger ε value compared to C2 and C3. With an increase in
pressure, the range of ε increases for the same change in temperature:
i.e. ε becomes a more critical parameter as bounds of the detonation
peninsula widen. More of the chemical energy can be transferred into
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magnitude of ε increases. At low temperatures, with an increase in
aromatic content (and S), TPRFs are found to move towards the
transition region. Similarly, C12 (S=8.2) of higher S compared to C6
(S=4.2) is found to lie closer to the transition region. Note, both C6
and C12 have small proportions of olefins. An oxygenated gasoline
surrogate, HG-KAUST, has similar RON and S compared to C12.
However, HG-KAUST has a better knock resistance at the tested
conditions. HG-KAUST avoids the detonation peninsula up to 850 K
at all pressures, unlike other RON 90 fuels. An improved knock
resistance of HG-KAUST at these conditions can be attributed to its
alcohol content. Alcohols are well known to act as octane enhancer
reducing the knocking tendencies of fuels. Also, this can be related to
its high proportions of aromatics (1,2,4-TMB), in addition to varying
proportion of cycloalkane (cyclopentane) and olefins (1-hexene).

are well-known to yield octane sensitivity which results in their low
reactivity and hence longer ignition delay times at low temperatures.

Figure 7: Comparisons of ξ against ε values for stoichiometric gasoline
surrogates of RON 95, specifically C17 and C18 of Singh et al. [35],
FACE F and G of Sarathy et al. [34], and CG-KAUST of Lee at al.
[38] at 650-1050 K and 2.5, 4, and 6 MPa.

3.2. Octane

Sensitivity

and

detonation

tendencies
Fuels of a similar S (~ 4) but varying RON and composition are
investigated in terms of ξ-ε methodology in Fig. 8. Here, ξ-ε diagrams
for stoichiometric C2 and C6 of Singh et al. [35], FACE F of Sarathy
et al. [34], and FACE J of Javed et al. [37] are shown at 650-1050 K,
and 2.5-6 MPa. For the same octane sensitivity, the magnitude of ξ is
found to reduce with a decrease in RON (FACE F>C6>C2>FACE J).
At high temperatures, lower RON fuels show smaller ξ values, hence
an increased detonation tendency. This is especially evident at 850 K,
where NTC chemistry drives low RON fuels into thermal explosion
region. As pressure increases, the NTC behaviour diminishes, and
hence the apparent differences in ξ values are also reduced. At low
temperatures, FACE F, C6 and C2 behave very similarly converging
to the same curve.

Figure 6: Comparisons of ξ against ε values for stoichiometric gasoline
surrogates of RON 90, specifically TPRF of Singh et al. [36], C6 and
C12 of Singh et al. [35], and HG-KAUST of Lee at al. [38] at 6501050 K and 2.5, 4, and 6 MPa.

3.1.4. RON 95
Figure 7 plots ξ against ε for stoichiometric C17 and C18 of Singh et
al. [35], FACE F and G of Sarathy et al. [34], and CG-KAUST of Lee
at al. [38] at 650-1050 K and 2.5, 4, and 6 MPa. These fuels have high
RON of 95, indicating their good anti-knock properties. They enter the
detonation peninsula only at high temperatures and display an almost
systematic reduction in ξ values with a temperature increase. C18
(S=6.0) has twice as high S compared to C17 (S=3.2), and has larger ε
values. Similarly, FACE G (S=7.3) has higher values of ε compared to
FACE F (S=4.7). However, this trend is not consistent between all
RON 95 fuels. C18 has lower S but larger ε values compared to FACE
F. Therefore, there is no direct link between magnitude of ε and octane
sensitivity. Smaller excitation times of FACE G and CG-KAUST at
low temperatures lead to larger ε values and drive these fuels into
transition region. Despite a very different mixture composition, CG
KAUST behaviour is very similar to FACE G. Interestingly, FACE G
has the highest 1,2,4-TMB content and the largest ε values compared
to C17, C18, and FACE F. This implies that an addition of 1,2,4-TMB
drives a deflagrative front propagation at low temperatures. Aromatics
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Figure 8: Comparisons of ξ against ε values for stoichiometric C2 and
C6 of Singh et al. [35], FACE F of Sarathy et al. [34], and FACE J of
Javed et al. [37] are shown at 650-1050 K, and 2-6 MPa.

Figure 9: Comparisons of ξ against ε values for stoichiometric TPRF80
of Singh et al. [36], HG-TPRF of Lee at al. [38], FACE G of Sarathy
et al. [34], and FACE J of Javed et al. [37] at 650-1050 K, and 2-6
MPa.

