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Abstract
A systematic analysis of knocking combustion at the knock limit in a single-cylinder research engine is conducted. Both
experimental and numerical methods are used to investigate the physical phenomena involved in knocking combustion.
While real gasoline fuel can be used directly in experimental studies, this is not feasible in numerical simulations. Here,
surrogate fuels with a reduced number of components defined to match the desired properties, such as knock resis-
tance, are employed. In this work, standard gasoline and three surrogate fuels are considered. Differences in composi-
tion complexity are covered by selecting isooctane and two toluene reference fuels (TRF) with ethanol addition, all of
which exhibit negative temperature coefficient (NTC) behavior in which auto-ignition delay times increase with increas-
ing temperature. Spark timing sweeps at two engine speeds show that the knock resistance of the fuels correlates with
the respective research octane number (RON). Isooctane is found to have higher knock resistance and higher sensitivity
to engine speed than standard gasoline. One of the two TRFs studied shows good agreement with gasoline in terms of
combustion and knock characteristics. The lower knock resistance of the other TRF indicates a non-linear dependence
between mixture composition and knock resistance. A strong relative increase in knock resistance at higher engine
speeds suggests a possible influence of NTC behavior at lower engine speeds. In the subsequent model-based analysis,
the fuel influence on combustion and auto-ignition is investigated, and the laminar burning velocities are found to corre-
late well with the observed heat durations. While auto-ignition may be triggered by a cool spot at the lower engine
speed and at operating conditions within the NTC regime, auto-ignition at the higher engine speed is assumed to be ini-
tiated by hot spots. These different mechanisms for initiating auto-ignition were identified as a potential explanation for
the different knock resistances observed.
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Introduction

Downsizing is a promising way of increasing the effi-
ciency of internal combustion engines.1 However, the
associated higher cylinder pressures favor knocking com-
bustion. This sets a limit on efficiency due to potential
engine damage. The relevance of knocking combustion
is summarized in a recently published article by Wang
et al.2 In the past, various theories of knocking combus-
tion have been proposed to explain its occurrence by
either auto-ignition, detonation, or a combination of
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both.3–5 This work focuses on the knock limit, where the
knock intensity is low and can be controlled by adjusting
the spark timing. Knock is assumed to be initiated by
auto-ignition events in the unburned mixture ahead of
the regular flame front, as first observed by Spicher
et al.6 Several studies have shown that different propaga-
tion modes can develop after an initial hot spot triggered
auto-ignition event.7–9

In the past, both experimental and numerical meth-
ods have contributed to the understanding of the phe-
nomena leading to knocking combustion. For
experimental investigations of knocking combustion,
the usage of conventional gasoline fuels is the obvious
choice (e.g. for the engine measurements performed in
studies by Robert et al.10 and Fontanesi et al.11). These
consist of many different hydrocarbons, such as
alkanes and aromatics. However, the evaluation of the
knock resistance is based on Primary Reference Fuels
(PRFs). By adjusting the relative proportion of heptane
and isooctane in these blends, the research octane num-
ber (RON) and the motor octane number (MON) are
determined. The octane sensitivity (OS) is defined as
the difference between RON and MON, and has posi-
tive values for real gasoline fuels.12

In the absence of information or standardization of
the exact composition of gasoline, numerical studies
usually use surrogate fuels consisting of a reduced num-
ber of known components.12 Especially for knock
investigations, it is necessary that burning velocity and
auto-ignition delay times are properly captured by the
surrogate formulation. In several recent numerical
studies, isooctane has been used as a surrogate fuel to
investigate knocking combustion.13–15 However, the
RON and MON of isooctane are identical by defini-
tion, which leads to an unrealistic OS of zero.

Lacour and Pera16 showed that by defining three-
component mixtures of isooctane, heptane and toluene,
suitable surrogate fuels for gasoline can be defined.
These Toluene Reference Fuels (TRFs) mimic the aro-
matic content of real gasoline fuels and can provide a
good match for gasoline fuel target properties such as
RON, MON, OS, liquid density and H/C ratio.17 The
above-mentioned studies by Robert et al.10 and
Fontanesi et al.11 incorporated TRFs for the numerical
investigations. To take into account the alcohol content
of modern gasoline fuels, ethanol is added to TRFs.18

The increasing complexity of surrogate fuels allows
capturing important aspects of long-chained hydrocar-
bons, such as those present in gasoline. Low-tempera-
ture chemistry can often be observed for these, leading
to a more complex auto-ignition behavior. As a result,
many large hydrocarbons exhibit negative temperature
coefficient (NTC) behavior.19–21 While typically the
auto-ignition delay time decreases with increasing tem-
perature, inside the NTC regime, the auto-ignition
delay times increase with rising temperature (cf. Figure
1). The relevance of NTC for knocking combustion
was investigated in several studies, which have found
that low NTC sensitivity fuels show high OS.18,22,23

For a fuel with NTC behavior, Dai et al. showed in a
numerical study that after auto-ignition triggered by a
cool spot, propagation modes similar to hot-spot auto-
ignition could develop, and concluded that this could
lead to knocking combustion.24 To the authors’ knowl-
edge, there is no systematic study investigating such
behavior in a combined experimental and numerical
analysis.

The objective of this work is to systematically inves-
tigate the knocking behavior of standard gasoline fuel
and three surrogate fuels of different complexity, which
show NTC behavior. Isooctane and two TRFs with dif-
ferent compositions leading to different values for the
OS are investigated as surrogate fuels. In an experimen-
tal study, spark timing sweeps are conducted to investi-
gate the differences in knocking behavior of the fuels.
These investigations are performed for different engine
speeds. The experimental findings are complemented
by a model-based analysis of the surrogate fuels. The
fuel influence on combustion and auto-ignition is inves-
tigated. Special focus is given to the NTC behavior and
its potential influence on auto-ignition under knocking
conditions.

The remainder of the paper is structured as follows.
First, the experimental setup as well as the fuels investi-
gated are presented. Then, the data processing is
described and the main experimental results are dis-
cussed. This is followed by the discussion of the model-
based analysis. The paper concludes with a summary of
the key findings.

Fuel selection

Knocking combustion is experimentally investigated
for research grade RON95E10 gasoline as the reference
fuel, as well as three surrogate fuels. The selection of
surrogate fuels captures a variation in compositional
complexity as well as expected knock resistance. The
suitability as a reference surrogate fuel for knock inves-
tigations can be determined in comparison with

Figure 1. Influence of unburned temperature Tu and pressure
p on auto-ignition delay times of stoichiometric mixtures.
Isooctane shown on the left side, TRF-E10 in the middle and
TRF-OS on the right side. The NTC limits are depicted as
dashed lines.
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RON95E10. The characteristic parameters of the fuels
are listed in Table 1.

The first surrogate fuel selected is isooctane, a com-
monly used single-component surrogate fuel for knock
investigations. With a RON andMON of 100 by defini-
tion, isooctane is expected to show a higher knock resis-
tance than the reference RON95E10.

In addition, two TRFs are investigated in this study.
The first TRF, TRF-E10, is based on an experimental
and numerical study.25 The composition has been opti-
mized to match well with RON95E10 in terms of
RON, MON, H/C and aromatic content. The auto-
ignition delay times were found to be consistent with
RON95E10 measurements.25 Therefore, TRF-E10 is
expected to have a similar knock behavior as the refer-
ence RON95E10.

The second TRF, TRF-OS, is chosen to investigate
the influence of octane sensitivity (OS), which is related
to the change in reactivity with pressure and tempera-
ture.2 TRF-OS is based on a study by Kim et al.,18 in
which the two-stage auto-ignition behavior and OS of
four-component TRFs were investigated. Previous
studies have found that fuels with similar RON, but
higher OS, show higher knock resistance.26–28 With a
similar RON to RON95E10 but a significantly lower
OS, TRF-OS is expected to show lower knock resis-
tance in comparison.

Auto-ignition delay times

The surrogate fuels are further characterized by analy-
sis of the auto-ignition delay times based on 0-D homo-
geneous reactor calculations performed with an in-
house solver.29 A detailed mechanism developed for the
TRF-E10, which considers 485 species and 2081 reac-
tions,25 is used to perform the calculations for all surro-
gate fuels at stoichiometric mixture. The sensitivity of
the auto-ignition delay times to the unburned tempera-
tures Tu and the pressures p is depicted in Figure 1.
Isooctane is shown on the left side, TRF-E10 in the
middle and TRF-OS on the right side. All three surro-
gate fuels show a distinctive NTC regime for the ther-
modynamic conditions investigated, with the auto-
ignition delay times increasing between approximately

750K and 850K. The respective limits of the NTC
regime are highlighted by dashed lines. The NTC limits
of isooctane and TRF-OS show a similar range. For
TRF-E10, the NTC regime narrows considerably with
increasing pressure and finally disappears at the highest
pressures investigated. Isooctane and TRF-OS show
higher pressure sensitivity than TRF-E10, resulting in a
wider range of auto-ignition delay times in the NTC
range. In summary, the differences observed here are
nevertheless not very pronounced.

Experimental setup

The knocking behavior of the four different fuels is
investigated in a single-cylinder research engine (SCRE)
under stoichiometric operating conditions. To ensure a
homogeneous mixture inside the cylinder, port-fuel
injection (PFI) is used in this study. This avoids possible
interference caused by direct injection, for example,
mixture inhomogeneities or local temperature differ-
ences due to different latent heats of vaporization. The
engine geometry and operating conditions are listed in
Table 2. More details on the engine can be found in pre-
vious studies.30–32

Measurement setup

The pressure in the cylinder is measured with two
flush-mounted KistlerA6061B piezoelectric pressure
transducers opposite each other in the combustion
chamber roof between the intake and exhaust valves.
Two transducers are used for redundancy. The pressure
values given in this work always refer to the average of
both pressure transducers. The pressures in the intake
and exhaust manifolds are measured with Kistler 4045-
A5 piezoresistive pressure transducers. The position of
the crank shaft is measured with an optical encoder
with a 0.1 �CA resolution. The measurement signals
are processed via Kistler 5064 charge amplifiers and an
FEV combustion analysis system (FEVIS). Coolant
and oil temperatures are conditioned to 90�C. The
engine is coupled to an eddy-current brake and an elec-
tric dynamometer to maintain the desired engine speed

Table 1. Characteristic parameters and composition of the
fuels under investigation.

Parameter RON95E10 Isooctane TRF-E10 TRF-OS

RON/- 96.4 100 96.6 95.3
MON/- 86.3 100 88.3 92.6
OS/- 10.1 0 8.3 2.7
H/C/- 1.87 2.25 1.93 2.07
r/kg=m3 739.9 690 739.6 714.6
Ethanol/mass-% — 9.8 5.3
Toluene/mass-% — 30.3 17.4
Heptane/mass-% — 13.4 11.3
Isooctane/ mass-% 100 46.3 66

Table 2. Engine geometry and operating conditions.

Parameter Value

Stroke 90.5 mm
Bore 75 mm
Compression ratio 11.83:1
Number of valves 2/2
Max valve lift 8 mm
Valve angle 22.5�
Valve diameter (In/Ex) 32/26 mm
Intake air pressure ambient
Exhaust air pressure ambient
Ambient air pressure 1013 mbar
Oil and coolant temp. 90�C
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with an accuracy of 61 r/min, regardless of the engine
load. The intake air mass flow is measured via a hot-
film air mass meter. The relative air/fuel ratio of the
exhaust gas is derived according to Spindt33 with the
extension for oxygenated fuels by Bresenham et al.34

Static pressures and all temperatures are averaged over
a 30-s time period.

Operating points

In this work, two reference operating points (OPs),
OP1500 and OP2500, are defined with different engine
speeds. These engine OPs are chosen to investigate the
knock onset and the influence of engine speed for all
four fuels under similar boundary conditions, and are
listed in Table 3. To minimize valve overlap and inter-
nal exhaust gas recirculation (EGR), identical valve
timings of intake valve opening (IVO) 15 �CA aTDC
and exhaust valve closing (EVC) 26 �CA bTDC at
1mm lift are chosen for both OPs.

Measurement procedure

To investigate the combustion behavior at the onset of
knock, spark timing sweeps are conducted to vary the
combustion phasing in terms of 50% fuel mass fraction
burned (MFB50).

Starting from a spark timing well below the knock
limit, the spark timing is incrementally advanced,
which shifts the center of combustion (MFB50) for-
ward and increases cylinder pressure and maximum

temperature. Therefore, the likelihood of auto-ignition
increases. As an example, two spark timings at OP1500
(STlow= � 3�CA aTDC and SThigh= � 6:5�CA
aTDC) are shown in Figure 2. For each spark timing,
20 exemplary single cycle pressure traces are plotted, as
well as the resulting mean pressure trace.

For STlow, only a few knocking cycles with low
amplitude of the pressure oscillation are recorded. At
SThigh the mean peak pressure position is advanced, the
peak pressure is higher and almost all cycles show sig-
nificant pressure oscillations. Due to possible engine
damage, the increasing pressure oscillations set a limit
to the spark advance. For the different spark timings,
the engine load is kept constant by adjusting the intake
manifold pressure. Due to the characteristic cycle-to-
cycle variations (CCV) in each operating condition,
suitable auto-ignition conditions are not reached for
every cycle, but rather only for the fastest burning
cycles with the highest cylinder pressures and tempera-
tures. Therefore, the knock-relevant quantities, dis-
cussed in the next section, are retrieved by averaging
over the 1000 recorded cycles in each operating condi-
tion. In order to compare the knock behavior of the
fuels investigated in this study (cf. Table 1), different
spark timings are chosen for each fuel to achieve simi-
lar knock intensity levels. This in turn leads to different
thermodynamic conditions, which have to be consid-
ered when interpreting the results.

Experimentally obtained knock quantities

The following quantities are obtained from 1000 indi-
vidual cycles per parameter variation and discussed in
the next section.

Knock intensity. The high-resolution pressure trace is
used to characterize knock intensity. First, the high-
frequency part of the pressure trace is separated from
the low-frequency part by a weighted moving average
low-pass filter. The low-frequency component corre-
sponds to the mean pressure trace in the cylinder, and
the high-frequency component contains the pressure
oscillations induced by auto-ignition. Subsequently,
from the filtered high-frequency component of the
cylinder pressure p, which is calculated by subtracting
the low-pass filtered signal from the unfiltered signal,
the characteristic value Knock-Peak-Peak (KPP) can
be determined, as depicted in Figure 3. Based on all
cycles in one operating condition, the average value
KPPmean can be calculated.

Variation of knock intensity. The standard deviation of
KPP (sKPP) is calculated from the variance of the cycle-
individual KPP values in each operating condition.
Therefore, it can be used as a parameter describing the
cyclic variations in knock intensity.

Table 3. Operating point definition.

Parameter OP1500 OP2500

Engine speed/r/min 1500 2500
IMEP/bar 10
IVO/�CA aTDC 15
EVC/�CA aTDC 226
Spark timing var.

Figure 2. Mean pressure traces for two spark timings
(STlow=�3�CA aTDC, shown as solid line and
SThigh=�6:5�CA aTDC, shown as dashed line) as well as 20
single cycle pressure traces each.
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Heat delay & heat duration. To calculate the heat release
rate, the high-resolution pressure trace is further ana-
lyzed in a detailed offline model based on the
Rassweiler and Withrow method35 using the FEVIS
system. The polytropic coefficients of compression and
expansion are fitted to the individual pressure traces of
the combustion cycles. This enables the calculation of
the MFB from the pressure data, providing key para-
meters such as the crank angle at MFB50, the heat
delay, calculated from spark timing (ST) to MFB10,
and the heat duration, calculated from MFB10 to
MFB90.

Peak pressure & pressure rise. Since cylinder pressure is a
key factor influencing auto-ignition, the average maxi-
mum cylinder pressure and the maximum rate of pres-
sure rise are calculated from the pressure transducer
signal.

Experimental results

In the following, the previously introduced experimen-
tal knock quantities are discussed for the two operating
points investigated (cf. Table 3).

Analysis of OP1500

The measurement results for OP1500 are shown in
Figure 4. The baseline RON95E10 shows low
KPPmean=0:47 bar at MFB50 =14:3�CA, increasing
with earlier spark timing to a maximum
KPPmean=1:35 bar at MFB50=11:0�CA. The
increase in knock intensity toward earlier MFB50 is
exponential. With earlier MFB50, heat delay and heat
duration decrease linearly, while pressure rise rate and
peak cylinder pressure increase up to pcyl =60:9 bar at
MFB50 =11:0�CA. The standard deviation of
KPPmean, sKPP, increases exponentially with earlier
MFB50, similar to KPPmean, indicating increased CCV
with earlier spark timings. In general, it is found that as
MFB50 decreases, the combustion process becomes
shorter and higher pressures and mean knock intensi-
ties occur, as well as higher cyclic variations. This is
observed for all tested fuels.

Regarding surrogate fuels, isooctane, as the single-
component fuel, is discussed first. With a RON of 100
by definition, significant knock intensities occur only at
very early spark timings and hence MFB50 with high
cylinder pressures and rates of pressure rise. Thus, iso-
octane exhibits a high knock resistance, as expected.
The combustion behavior of isooctane differs slightly
from that of the baseline RON95E10. The calculated
heat delay and heat duration at comparable MFB50
are higher for isooctane because the cylinder pressure
generally increases less. To achieve the same MFB50,
isooctane needs to be ignited earlier. The lower cylinder
pressures corresponds to a relatively slow heat release
rate of isooctane. Due to these differences in combus-
tion characteristics and the significantly higher knock
resistance, isooctane can only be used to a limited
extent as a surrogate fuel for knock investigations if
comparison is to be made with RON95E10.

TRF-E10 closely matches RON95E10 in terms of
heat delay and heat duration, as well as peak pressure
and pressure rise rate. For TRF-E10 comparable KPP
values at only slightly earlier MFB50 (D�CA \ 1.5�)
compared to RON95E10 are observed. The similar
behavior in terms of knock onset and increase in KPP
with ignition timing demonstrates that it is suitable as a
surrogate fuel.

As expected, TRF-OS with the lowest RON is the
least knock resistant fuel. Comparable KPP values to
those of RON95E10 are observed already at late
MFB50 and therefore low peak cylinder pressures.
However, reaching similar knock intensities at much
less critical conditions is unexpected for TRF-OS given
its individual composition. With a significantly higher
content of isooctane and lower content of toluene, hep-
tane and ethanol compared to TRF-E10, one would
expect its knock behavior to be closer to that of isooc-
tane. This suggests a strong non-linear dependence
between the composition of the TRF and the knock
resistance. Considering heat delay and heat duration,
TRF-OS closely matches the values of isooctane,

Figure 4. Overview of the experimental knock quantities for
the four fuels under investigation at OP1500 (cf. Table 3).

Figure 3. Example of a single cycle raw pressure trace with the
corresponding filtered pressure trace and the parameter KPP.
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although at later MFB50, providing no further insight
into this outlier behavior. Since the different thermody-
namic conditions compared to the other fuels at identi-
cal knock intensity or MFB50 make further
experimental analysis of TRF-OS difficult, analyses
beyond the experimental investigations are required.
Therefore, a model-based analysis of the experimental
results is performed and discussed after the results for
OP2500 (Section Model-based analysis of experimental
results). Here, special emphasis is put into the analysis
of NTC relevance for the operating conditions investi-
gated, as previous experimental studies have shown a
correlation of low OS with strong NTC behavior.22,23,36

The standard deviation of KPP is directly propor-
tional to the average KPP for all four fuels. With iden-
tical MFB50, eliminating the influence of combustion
phasing on CCV in comparison, a significant influence
of the fuel on sKPP similar to that on KPP is observed.
Since TRF-OS reaches potentially destructive KPP val-
ues before reaching MFB50 values similar to those of
the other fuels, a direct comparison is not possible here.
However, since TRF-OS reaches the same levels of cyc-
lic variability of knock intensity at later spark timings
and therefore less critical conditions, the outlier beha-
vior of TRF-OS becomes apparent. The peak cylinder
pressure is shown to be fuel dependent both at identical
combustion phasing, where it is lowest for isooctane
and highest for TRF-E10, and at identical KPPmean,
where it is highest for isooctane and lowest for TRF-
OS. This again corresponds well with the order of
knock resistance according to RON. The maximum
rate of pressure rise appears to be less dependent on
fuel composition than on MFB50.

Analysis of OP2500

The measurement results for OP2500 are shown in
Figure 5. The increased engine speed leads to higher
flow velocities and reduced residence times. Relevant
knock intensities only occur at earlier spark timings

compared to those discussed for OP1500. As a result,
for RON95E10, the MFB50 at which the mean knock
intensity KPPmean=1 bar is reached shifts by 2 �CA
forward from MFB50 =12:0�CA at nengine=1500 r/
min to MFB50 =10:0�CA at nengine=2500 r/min.
The magnitude of this shift in MFB50 can be consid-
ered as a relative increase in knock resistance as a func-
tion of engine speed and is similar for TRF-E10 (1.7
�CA), but significantly higher for TRF-OS (3 �CA) and
isooctane (3.7 �CA).

While the heat delay and heat duration for
RON95E10, TRF-OS and TRF-E10 generally increase
with higher engine speed, the heat delay of isooctane
increases but the heat duration decreases significantly.
The longer heat delay is attributed to increased knock
resistance. The lower heat duration indicates a faster
combustion and thus faster consumption of the end-
gas volume which reduces the time available for the
development of a potential auto-ignition. The strong
relative increase in knock resistance of TRF-OS results
in knock behavior more similar to that of RON95E10
and TRF-E10 at OP2500. This also suggests an NTC
influence in OP1500, which will be investigated in the
model-based analysis.

Similar to OP1500, TRF-E10 generally exhibits
knock and combustion behavior very similar to
RON95E10. They closely match in terms of heat dura-
tion, although combustion starts somewhat slower for
TRF-E10, as indicated by the higher heat delay.

In summary, the experimental data show good
agreement between the TRF-E10 surrogate and the
baseline RON95E10 for most relevant parameters at
both engine speeds. As expected, the order of fuels in
terms of knock resistance correlates with their respec-
tive RON at both operating points. Isooctane reaches
the earliest MFB50 at comparable mean knock intensi-
ties due to its high knock resistance, which strongly
increases with engine speed. Considering its composi-
tion, TRF-OS shows an unexpectedly low knock resis-
tance for OP1500, increasing, however, for OP2500. As
this is attributed to potential NTC influence, investiga-
tion of the NTC behavior of the fuels as a potential
source of the different knock limits of the surrogate
fuels is a particular aspect of the subsequently con-
ducted model-based analysis.

Model-based analysis of experimental
results

For the model-based analysis, a reduced number of
operating points of the experimental database (cf.
Figures 4 and 5) is chosen. For every surrogate fuel, a
late (LST), an intermediate (IST), and an early spark
timing (EST) are investigated to cover the ranges of
MFB50 and knock intensity. The selection aims for
similar knock intensities of the fuels for the respective
spark timings and is summarized in Table 4.

Figure 5. Overview of the experimental knock quantities for
the four fuels under investigation at OP2500 (cf. Table 3).
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From a modeling perspective, knocking combustion is
characterized by the two competing processes of flame
propagation and auto-ignition. By relating these to
important fuel properties, namely the laminar burning
velocity sL of the mixture and the auto-ignition delay
time t, the influence of fuel chemistry can be investigated.

To retrieve the laminar burning velocities and auto-
ignition delay times for the thermodynamic conditions
of the operating points investigated, 1-D laminar freely
propagating flame and 0-D homogeneous reactor cal-
culations are performed using a detailed mechanism.25

As thermodynamic conditions, the average pressure of
the measured 1000 cycles per operating point is used
along with the unburned temperature calculated with
the engine simulation tool GT-Power.

In further analysis of the experimental data, the fuel
influence on the heat duration is investigated.
Subsequently, the auto-ignition delay times are ana-
lyzed under the engine operating conditions. The sec-
tion closes with a discussion of the NTC influence on a
potential auto-ignition event.

Fuel influence on heat duration

The flame propagation speed inside an engine is influ-
enced by the spark ignition in the initial phase of com-
bustion, while heat transfer at the cylinder wall is
important in the final phase. For the in-between inter-
val, the flame propagates freely. Assuming similar tur-
bulent intensities for all operating conditions, the
laminar burning velocity sL at MFB50 serves as an esti-
mate for the flame propagation speed.37 In Figure 6, sL
is depicted, together with the experimental heat dura-
tion (cf. Figures 4 and 5) to investigate the fuel influ-
ence on the mass burn rate. This analysis is performed
for all OPs (see Table 4), where the calculations of sL
are based on the pressures and unburned temperatures
at the respective MFB50 (cf. Figure 7 (circles)).

The different knock limits of the fuels lead to differ-
ent thermodynamic conditions at MFB50. For the indi-
vidual fuels, an advance of the spark timing correlates
with higher pressures and peak temperatures at MFB50

(cf. Figure 7 (circles)) leading to higher laminar burning
velocities.

For OP1500, the TRF-E10 shows the highest sL.
This correlate well with the lowest heat duration, hence
the cycle with the highest mass burn rate observed in
the experiments. Isooctane shows slightly higher values
of sL than the TRF-OS, which matches with the lower
heat durations. However, for the TRF-OS, a stronger
decrease in sL with later MFB50 is observed. This trend
agrees with the steeper increase of the heat duration.

For OP2500, similar trends can be observed. The
lowest sL of the TRF-OS agrees well with the longest
heat duration. Isooctane shows a higher sensitivity to
the engine speed than TRF-E10. As a result, the lami-
nar burning velocities of these are similar at OP2500.
However, in the case of isooctane, the heat duration is
affected somewhat more by the change in engine speed
than the laminar burning velocity.

Table 4. Summary of operating points investigated in the
model-based analysis.

OP1500 OP2500

Fuel Alias MFB50 KPPmean MFB50 KPPmean

Isooctane
LST 13.0 0.45 6.6 0.85
IST 11.6 0.60 5.3 1.16
EST 9.6 1.01 4.1 1.60

TRF-E10
LST 13.0 0.50 9.5 0.87
IST 11.5 0.76 8.4 1.22
EST 9.9 1.28 7.0 1.90

TRF-OS
LST 17.8 0.45 12.3 0.92
IST 16.2 0.73 10.9 1.41
EST 14.7 1.01 10.6 1.62 Figure 6. Analysis of laminar burning velocity sL and heat

duration for OP1500 and OP2500.

Figure 7. Trajectories of thermodynamic conditions during
combustion for isooctane (left), TRF-E10 (center), and TRF-OS
(right). OP1500 is shown in the top row, OP2500 in the bottom
row. The earliest ignition timing in each case is shown in a
darker color, the latest in a lighter color.
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In summary, the discussed correlations between
laminar burning velocity and heat duration show the
fuel influence on the mass burn rate.

Auto-ignition delay times under engine operating
conditions

The fuel influence on auto-ignition delay times under
engine operating conditions is investigated for the
unburned temperatures and pressures during the com-
bustion process from MFB1 to MFB99. By plotting
these as trajectories together with the general sensitivity
of the auto-ignition delay times t to unburned tempera-
ture Tu and pressure p (cf. Figure 1), the potential rele-
vance of the NTC regime is assessed. The analysis for
all operation points as listed in Table 4 is depicted in
Figure 7.

Isooctane is depicted in the left column, TRF-E10 in
the middle column and TRF-OS in the right column.
The top row shows results for OP1500, the bottom row
for OP2500. The darkest color corresponds to the earli-
est spark timing, the lightest color to the latest spark
timing. The center of the combustion process (MFB50)
and MFB90 are marked for every trajectory. The onset
of knock is located in the vicinity of the peak pressure
in the experiments. For the OPs under investigation,
this corresponds to approximately MFB85. Beyond
MFB90, no knock initiation was detected in the experi-
ments. Therefore, this interval is not discussed in the
following.

As expected, the respective higher pressures and
unburned temperatures resulting from earlier spark
timings lead to lower auto-ignition delay times during
combustion. The relative difference between the fuels
correlates with the respective combustion peak
pressure.

At OP1500, TRF-E10 shows the highest peak pres-
sure and thus the lowest auto-ignition delay times,
TRF-OS has the highest auto-ignition delay times, and
isooctane is between the other fuels. At OP2500, the
generally earlier spark timing results in more critical
thermodynamic conditions. The differences in auto-
ignition delay times are larger due to the larger

differences in peak pressure. Now, isooctane shows the
lowest auto-ignition delay times, followed by TRF-E10
and TRF-OS.

The order of the auto-ignition delay times does not
reflect the order of knock resistance observed in the
experiments. While TRF-OS has the lowest knock
resistance, it shows the highest auto-ignition delay
times for the investigated operating points. Hence, no
direct correlation of a lower knock resistance due to
lower auto-ignition delay times can be drawn here.
However, it is obvious that the thermodynamic condi-
tions of all operating points during combustion are at
least partially within the NTC regime. At OP1500, the
trajectory of the latest spark timing (LST) of TRF-OS
stays within the NTC regime until shortly before the
end of combustion. For all other operating points, the
tip of the trajectory between MFB50 and MFB90 is
just outside the NTC regime. At OP2500, as a conse-
quence of the higher Tu and p, a relevant part of the
trajectories is beyond the upper NTC limit. However,
the initial combustion phase is within the NTC regime
for all fuels. Therefore, it is further analyzed how the
NTC behavior can affect the auto-ignition process and
potentially explain differences in the knock limit.

NTC influence on auto-ignition

First, the influence of fuel chemistry on the auto-
ignition process is discussed based on a 1-D hot spot
configuration as commonly used in numerical auto-
ignition studies.8,24 As values for the size of the hot
spot and the magnitude of the temperature gradient are
not known for the specific conditions, an exemplary
hot spot is shown in Figure 8 to provide a more general
assessment.

Within the hot spot radius (x41 cm), the tempera-
ture decreases linearly from the peak temperature
Tu =920 K to the uniform temperature of the sur-
rounding Tu =860 K, as shown by the solid black line.
At a pressure of 40 bar, these temperatures are outside
the NTC regime for the surrogates investigated. The
spatial gradient of the auto-ignition delay time ∂t=∂x
results from the product of the spatial temperature gra-
dient ∂Tu=∂x and the gradient of the auto-ignition
delay times with respect to the unburned temperature
∂t=∂Tu (cf. Figure 1):

∂t

∂x
=

∂Tu

∂x

∂t

∂Tu
: ð1Þ

Thus, the spatial gradient of the auto-ignition delay
time is fuel-dependent for a given temperature gradient,
as shown by the dashed lines in Figure 8. The lowest
auto-ignition delay times are observed where the tem-
perature is highest. Therefore, the left boundary of the
hot spot auto-ignites first.

The findings of Dai et al.24 have shown that for fuels
with NTC behavior, cool spots may initiate auto-
ignition in addition to hot spots. Figure 9 shows an

Figure 8. Exemplary hot spot at p=40 bar defined by a linear
temperature gradient within the interval highlighted in light red.
Corresponding auto-ignition delay times of the three surrogate
fuels shown as dashed lines. Temperatures are outside the NTC
regime for all three surrogate fuels.
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exemplary configuration for such a cool spot. The tem-
perature increases linearly from 760 K at the left
boundary, to 820 K at the edge of the cool spot. At a
pressure of 25 bar, the three surrogates show NTC
behavior, where the auto-ignition delay times increase
with increasing temperature. Thus, the reversed sign of
∂t=∂Tu leads to the same sign for the spatial gradient
of auto-ignition delay times as for the hot spot, dis-
cussed previously. Consequently, the left boundary of
the cool spot auto-ignites first, again.

Critical temperature gradient analysis

The propagation velocity ua of an auto-igniting mixture
is crucial for the evolution of the propagation mode
after auto-ignition. Neglecting mass diffusion and heat
conduction, it is directly proportional to the spatial gra-
dient of the auto-ignition delay time38:

ua =
∂t

∂x

� ��1
: ð2Þ

A coupling between the auto-ignition front and the
generated pressure wave can occur when the reaction
front propagates approximately at the speed of sound

a. With this and Equation (1), a critical temperature
gradient can be defined as:

dTu

dx

� �
c

= a�1
dt

dTu

� ��1
: ð3Þ

A positive sign of the critical temperature gradient indi-
cates that a cool spot is required to initiate an auto-
ignition front, while a negative sign signifies that a hot
spot is needed. Based on 1-D simulations, Dai et al.24

showed that the subsequent propagation front after a
cool spot auto-ignition can evolve into the same modes
as those known from hot spot auto-ignition, and con-
cluded that cool spots may cause knocking combustion
in engines operating within the NTC regime.

In engine operation with homogeneous mixtures,
temperature gradients are the main influencing factor
for the auto-ignition delay. It is assumed that tempera-
ture stratification is mainly influenced by the heat
transfer in the cylinder. However, even with the same
temperature stratification, fuel differences in ∂t=∂Tu

lead to different critical temperature gradients. Hence,
knock may develop at different thermodynamic condi-
tions. To further investigate this hypothesis, the critical
temperature gradient is calculated over the duration of
the combustion process based on the thermodynamic
conditions retrieved for the characterization of the
operating points (cf. Figure 7).

Figure 10 shows the critical temperature gradient for
all fuels and OP1500 at the respective latest spark tim-
ing (LST). MFB50 and MFB90 are marked as vertical
lines.

For isooctane and TRF-E10, the development of the
critical temperature gradient is similar. At the start of
combustion, the gradient has a positive sign, indicating
that a cool spot would initiate auto-ignition, which is
highlighted by a light blue background. