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Abstract
Several researchers have observed a synergistic octane blending behavior of ethanol with gasoline
and its surrogates. The non-linear octane boosting tendency is observed at mid and high molar
blends of ethanol in primary references fuels. The current work aims to provide a chemical insight
to this non-linear blending behavior of ignition processes when ethanol is blended with primary
reference fuels. To this end, ignition delay time calculation using a well-validated mechanism are
performed for several fuel-blends of iso-octane, n-heptane, and ethanol. Temperature and pressure
values correlating experimentally measured octane numbers and simulated homogenous batch
reactor ignition delay times were found. The obtained temperature and pressure conditions were
used to study the evolution of heat release and reactivity before the onset of auto-ignition, in a
homogeneous premixed reactor. Markers of low and high temperature reactivity (OH and HO2)
were analyzed for various molar blends of n-heptane with ethanol/iso-octane. Ethanol was
observed to be better at radical scavenging than iso-octane at higher mole fraction. A
computational singular perturbation analysis was conducted for a selection of blends to highlight
the reactions responsible for the synergistic blending behavior of ethanol in n-heptane. The role of
the H-abstraction reactions was highlighted during the first ingition stage; those related to nheptane were found to compete the the H-abstraction reactions of iso-octane or ethanol. Notably,
the H-abstraction path of ethanol was more favored compared to the iso-octane's path, as a result
of the smaller activation energies of the related reactions. The competition of the H-abstraction
paths resulted in a smaller radical pool in the n-heptane-iso-octane-air case and an even smaller
one in the n-heptane-ethanol-air case.The second stage in all cases considered, was mainly
dominated by hydrogen-related reactions, regardless of the initial mixture with the H2O2( + M) →
2OH ( + M) and H + O2 → O + OH playing the most important roles. The work used a novel
approach to look at specific reactions responsible for auto-ignition in ethanol blends, which can be
used for fuel design, primarily around the generation/consumption of radical pool intermediates
by interaction with fuel components.
Keywords: biofuel, ethanol, engine knock, computational singular perturbation, kinetics
Introduction
Legislations on carbon-dioxide (CO2) emissions from the transportation sector have been more
stringent in recent years. The transport sector contributes to 14% of the global CO2 emissions, 74%
of which is generated by road transport alone [1]. Several ways to meet the CO2 targets include
increasing engine efficiency and using fuels with a higher H/C ratio (like methane) or bio-derived
fuels. Bio-derived fuels (or biofuels) show low net CO2 emission as CO2 emitted by biofuels during
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the combustion process, is consumed by the plant from which the biofuel is derived. One of the
widely used biofuels, ethanol, is used in blends ranging from 5 to 85% (v/v) in gasoline for use in
spark-ignited (SI) engines. Apart from reducing CO2 emissions from the biofuel route, ethanol has
a higher resistance to engine knock, which limits the efficiency of SI engines. High engine
efficiency is possible by using ethanol in spark-ignited (SI) engines due to its high Research Octane
Number (RON) [2]. Moreover, a high octane-sensitivity of ethanol allows good performance in
modern turbocharged SI engines [3, 4].
Combustion characteristics of ethanol have been studied extensively for quite some time now [5,
6]. Egloff and Morrell [7] were among the first to report on ethanol’s physical properties, corrosive
nature, cold-start issues, and anti-knock quality as well as economic, social and political factors of
using ethanol in engines. Lichty and Ziurys [8] also found that the increased efficiency benefit of
ethanol addition are offset by the reduced heat of combustion, and suggested that using a smaller
amount of blending up to 20% (vol.) would be optimal. By 1930s, it was clear that lower
volumetric blends of ethanol are more rewarding than pure fuel or higher blends. Mid and higher
blends of ethanol have also been investigated recently for their net CO2 reduction benefits [9, 10].
A synergistic effect of ethanol addition to gasoline means the RON of the mixture is higher than
that suggested by linear interpolation of basefuel and pure ethanol. Researchers have also observed
similar synergistic behavior for other biofuels like furans [11, 12] and prenol [13] recently. This
was captured in terms of Blending Octane Number (BON). A higher BON translated to a greater
resistance to engine knock in spark-ignited engines, which is related to a fuel’s resistance of autoignition.
Auto-ignition is critical to the operation of conventional engines like spark-ignited (SI) and
compression-ignited (CI) engines, as well as advanced engine concepts like homogeneous charge
compression ignition (HCCI) or partially premixed combustion (PPC) strategy. While autoignition of end-gas, resulting in engine knock is undesirable for spark-ignited engines, a higher
auto-ignition tendency translates to higher cetane number, a desirable property for fuels in
compression-ignited engines. Moreover, HCCI and PPC concepts rely on auto-ignition for
combustion phasing control. Ethanol has also been investigated in HCCI [14], PPC [15] and more
recently, in Spark Controlled Compression Ignition (SpCCI) [16]. In a complex system as an
engine, the auto-ignition phenomenon is reliant on an interaction of physical and chemical
properties of the fuel. Researchers have investigated reactions responsible for setting off autoignition in a fuel-air mixture in simpler systems representative of a real engine.
A market fuel is composed of several hundred hydrocarbon molecules, which makes it untenable
to analyze each hydrocarbon and its breakdown in the ignition process. There has been a continued
effort to understand the kinetics of representative molecules of each class of hydrocarbon and
varying carbon chain length by researchers. Often, a commercial fuel is represented in terms of
surrogate molecules that replicate physical and/or chemical properties of the fuel. iso-Octane and
n-Heptane (known as primary reference fuels PRFs) [17] are used to rate fuels used in sparkignited engines, based on their knocking tendency at two different operating conditions, called
Research Octane Number (RON) and Motor Octane Number (MON) [18, 19]. Toluene is often
added to replicate the octane sensitivity of a real fuel [20-22]. Surrogate formulations with a higher
number of components aimed to match flame speeds, and physical properties have also been
proposed [4, 23, 24].
Reactions responsible for auto-ignition have been studied for several chemical species, and
comprehensive kinetic mechanisms are now available for major surrogate molecules. Sensitivity
analysis or reaction flux analysis techniques have been used to identify important reactions and
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their relation to the dynamical behavior of the auto-ignition process [25, 26]. However, such
techniques do not inform about the temporal variation of the influence of each reaction or species
to the dynamic auto-ignition modes. In this regard, Computational Singular Perturbations (CSP)
helps identifying the slow and fast dynamics in the mathematical model. Of interest are explosive
time scales, which relate to components of the system that tend to drive the the system away from
equilibrium.
The dynamics of auto-igniting systems have traditionally been investigated using asymptotic
analysis since the dynamics of such systems are characterized by time scales that span a wide range
[27-30]. Computational singular perturbation (CSP) is an algorithmic method of asymptotic
analysis which enables the systematic analysis of dynamical systems, not hindered by the system’s
size or complexity [31, 32]. It has been successfully employed in the analysis of a large variety of
fuels [33-40, 95, 97] (e.g., H2, CH4, DME, C2H5OH, n-hexane, n-heptane, iso-octane) and a wide
range of different combustion configurations (e.g., auto-ignition [41], laminar flames [42, 93],
counterflow flames [92], turbulent flames in the context of DNS [43, 96, 98] and RANS [39],
triple-flames [44], partially stirred reactors [45]). The employment of the CSP algorithmic tools
can lead to the identification of the physical processes and components that govern the evolution
of a system, through the investigation of the system’s characteristic time scale [33,91]. Therefore,
in the current study, tools generated in the CSP framework were used in order to identify: (i) the
reactions that have the largest contribution to the system’s characteristic time scale, thus, to the
system’s ignition delay time [46, 47, 94], and (ii) the species mass fractions mostly related to the
system’s characteristic CSP mode [36, 39, 94].
Ethanol is known to boost octane number of a base-fuel non-linearly, and the extent of nonlinearity is known to vary with the composition of base-fuel [48-50]. Foong et al. [51] reported
that the non-linearity is reduced when scaled on a molar basis, because ethanol, being a lighter
molecule, has a large mole fraction for a given mass fraction [21, 22, 52-55]. Recently, Waqas et
al. studied the blending effect of ethanol addition with several base-fuels and found high BON,
when operating a CFR engine in SI as well as HCCI mode in terms of Blending Octane Number
(BON) [50, 56]. The high BON has been attributed to radical scavenging nature of ethanol [2],
which was validated by a reduction in OH and HO2 radicals in low temperature chemistry region,
prior to the auto-ignition process, with increasing ethanol concentration in primary reference fuels
[2]. However, specific reactions responsible for suppressing the reactivity have not been
investigated. CSP analysis, as discussed above, is an enabler to achieving this goal. It has not been
employed for alcohol-n-heptane blends to the authors’ knowledge. Focusing on specific reactions
that set off the auto-ignition of the investigated blends in this study allows better utilization of
alcohols in gasoline. Important reactions pointed out in the current study provide a chemical
explanation of a phenomenon observed by several researchers in the past. Selective suppression of
such reactions would enhance the autoignition resistance of studied blends in an engine.
The current work aims to fill the gap in current understanding by looking at the specific reactions
responsible for auto-ignition suppression with ethanol addition using CSP analysis. To this goal,
the effect of ethanol addition to n-heptane and its effect on low-temperature chemistry suppression
is investigated and compared to iso-octane addition to n-heptane. Initially, octane number values
were taken from [51], and the kinetic model is tested for various PRFs and other fuel blends with
known octane values. A high regression valued fit between the octane number values and ignition
delay times is obtained at a particular combination of temperature and pressure. This temperature
and pressure condition is chosen for subsequent analysis, wherein the reactions leading to ignition
are analyzed for n-heptane and its molar blends with iso-octane and ethanol.
3

Methodology
The current work investigates the reactions setting off auto-ignition in mixtures of n-heptane
(PRF0) with ethanol and iso-octane. Low-temperature reactions are critical to ignition of the
mixtures studied in this work [2]. RON values of blends of n-heptane-iso-octane-ethanol were
obtained from the literature [51]. The details of the experimental methodology for measuring
octane numbers can be found in [51].
Ignition delay times for n-heptane-iso-octane-ethanol blends are calculated based on a mechanism
proposed by Sarathy et al. [23]. The employed chemical kinetics mechanism consists of N = 2406
species, E = 6 elements (O,H,C, N, Ar and He) and K = 9633 elementary reactions [23]. The
mechanism has been validated and previously used for engine studies [57, 58]. The current work
assumes there is a correlation between gas-phase ignition delay times and octane numbers
measured in engines. The assumption is based on engine experiments conducted in HCCI mode
[59, 60] as well as shock tube experiments [61, 62], observing a direct link between the octane
number of fuel and its auto-ignition delay time. Studies show a high correlation between autoignition tendency in HCCI mode to the knocking tendency in SI mode of engine operation. In an
SI engine, the end-gas ahead of spark-initiated flame front gets heated and compressed before autoigniting and leading to pressure oscillations, known as engine knock. Fundamentally the two
phenomena, of engine knock and auto-ignition in a homogenous environment are similar, and
researchers have attempted relating octane number to the ignition delay time (IDT) in the negative
temperature coefficient (NTC) region, in the past. Mehl et al. correlated Antiknock Index (AKI)
with IDT calculated at an initial pressure (po) of 25 bar and initial temperature (To) of 825 K [63].
Sarathy et al. proposed that RON of PRFs can be correlated with IDT calculated at po of 20 atm
and To of 835 K [64]. Badra et al. further expanded the correlation for Toluene Reference Fuel
(TRF) and Toluene primary reference fuels (TPRF) [20] with po of 50 atm and To of 850 K. Singh
et al utilized up to six components for their formulation correlating RON and IDT, with high
regression, at po of 25 bar To of 750 K [4]. Westbrook et al. used experimentally obtained pressure
data to find ignition delay times corresponding to RON and MON values of pure and mixtures of
compounds [65, 66]. Some of the work attempting to correlate homogeneous gas-phase IDT of
ethanol and ethanol in n-heptane, have largely shown higher errors [67].
The criterion for ignition delay was taken as the time corresponding to the maximum slope of
temperature versus time curve. In case of multiple values of occurrences of the maximum (local)
slope, common for fuels with two-stage ignition characteristics, the latest value was chosen, which
represents the high-temperature ignition. The ignition delay is calculated for temperature ranges
from 700K to 1100K (in a step of 25K) and pressure from 20 bar to 40 bar (in a step of 5 bar),
which amounts to a total of 4505 simulations [17(Temp)x5(Pres)x53(Blends)]. These simulations
provide the temperature-pressure conditions in a homogeneous batch reactor which correlate best
with knock tendency of the fuels in RON tests. The highest regression coefficient (R2~0.8, adjusted
R2~0.79) between known RON values and calculated IDT is obtained for T=750K and P=40 bar.
The T-P values are similar to those suggested in previous literature [4, 20]. The end-gas ahead of
the flame front is compressed and heated, and this T-P is representative of the end-gas before autoignition. Experiments from Szybist et al. showed unburnt mixture temperatures in this range for
RON tests, depending on the compression ratio of the engine [68]. A relatively lower temperature,
compared to previous publications, coincides with high pressure, which puts the mixtures in the
NTC region, which has previously been shown to correlate with RON of fuel blends [20, 63, 64].
Details on the methodology followed are given in the Appendix.
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The calculations of ignition delay pointed above is based on homogeneous batch reactor solver in
CHEMKIN PRO [69]. The energy equation is solved at constant volume and an equivalence ratio
of 1, similar to [20, 64, 70, 71]. The time required for a fuel-air mixture to auto-ignite at a given
temperature-pressure is calculated. Once a temperature-pressure condition is fixed to be
representative of the octane behavior (T=750K and P=40 bar), similar calculations were done for
a range of PRFs and n-heptane-ethanol mixture, ranging from 0 to 100% of ethanol (or iso-octane
in case of PRF mixture) to observe the reactions during the evolution of ignition in a batch reactor.
Important combustion markers (like OH, HO2, and temperature) are analyzed, and a comparison
is presented for n-heptane-iso-octane blend versus n-heptane-ethanol blends. The observations
point to the disparity in radical concentration (OH and HO2) between the two tested blends. The
specific reactions responsible for such observations are then investigated using CSP tool.
The timescale participation index (TPI) was used to determine the contribution of each reaction in
the kinetics mechanism employed to the explosive timescale, which is the characteristic timescale
of the system during ignition and is directly related to the ignition delay time of the process [33,
72, 92]. Therefore, the reactions with the largest contributions are those that have the largest effect
on the evolution of the process. This tool has been extensively used for the investigation of autoignition phenomena and flames in a wide range of fuels and initial conditions [33, 35, 41, 46, 47,
72, 94-98]. Due to the expensive nature of the calculations involved, the analysis was limited to a
small set of the blends. Specifically, three mixtures (mol %) were used, as mentioned below:
• n-heptane (nC7H16) – air
• 60% n-C7H16 – 40% iC8H18 – air
• 60% n-C7H16 – 40% C2H5OH – air
Previous works have detailed the methodology for CSP analysis, and further details on the
methodology used are provided in the supplementary material [35-37, 39, 41, 72, 91-98].
Results and discussions:
Effect of ethanol addition on RON
Traditionally, correlating RON values of ethanol blends with their corresponding ignition delay
values has shown large error [73]. There are a few key differences in the measured RON and
calculated IDTs. Homogeneous ignition delay simulations assume a premixed, fully homogenous
gas phase reactions. However, in engine experiments, physical effects may be significant when
considering ethanol-blends, due to the high latent heat of vaporization of ethanol [74]. Hence,
experimental octane measurements are not entirely representative of the chemical auto-ignition
suppression. Intake temperature as high as 110 oC is needed to maintain a similar charge
temperature in RON and MON tests when using ethanol [75]. Ignition delay time refers to the time
taken for a homogeneous pre-mixed charge to ignite, at a certain temperature and pressure of a
constant volume.
Engine knock is auto-ignition of end gas, ahead of the flame front. Due to similar values of the
flame speed for most hydrocarbons (and hence PRFs), this effect can generally be offset by a
common value [76]. However, ethanol shows relatively higher laminar flame speed [77]. This
translates to a larger effect of flame travel, which further complicates the determination of octane
number of ethanol-blended fuels from ignition delay time data alone. Moreover, residual incylinder NO affects flame speed and auto-ignition properties of the charge, and NO concentrations
are also different when using an oxygenated molecule (i.e., ethanol) [78]. The complex interactions
leading to auto-ignition in an engine are beyond the scope of this work, and the focus will be on
the chemical kinetic aspect of auto-ignition, thereby isolating the chemical effect of ethanol
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addition on reactivity. The methodology followed in the current work ensures that chemical effects
are investigated and their contribution to octane enhancement in an engine be ascertained.
RON and MON ratings linearly scale with a volumetric blend of n-heptane (0) in iso-octane (100).
Due to similar molecular weights (100.21g/mol for n-heptane and 114.23 g/mol for iso-octane),
the two molecules exhibit almost linear behavior octane-rating by mol.%. However, due to a
relatively low molecular weight (46.07g/mol), ethanol’s vol.% and mol.% addition show marked
differences. Several researchers have pointed out suppressed non-linearity in octane boosting by
ethanol when considered on a mole basis [51, 79]. These observations are valid for lower blends
of ethanol. Fig. 1 shows a comparison between linear-by-mole values (dashed yellow lines) and
the experimentally observed RON values (solid shapes, taken from [51]) for a mixture of PRFs
and ethanol. Synergistic behavior can be observed for ethanol-PRF blend at a high mole fraction
of ethanol. Chemical reaction rates scale with mole fraction. Hence, investigating mid and higher
blends of ethanol in n-heptane shall inform about the chemical pathways responsible for the
suppression of reactivity by ethanol.

Experimental RON
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PRF60
PRF80
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0
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Ethanol (% mol.)
Figure 1: RON of ethanol added to PRFs is shown [48]. Linear-by-mole line is shown in yellow dashed lines for each PRF-ethanol
mixture. Non-linearity in octane boosting tendency is suppressed and delayed (in terms of % additive) when plotted on mole fraction
of ethanol in PRF.

Unlike ethanol, iso-Octane does not suppress low temperature chemistry. Comparison of ethanol
and iso-octane allows investigating the low temperature chemistry suppression by ethanol. Fig. 2
shows RON values for ethanol-PRF mixtures relative to the same mole fraction of iso-octane
added to corresponding PRF mixture. The dashed lines are all PRFs but represented in terms of
iso-octane added to certain base PRF. Ethanol shows higher octane rating for all cases relative to
the similar mole fraction of iso-octane in PRF. For PRF0 (or pure n-heptane), data is available for
ethanol mole fraction of 50% and above. It seems like the octane boosting tendency of ethanol in
PRF0 is greater than that of iso-octane at mid to high blends of ethanol in n-heptane. In the
following section, homogenous batch reactor simulations are conducted to explain this disparity
between the effectiveness of ethanol and iso-octane.
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Figure 2: Comparison of experimental RON values for ethanol-PRF and iso-octane-PRF blends. Solid symbols represent ethanolPRF and dashed lines represent iso-octane-PRF mixtures. Non-linear octane boosting tendency is observed at mid and high blends
of ethanol-PRF.

Homogeneous batch reactor simulations
The evolution of various parameters leading to ignition was investigated for varying molar blends
of n-heptane and ethanol/iso-octane in same way as [80-82]. Temperature, heat release rates, and
radicals (OH and HO2) are plotted for pure n-heptane and a select few mixtures of ethanol/isooctane in n-heptane in Figs. 3-6 [83]. Similar calculations were made for additive ranging from 0
to 90 % (mol. %) in n-heptane and can be found in the supplementary material (Appendix 2). Twostage ignition delay is observed for most of the blends. The first stage heat release is due to low
temperature chemistry (LTC) reactions. Low-temperature heat release increases the temperature,
which accelerates the transition to high-temperature reactions.
Long chain alkanes (n-heptane in this case) readily undergo R+O2=RO2, oxygen addition at low
temperatures. After that, intramolecular isomerization and subsequent O2 addition lead to the
formation of ketohydroperoxides, which dissociates to yield OH radicals. OH concentration is
monitored in the current work, as a reflection of reactivity in the low temperature region. The heat
release accompanying the low temperature reactions increases the global temperature, making O2
addition less amenable. This leads to high-temperature chemistry after a hiatus of intermediate
negative temperature region, where reactivity reduces although temperature increases. Further
details of the process have been well documented by several authors [57, 84-87].
Low-temperature chemistry is suppressed with the addition of octane boosting additives. However,
the degree of suppression is not the same with the addition of ethanol and iso-octane. Reduction
in low-temperature chemistry from Figs. 3-6 is expected, as n-heptane is the longest chain
hydrocarbon in the mix. A lower n-heptane concentration in the mixture will proportionally reduce
the low temperature reactivity. The radical pool, signified by OH and HO2, closely follows the
heat release rate, showing a maximum in LTHR region. The peak LTHR differences are observed
at 40 (mol.) % addition of additives and beyond and Ethanol shows higher LTHR suppression
compared to iso-octane, as observed in Fig. 5. It can also be observed that ethanol, which is a
known radical scavenger, shows no LTHR at 80% or higher blend in n-heptane (Fig. 6).
A summary of the computational results is provided in Fig. 7, which shows the maximum values
of select parameters in the LTC region. As LTC is completely suppressed for ethanol-n-heptane
mixtures of 80% and above, the plots are limited to 70% additive concentration (on the x-axis). It
7

can be observed in Fig. 7a that the heat release rates are similar for the addition of iso-octane and
ethanol at low mole fraction blends and low temperature heat release is suppressed more for
ethanol addition than iso-octane at mole fraction 40% and more. This agrees well with the
measured RON deviation from experiments, shown in Fig. 2 (solid black symbols and dashed line),
signifying the importance of low temperature chemistry in controlling the overall reactivity, which
in turn, effects the RON measured experimentally. Fig. 7b and 7c show the maximum OH, HO2
mole fraction in the LTC region. Although the heat release rates were similar, ethanol-n-heptane
blends showed lower reactivity than iso-octane-n-heptane blends, as can be seen by reduced OH
mole fraction with the addition of ethanol in n-heptane (Fig. 7b). HO2, however, is greater for
ethanol addition, compared to iso-octane addition in all blend ratios (Fig. 7c). This can be attributed
to the formation of alphahydroxyethyl radical, which reacts with O2 to form HO2. Hence, this
reaction is favored with ethanol, leading to higher HO2 formation and larger peaks in LTC region.
This will further be confirmed in the detailed computational analysis that follows.
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Figure 3: Evolution of heat release rate, temperature, OH, and HO2 for pure n-heptane at initial conditions of 750K and 40 bar.
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Figure 5: Evolution of heat release rate (HRR), temperature, OH, and HO2 for a mixture of 60% n-heptane and 40% isooctane/ethanol. (a) heat release rate and temperature, (b) mole fraction of OH and HO2. The values for ethanol-n-heptane are given
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Figure 7: a) Maximum heat release rate, b) maximum OH mole fraction and, c) maximum HO2 mole fraction in the low temperature
region.

Non-linear behavior of octane boosting tendency was observed at high molar concentration of
ethanol in n-heptane. Chemical kinetic analysis showed that ethanol suppressed LTHR more
effectively than iso-octane, at 40% (mol.) addition and above, which agrees with experimentally
observed octane boosting tendency. In this regard, three mixtures, namely: pure n-heptane and
40% (mol.) octane additive (iso-octane/ethanol) in n-heptane, were chosen for subsequent CSP
analysis.
Computational Singular Perturbation Calculations
The timescales that characterize the dynamics of the three processes are displayed in Fig. 8. As it
is shown, in each case, all of the timescales are of dissipative nature (represented by the black color
lines) except for two (represented by the red color lines), a fast and a slow explosive one. Both
explosive timescales exist for most of the process; very close to the end of the process, they both
disappear and re-appear shortly afterward before they merge and disappear again. As it will be
shown later, the time of their first disappearance signifies the first stage of the ignition process and
their second disappearance coincides with the second stage of the ignition process. The period
from the start of the process up to the time when the explosive timescales disappear for the second
time is called explosive stage, and its general features have been extensively reported in the
literature [33, 35, 36, 41, 46, 47, 72, 88, 89, 94-98]. In the following, the analysis will concentrate
on the fastest of the explosive timescales, say 𝜏$,& , which is characteristic of the dynamics in both
ignition stages. In particular 𝜏$,& sets the time frame of the action of the CSP mode 𝒂$,& 𝑓 $,& , where
𝒂$,& and 𝑓 $,& the eigenvector and the amplitude related to the fast explosive mode.

Figure 8: The developing time scales during auto-ignition of n-heptane/air (left), 60% n-heptane and 40% iso-octane (middle) and
60% n-heptane and 40% ethanol (right) mixtures. Solid black and red lines represent dissipative and explosive modes, respectively;
To=750 K, Po=40 bar.
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As can be seen in Fig. 8, in all three cases, 𝜏$,& is in the middle of a dense pack of dissipative time
scales and no time scale gap develops between 𝜏$,& and the fastest dissipative time scales. If the
system generating these features were fully non-linear, the consideration of 𝜏$,& would be
meaningless. However, the constancy of a large number of the fastest time scales (among them
𝜏$,& ) during the largest part of the explosive stage suggests that the dynamics of the prevailing
dynamics are quasilinear. In such a case, the investigation on the reactions generating 𝜏$,& is
legitimate, as it was established in existing literature related to the autoignition dynamics of
DME/air, EtOH/air and n-Hexane/air mixtures [37, 41].

Figure 9: The developing explosive time scales (left) and the temperature (right) evolution during autoignition of n-heptane/air,
60% n-heptane and 40% iso-octane and 60% n-heptane and 40% ethanol mixtures; To=750 K, Po=40 bar.

The temperature evolution along with the evolution of the fast, explosive timescale 𝜏$,& for the
three cases under investigation, is displayed in Fig. 9. The temperature profiles show that: (i) the
n-heptane/air case ignites faster than the rest and the iso-octane addition leads to shorter ignition
delay time compared to ethanol addition; (ii) all three cases are characterized by two-stage ignition;
(iii) the rate of temperature increase during the first-stage is the largest in the n-heptane/air case
and the smallest in the ethanol addition case; (iv) all three mixtures reach the same final
temperature; (iv) all three mixtures enter the second ignition stage at the same temperature
(~1180K). These observations suggest that the first ignition stage plays a significant role to the
determination of the ignition delay time of the mixtures. As it will be shown later, this is also
confirmed by the CSP diagnostics results. Additionally, the profiles of explosive timescales in Fig.
9 show that during the first stage ignition, the 𝜏$,& in the n-heptane/air case is always smaller than
the 𝜏$,& in the other two cases, while during the second ignition stage all three mixtures seem to
exhibit similar 𝜏$,& . Also, as Fig. 10 illustrates, the steep temperature rise in both ignition stages
(in all three cases) coincides with the disappearance of the explosive timescales.
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Figure 10: The developing explosive time scales and the temperature evolution during autoignition of n-heptane/air (left), 60% nheptane and 40% iso-octane blend (middle) and 60% n-heptane and 40% ethanol (right) mixtures. The displayed points represent
the selected points in Tables 1 and 2; To=750 K, Po=40 bar.

In order to investigate the reactions that contribute to the generation of 𝜏$,& in the three cases under
examination, representative points in time along the explosive stage were selected and the TPI
values of the 𝜏$,& were calculated for all three cases. The selected points are displayed in Fig. 10
and the list with the most significant reactions in terms of TPI values, is shown in Table 1.

Table 1: The reaction groups providing significant contribution to the generation of the fast time scale 𝜏$,& , during the autoignition
of the n-heptane/air mixture; F: nC7H16, R: C7H15, Q: C7H14, Q': C7H13 for n-heptane (reaction groups R3xxx) and iso-octane
(reaction groups R6xxx).
1f
3f
3b
8f
12f
15f
16/17f
18/19f
144f
302f

H + O2 → O + OH
OH + H2 → H + H2O
OH + H2 ← H + H2O
H + OH + M → H2O + M
HO2 + H → OH + OH
HO2 + OH → H2O + O2
HO2 + HO2 → H2O2 + O2
H2O2( + M) → OH + OH( + M)
CH3 + HO2 → CH3O + OH
C2H4 + OH → C2H3 + H2O

366/367f
671f
R3054f
R3058f
R3289f
R3295f
R3399f
R3418f
R6772f

C2H5OH + OH → sC2H4OH/pC2H4OH + H2O
nC3H7 + O2 → nC3H7O2
F + OH → R + H2O
F + HO2 → R + H2O2
RO2 → Q + HO2
RO2 → QOOH
O2QOOH → KET + OH
KET → products + OH
F + OH → R + H2O

In the pure n-heptane case, Table 2 shows that at points P1, P2, and P3 along the first ignition stage
𝜏$,& is mainly promoted by reaction group R3295f, which leads to the formation of hydroperoxyalkyl radicals (QOOH) through the isomerization of alkylperoxy radicals (RO2). Significant
contribution favoring the explosive character of 𝜏$,& is also provided by reaction groups R3399f and
R3418f, the first one leading to the formation of one molecule of the highly reactive OH and one
molecule of KET, while the second decomposes KET to products and one molecule of OH. The
only noticeable opposition to the explosiveness of the mixture is provided by reaction group R3289f
which leads to the formation of olefins (Q) and HO2 through the decomposition of the alkylperoxy
radicals (RO2), therefore competing the action of the path established by the most active reaction
group R3295f. It is noted that the effect of R3295f, R3399f, R3418f and R3289f decreases with time. Fig.
11 displays the general oxidation scheme of n-heptane [84, 90]. It is shown that two paths are
created and compete: the upper branch leads eventually to the formation of one OH through
reaction group R3289f and the lower branch leads to the formation of two OH molecules through
reaction group R3295f, therefore being more reactive than the upper branch. The competition
between R3289f and R3295f results to the NTC behavior of n-heptane. Thus, the critical role of the
isomerization reaction group R3295f is highlighted, being the reaction group that directly competes
R3289f, therefore the one that determines the reactivity of the mixture. Consequently, the large TPI
value of R3295f is justifiable.

Figure 11: The general oxidation path of n-heptane/air, when To=750 K, Po=40 bar, ∅=1; R: C7H15, Q: C7H14. Red/green color
represents reactions with large/medium TPI values, and blue color represents reactions with negligible TPI values.
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Table 2 shows that in the case of the 60% n-heptane and 40% iso-octane blend, during the first
ignition stage, 𝜏$,& is mainly generated by reaction groups R3295f, R3399f, R3418f and R3289f; the first
three favoring and the last one opposing its explosive character. Like in the pure n-heptane case,
their effect decreases with time. However, an additional contribution (favoring the explosive
character of 𝜏$,& ) is provided by the H-abstraction reaction group R3054f, which leads to the
formation of n-heptane alkyl radicals. Finally, a considerable opposition to the explosive character
of 𝜏$,& is provided by the H-abstraction reaction group R6772f which competes the action of R3054f
and consumes iso-octane, therefore leading to the formation of iso-octane alkyl radicals. The larger
value of 𝜏$,& in this case, in comparison to the n-heptane case, can be attributed to the smaller (both
relative and absolute) contributions of reaction groups R3295f, R3399f, R3418f and R3289f and to the
emergence of reaction group R6772f which competes the action of R3054f.
In the case of 60% n-heptane and 40% ethanol, Table 2 shows that the contribution of the Habstraction reaction group R3054f increases considerably, when compared to the 60% n-heptane and
40% iso-octane case and becomes the dominant one. However, the H-abstraction reactions
366/367f also become significant contributors to the generation of 𝜏$,& , competing the action of
R3054f by consuming C2H5OH with OH and leading to the formation of sC2H4OH/pC2H4OH
radicals. However, the H-abstraction path that relates to the consumption of C2H5OH and OH (i.e.,
reactions 366/367f) is less reactive than the H-abstraction path that relates to the consumption of
n-heptane (i.e., reaction group R3054f), therefore it opposes the explosiveness of the mixture. As a
result, reaction group R3054f has a much more pronounced role and competes the action of reactions
366/367f. The increased role of the competition between R3054f and 366/367f is one of the major
differences compared to the 60% n-heptane and 40% iso-octane blend where, as it was shown, the
competition between the H-abstraction reaction groups R6772f and R3054f was found to be less
significant, in terms of the contributions of these reaction groups to 𝜏$,& . This provides a physical
understanding about the larger value of 𝜏$,& and the longer first-stage ignition of the 60% nheptane and 40% ethanol blend when it is compared to the 60% n-heptane and 40% iso-octane
blend. Moreover, the relative contributions of reaction groups R3295f, R3399f and R3418f, all of them
favoring the explosive character of 𝜏$,& and, therefore, promoting ignition, decrease significantly
(7-10% for each one of them) compared to the 60% n-heptane and 40% iso-octane case.
Additionally, the contribution of reaction group R3289f that opposes the generation of the explosive
timescale, thus, opposing the explosiveness of the mixture, decreases very little (1-1.5%).
In summary, during the first-ignition stage, the results displayed in Table 2 indicate that the
addition of iso-octane or ethanol to the initial mixture of n-heptane/air results to the activation of
the H-abstraction reaction group F + OH→R + H2O, where F is iso-octane or ethanol (reactions
R6772f and 366/367f respectively). In general, H-abstraction reactions favor the explosiveness of a
mixture. However, since pure iso-octane and ethanol are less reactive than pure n-heptane, the Habstraction reactions that relate to the consumption of iso-octane and ethanol compete with the Habstraction reactions of n-heptane which obtain a more pronounced role. So, essentially the role of
the H-abstraction reactions of n-heptane is to counterbalance the action of the H-abstraction
reactions of iso-octane or ethanol. Therefore, the contribution of R3054f increases to the same
magnitude of R6772f and 366/367f. However, it is noted that the contribution of the H-abstraction
reactions that relate to the consumption of ethanol (i.e., reactions 366/367f) is much larger than
the ones that relate to the consumption of iso-octane, although ethanol is less reactive than isooctane. This can be explained by the fact that reactions 366/367f have lower activation energies
than reactions R6772f.
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0.4 C2H5OH

0.4 iC8H18

nC7H16

Table 2: Values of the largest TPI (𝐽,$ ) during the first ignition stage of the constant volume autoignition of the fuel blends; nheptane (up), 60% n-heptane and 40% iso-octane (middle) and 60% n-heptane and 40% ethanol (bottom). Only values larger than
2% are displayed. To=750 K, Po=40 bar.

𝑡 [𝑠]
𝜏$,& [𝑠]
𝑇 [𝐾]

𝑡 [𝑠]
𝜏$,& [𝑠]
𝑇 [𝐾]

𝑡 [𝑠]
𝜏$,& [𝑠]
𝑇 [𝐾]

P1
0.00E + 00
7.89E-05
750.00
3295f
R
31.85%
R3399f
22.28%
3289f
R
-11.49%
R3418f
10.86%

P2
6.15E-04
7.91E-05
750.00
31.85%
22.41%
-11.50%
10.87%

R3295f
R3399f
R3289f
R3418f

0.00E + 00
9.51E-05
750.00
R3295f
24.10%
3399f
R
16.63%
R3289f
-9.64%
3418f
R
7.70%
R3054f
6.97%
6772f
R
-6.82%
0.00E + 00
2.21E-05
750.00
R3054f
22.07%
366/367f -21.34%
R3295f
13.60%
3399f
R
9.350%
R3289f
-8.35%
3058f
R
4.29%

7.13E-04
9.51E-05
750.00
R3295f
24.10%
3399f
R
16.63%
R3289f
-9.64%
3418f
R
7.70%
R3054f
6.97%
6772f
R
-6.82%
7.86E-04
2.21E-04
750.00
R3054f
22.08%
366/367f -21.35%
R3295f
13.57%
3399f
R
9.32%
R3289f
-8.35%
3058f
R
4.23%

P3
1.21E-03
9.31E-05
764.71
3295f
R
19.37%
R3399f
11.72%
3289f
R
-9.49%
R3054f
6.08%
3418f
R
3.17%
1.40E-03
1.15E-04
757.93
R3295f
15.94%
3399f
R
9.91%
R3054f
8.79%
3289f
R
-8.12%
R6772f
3.94%
3418f
R
2.98%
1.51E-03
2.79E-04
751.72
R3054f
22.72%
366/367f -21.53%
R3295f
10.73%
3289f
R
-7.94%
R3399f
6.81%

Figure 12: The developing explosive time scales and the temperature evolution during the second ignition stage of n-heptane/air
(left), 60% n-heptane and 40% iso-octane (middle) and 60% n-heptane and 40% ethanol (right) mixtures. The displayed points
represent the selected points in Table 3; To=750 K, Po=4 MPa.

Fig. 12 displays the evolution of temperature and 𝜏$,& during the second ignition stage along with
the three selected points in which CSP diagnostics were generated for all three mixtures, i.e., nheptane/air, 60% n-heptane and 40% iso-octane and 60% n-heptane and 40% ethanol. Table 3
summarizes the TPI diagnostics to 𝜏$,& for the three selected points displayed in Fig. 12. In general,
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in all three cases considered here, the second stage is dominated by hydrogen-related reactions. In
particular, initially, at point P4, 𝜏$,& is mainly generated by reactions 18/19f and 1f. Reactions
18/19f lead to the formation of two OH molecules and have been found to play significant role in
accelerating the ignition of CH4, DME, EtOH and n-hexane [35, 46, 72]. Additionally, the
importance of the chain branching reaction 1f has been widely documented and is well known. A
minimal contribution to the generation of 𝜏$,& (opposing its explosive character), is provided by
the chain termination reaction 16/17f, which consumes two HO2 molecules, forming H2O2 and O2.
Similar behavior was observed in the case of CH4, DME, ethanol and n-hexane oxidation [35, 46,
72]. Moreover, the chain branching reaction 144f, which consumes CH3 radicals and produces
CH3O and OH, was also found to provide a fair contribution to 𝜏$,& in the oxidation of DME and
ethanol at the last part of the explosive stage. Finally, the chain carrying reaction 302f provides
some positive insignificant contribution, favoring the explosiveness of the mixture at that stage. In
fact, this is the first difference between the pure n-heptane and the other two cases, where the effect
of this particular reaction is replaced by the negative contribution of reaction 671f which forms
RO2 through the reaction of n-heptane with O2. The second noticeable difference at that point is
that the effect of reaction 18/19f in the 60% n-heptane and 40% ethanol case significantly
decreased, compared to the pure n-heptane case, thus providing an explanation of the increased
value of the explosive timescale.

0.4
C2H5OH

0.4 iC8H18

nC7H16

Table 3: Values of the largest TPI (𝐽,$ ) during the second ignition stage of the constant volume autoignition of the fuel blends; nheptane (up), 60% n-heptane and 40% iso-octane (middle) and 60% n-heptane and 40% ethanol (bottom). Only values larger than
2% are displayed. To=750 K, Po=40 bar.

𝑡 [𝑠]
𝜏$,& [𝑠]
𝑇 [𝐾]

𝑡 [𝑠]
𝜏$,& [𝑠]
𝑇 [𝐾]

𝑡 [𝑠]
𝜏$,& [𝑠]
𝑇 [𝐾]

P1
1.32E-03
6.60E-05
1021.81
18/19f
11.10%
1f
10.90%
16/17f
-2.77%
144f
2.61%
302f
2.56%
1.61E-03
1.66E-04
973.98
18/19f
10.01%
1f
9.03%
16/17f
-2.80%
144f
2.43%
671f
-2.31%

1.91E-03
1.45E-04
959.53

P2
1.36E-03
1.37E-05
1101.62
18/19f
20.55%
1f
8.26%
16/17f
-5.40%
302f
5.21%
12f
4.17%
15f
-3.23%
144f
3.18%
1.70E-03
3.23E-05
1055.99
18/19f
21.15%
1f
7.18%
16/17f
-5.28%
12f
3.52%
144f
3.35%
15f
-2.93%
302f
2.88%
2.00E-03
1.87E-05
1075.75
15

1f
3f
8f
3b

P3
1.38E-03
3.94E-08
2031.30
36.57%
9.78%
-7.36%
6.10%

1f
3f
8f
3b

1.74E-03
3.96E-08
2062.87
35.97%
10.53%
-8.43%
-6.98%

2.02E-03
4.20E-08
2032.84

1f
18/19f
671f
144f
16/17f

9.13%
6.19%
-2.98%
2.47%
-2.34%

18/19f
1f
16/17f
302f
12f
144f
15f

24.36%
6.62%
-5.82%
4.01%
3.97%
3.68%
-3.05%

1f
3f
8f
3b

36.48%
9.50%
-7.24%
-6.06%

Fig. 12 shows that as the process progresses during the second stage, 𝜏$,& accelerates. As it is
shown by the results displayed in Table 3 for point P5, its acceleration results mainly from the
increased influence of reactions 18/19f. The influence of reactions 1f and 144f, 15/16f slightly
drops and increases respectively. Fair contributions at this point are also provided by reactions 12f,
302f and 15f; the first two favoring the explosiveness of the mixture while the latter one opposing
the explosive character of 𝜏$,& . In detail, reaction 12f is a chain branching reaction that leads to the
formation of two OH molecules, like reaction 18/19f which is the main contributor to 𝜏$,& at this
point. Reaction 302f is an H-abstraction chain propagating reaction that consumes ethylene (C2H4)
(which is also a fuel) and creates the unstable C2H3. The role of this reaction has been previously
highlighted during the second ignition stage of n-hexane [37]. Finally, reaction 15f is a chain
termination reaction that leads to the formation of two stable molecules, so it opposes ignition.
At the last part of the explosive stage where the acceleration of 𝜏$,& intensifies, the dominant
contributor to the generation of 𝜏$,& becomes the chain branching reaction 1f. As it is shown in the
results for point P6 of Table 3, the effect of reactions 18/19f diminishes but additional positive
contribution is also provided by the highly exothermic reaction 3f, which correlates to the high
temperature reached at this point. The major opposition to the explosiveness of the mixture is
provided by the chain termination reaction 8f and reaction 3b which, competes the action of 3f.
In summary, it is shown that the second stage in all three cases considered here, is mainly
dominated by hydrogen-related reactions, regardless of the initial mixture. Initially, reaction
18/19f and later 1f are the dominant reactions favoring the explosiveness of the mixture. The major
opposition to the explosiveness of the mixture is provided by reactions 16/17f (initially) and 8f,
3b (later). The only significant carbon-related reactions are 144f and 302f, both of them favoring
the explosive character of 𝜏$,& and their slightly increases with time.
Conclusions
This study presented chemical insights into the effect of ethanol addition on ignition of n-heptane
by interrogating the low-temperature chemistry suppression of ethanol as a radical scavenger. Its
efficacy as an ignition inhibitor was compared with iso-octane, which showed very low LTC
behavior, but less radical scavenging ability. Ethanol was found to suppress the reactivity, as
shown by reduced OH mole fraction when compared to iso-octane. HO2 radical, however, was
higher in ethanol containing blends due to the formation of alphahydroxylethyl radical, which
reacts with O2 to form HO2 radical.
Furthermore, a computational singular perturbation method was used to investigate the reactions
responsible for ignition. It was found that the first ignition stage (which determines the overall
ignition delay time of the mixture) was dominated by carbon-related reactions as opposed to the
second stage, which was dominated by hydrogen-related reactions. In particular, the first ignition
stage was mainly determined by the isomerization of alkyl peroxy radicals (RO2) to hydroperoxyalkyl radicals (QOOH). An additional contribution was provided by the decomposition of
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O2QOOH to KET and OH, and the decomposition of KET to products and OH. When iso-octane
or ethanol was added to the initial mixture, the H-abstraction path of n-heptane through OH was
enhanced and competed that one of iso-octane/ethanol. It was found that the H-abstraction path of
ethanol was more favored compared to the iso-octane's path, as a result of the smaller activation
energies of the related reactions. The competition of the H-abstraction paths resulted in a smaller
radical pool in the n-heptane-iso-octane-air case and an even smaller one in the n-heptane-ethanolair case. Finally, the second ignition stage was controlled by the same set of reactions in all three
cases, both qualitatively and quantitatively. Overall, with the knowledge of specific reactions
responsible for auto-ignition of ethanol blends, better-optimized blends minimizing the carbonrelated reactions triggering the low temperature reactions can be achieved.
The computationally expensive nature of the CSP approach used in the current study limited the
analysis to n-heptane blends alone. Expanding the analysis to other primary reference fuels, and
ultimately to complex surrogates, is certainly a natural next step. Such an analysis could provide
further insight into reactions responsible for auto-ignition of alcohol blends in complex gasoline
fuel. Furthermore, using CSP analysis allowed studying the dynamics of the reactions responsible
for auto-ignition for ethanol-n-heptane mixture, and key reactions were pointed out.
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