3.3. Aromatics and detonation tendencies
3.4. Fuel impact on detonation stability

Comparisons of ξ-ε plots for stoichiometric TPRF80 of Singh et al.
[36], HG-TPRF of Lee at al. [38], FACE G of Sarathy et al. [34], and
FACE J of Javed et al. [37] are shown in Fig. 9 at 650-1050 K, and 26 MPa. These fuels have similar aromatic molar content (~ 30%) but
varying RON and S. At low temperatures, HG-TPRF, FACE G, and
FACE J are found to fall on the same curve. This is attributed to their
comparable ε values, which are governed by excitation times. A
dependence of excitation times on the fuel is investigated in Section 4.
Detonation tendency of HG-TPRF are comparable to those of FACE
G across all pressures and temperatures. It is speculated that slightly
higher RON and lower S of FACE G (RON=95, S=7.3) potentially
compensate for lower RON and higher S of HG-TPRF (RON=91,
S=7.6). Hence, HG-TPRF and FACE G exhibit similar auto-ignition
dependence, resulting in comparable ξ values. At the same time, their
similar aromatic content leads to their analogous excitation times,
hence ε values. Interestingly, HG-TPRF has quite similar composition
and RON to TPRF80, but their behaviour is different potentially due
to their differences in octane sensitivity (TPRF80 S=4.23; HG-TPRF
S=7.6).

The effects of fuel on detonation stability within the detonation
peninsula on ξ-ε diagram have been further investigated using ZND
model. The Shock library of Chemkin was used to compute the ZND
post-shock evolution by solving Rankine-Hugoniot relations.
Following Ng et al. [51], a stability parameter to characterize a
detonation stability is:

=𝐸

𝐼
𝑅

(8)

where 𝐼 and 𝑅 represent the characteristic induction length and
reaction length, respectively. E is activation energy controlling the
sensitivity of the induction period [51].
Both fuels HG-TPRF and FACE J surrogate have  values above 4 at
1050 K, which is found to decrease with an increase in pressure. Large
values of  parameter imply that the power pulses are not coherent and
would result in multi-dimensional instabilities in the reaction zone
structure, hence unstable detonations. HG-TPRF exhibits a shift of OH
and temperature profiles in the induction zone and a shift in CH2O
profile in the reaction zone compared to FACE J (Figure 10). However,
it reaches a very similar Chapman-Jouguet state downstream the shock
front. Despite the overall lower induction zone activation energy
(Table 7), Ng’s stability parameter is slightly higher for HG-TPRF at
each pressure. This suggests a more unstable detonation structure of
HG-TPRF compared to FACE J fuel. Rate-of-production analyses for
initial pressure of 4 MPa indicate that iso-octane is primarily consumed
according to a pyrolysis mechanism through C-C scission and Habstraction. The latter is slightly favoured for HG-TPRF which
initially generates more H radicals and less CH3 compared to FACE J.
Hence, fuel impact on detonation stability results from the combined
effects of individual propensities to produce key CxHy radicals under
high temperature fuel pyrolysis [52].
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octane has higher values compare to those two iso-paraffins. An olefin,
1-hexene, exhibits the steepest slope in excitation times with
comparatively small and large values at low and high temperatures,
respectively. Excitation times of naphthenes (cyclopentane,
cyclohexane) converge towards the same values at intermediate
temperatures with a crossover at ~800 K. Aromatics, namely toluene
and 1,2,4-trimethylbenzene, show an almost identical excitation time
behaviour with significantly shorter magnitudes of excitation times
compared to other fuels. This results in the unusual behaviour of
surrogate fuels with large proportions of aromatics (1,2,4-TMB or
toluene) observed on ξ-ε plots. Note, toluene did not ignite at 650 K.
An alcohol fuel, ethanol, exhibits a very peculiar behaviour unlike any
other fuel, with values of ~2 μs across nearly the entire temperature
range. However, at high temperatures (above 1050 K) its magnitude
suddenly drops more than two times. This idiosyncratic behaviour of
ethanol arise because of the definition used for the excitation times.
The longer excitation time at the intermediate temperatures emerge
because 5 % HRR maximum is attained prior to the first peak in heat
release (see Figure 12a). This elongates the resultant excitation times,
as the first heat release peak becomes merged with the second,
resulting in continued heat release staying higher than 5% max HRR
over all the branching stage. At 1050 K, ethanol reaches 5 % HRR max
after this point, which shortens the resultant values and they become
comparable to other fuels. This implies that the current definition for
the excitation time (from the time of 5% HRR maximum to the time of
the maximum HRR) can be modified. This metric was originally
developed not considering so many different fuels across different
conditions. Alternative definitions with higher fractions of HRR as the
start point or area underneath the curve might be more appropriate
indicators. However, the detonation peninsula has been constructed
based on the original definition of excitation time and would require
modification.

Figure 10: Impact of fuel on stoichiometric fuel/air ZND detonation
structure for 4 MPa and 1050 K.
Table 7 – Detonation properties for stoichiometric fuel/air mixtures at

1050 K. Note that 𝑅 herein corresponds to full width at half
maximum of heat release rate. A dimensional activation energy in the
induction zone is evaluated using Ng’s method [51] with a 1%
perturbation in shock temperature.
R
m
20
16
14
17

E



1841
1852
1861
1842

I
m
28
19
14
29

6.5
5.9
4.1
5.6

9.1
7.0
4.1
9.6

3.07

1853

21

16

5.3

7.0

3.08

1862

14

12

4.6

5.4

Fuel

P0
MPa

Mach

DCJ
(m/s)

FACE J
FACE J
FACE J
HGTRF
HGTRF
HGTRF

2.5
4
6
2.5

3.05
3.07
3.08
3.05

4
6

4. Excitation times
To assess the dependency of excitation times on hydrocarbon group
palette, individual surrogate fuel constituents were studied. The larger
scatter in excitation time values was observed at low temperatures and
high pressure conditions. Therefore, only the highest pressure of 6
MPa has been selected for the single fuel study. Figure 11 plots
paraffins (n-butane, n-heptane), iso-paraffins (2-methyl butane, 2methyl hexane, iso-octane), olefins (1-hexene), naphthenes
(cyclopentane,
cyclohexane),
aromatics
(toluene,
1,2,4trimethylbenzene) and alcohol (ethanol) as a function of an inverse
temperature at 640-1070 K and 6 MPa. There are some similarities in
excitation time behaviour of fuels of the same hydrocarbon group
pallet. Excitation time values of paraffins, specifically n-butane and nheptane, are found to fall on one curve at high temperatures (above 850
K), whereas at lower temperatures there is an apparent spread in their
values. Iso-paraffins, 2-methyl butane and 2-methyl hexane display
very similar excitation time dependence with temperature, while iso-
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Figure 11: Modelled excitation times for stoichiometric constituents of
surrogates at 640-1070 K and 6 MPa. Surrogate palette included
paraffins (n-butane, n-heptane), iso-paraffins (2-methyl butane, 2methyl hexane, iso-octane), olefins (1-hexene), napthenes
(cyclopentane,
cyclohexane),
aromatics
(toluene,
1,2,4trimethylbenzene), and alcohol (ethanol).

Figure 12: Normalised heat release rate (HRR) profiles for ethanol at
a) 850 K and b)1050 K and 6 MPa with markers for 5% HRR and
maximum HRR used in definition of excitation times.

Figure13: Modelled excitation times for stoichiometric a) RON 70
fuels: C2 and C3 of Singh et al. [35], and FACE I and J of Javed et al.
[37] b) RON 95 fuels: C17 and C18 of Singh et al. [35], FACE F and
G of Sarathy et al. [34], and CG-KAUST of Lee at al. [38] at 650-1050
K and 2.5, 4, and 6 MPa.

Figure 13 presents simulated excitation times for stoichiometric a)
RON 70 fuels: C2 and C3 of Singh et al. [35], and FACE I and J of
Javed et al. [37] b) RON 95 fuels: C17 and C18 of Singh et al. [35],
FACE F and G of Sarathy et al. [34], and CG-KAUST of Lee at al.
[38] at 650-1050 K and 2.5, 4, and 6 MPa. Similar to ignition delay
times, excitation times decrease with an increase in pressure. They
display an almost linear increase in magnitude with a decrease in
temperature. However, the sensitivity to the temperature change
depends on the fuel. Interestingly, two temperature regimes, low and
high, are evident from the plots. At high temperatures, excitation times
are found to fall on one curve for each pressure. At low temperatures,
a spread in excitation time values is apparent, which increases with an
increase in pressure. This indicates that the fuel mixture composition
becomes important at low temperatures and high pressure condition,
and excitation times are not fuel specific at high temperatures. This
findings are consistent with Gorbatenko et al. [10].

At high pressures and low temperatures, excitation time magnitude of
RON 95 fuels is found to reduce with an increase in 1,2,4-TMB
concentration with an exception of an oxygenated CG-KAUST. Here,
ethanol counteracts the diminishing effect of 1,2,4-TMB, and leads to
higher excitation times. This hints that excitation times are strongly
dependent on the mixture composition and its hydrocarbon group
palette. C2 and C3 have similar aromatic content and display an
analogous excitation time response, whereas excitation time behaviour
of FACE I becomes comparable to C2 and C3 only at high pressures.
A highly aromatic FACE J shows a very different excitation time
response compared to other RON 70 fuels, with the smallest excitation
values at low temperatures. This suggests that excitation times are
independent of RON. Similarly, Figure 14 shows that fuels of different
RON exhibit similar excitation time behaviour. FACE F (RON=93.6)
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has comparable excitation times to FACE I (RON=70.7), whereas
FACE J (RON=70.6) is similar to CG KAUST (RON =99.8) and HG
KAUST (RON=91.5).

Figure 15: Modelled excitation times for stoichiometric TPRF80 of
Singh et al. [36], HG-TPRF of Lee at al. [38], FACE G of Sarathy et
al. [34], and FACE J of Javed et al. [37] at 650-1050 K, and 2-6 MPa.

Figure 14: Modelled excitation times for stoichiometric FACE
surrogates of [33, 34, 37] and oxygenated surrogates of [38] at 6 MPa
and 640-1070 K.

5. Conclusions:

To assess the dependence of excitation times on the aromatics, fuels of
the similar aromatic content (~ 30% by mole) are investigated. Figure
15 plots excitation times of TPRF80 of Singh et al. [36], HG-TPRF of
Lee at al. [38], FACE G of Sarathy et al. [34], and FACE J of Javed et
al. [37] at 650-1050 K, and 2-6 MPa. Similarly, at high temperatures,
fuels are found to fall on one curve, whereas an apparent spread in
excitation time values is seen at low temperatures. Here, the higher
proportion of 1,2,4-TMB (~0.3 by mole) of FACE J surrogate leads to
its smaller excitation time values. FACE G has a smaller 1,2,4-TMB
content resulting in its higher excitation time values, whereas TPRF80
and HG-TPRF with only toluene as aromatic fuel show an identical
excitation time response. The difference in magnitudes of these fuels
is attributed to remaining constituents in the mixture.

ξ/ɛ diagram describes engine knock intensity and covers a wide range
of temperatures and pressures. The effects of various fuel properties,
namely RON, S, and fuel composition, on detonation tendencies of the
gasoline surrogate fuels were studied using ξ/ɛ methodology at 6501050 K, and 2-6 MPa. Depending on the fuel’s location on ξ/ɛ diagram
with respect to detonation peninsula, the detonation and knocking
tendencies of different fuels can be compared and assessed. In this
study, constant volume simulations of auto-ignition delay times (τi)
and excitation times (τe) using detailed chemical kinetics, were
employed for calculations of ξ and ɛ.
It has been shown that the tendency of a fuel to detonate is a function
of its chemical composition. RON of the fuel becomes important in
characterising detonation tendencies of the fuel at low pressure
condition, where low RON fuels with a pronounced NTC behaviour
are found to lie in the thermal explosion region. This signifies that
severe knock is induced in the NTC regime. On the contrary, high
octane number fuels are less prone to detonation compared to low
octane number fuels. Overall, high RON fuels coupled with high
aromatic contents or alcohols showed the best detonation resistance
compared to other fuels. An addition of 1,2,4-TMB was shown to drive
a deflagrative front propagation at low temperatures. At higher
pressures, octane sensitivity had a limited influence on detonation
tendencies of fuels. A more unstable detonation structures were
observed for oxygenated HG-TPRF compared to FACE J fuel despite
HC-TPRF containing alcohol and having lower activation energy.
Excitation times were found to show a linear increase in magnitude
with a decrease in inverse temperature. A larger spread in their values
was observed at low temperatures, indicating that fuel composition
becomes critical here. Aromatics, 1,2,4-TMB and toluene, display an
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almost identical excitation time temperature dependence, with shorter
magnitudes compared to other molecules. At the same time, ethanol
exhibited a very peculiar excitation time behaviour with values of ~2
µs, which suddenly drops at the highest temperature. This is linked to
the definition used for the excitation times. For ethanol the first heat
release peak becomes merged with the second, resulting in continued
heat release staying higher than 5% max HRR over all the branching
stage. Hence, an alternative definition for an excitation time is required
when exploring more complex fuels. Overall excitation times are
independent of RON, S, but highly dependent on mixture composition
and hydrocarbon group palette.
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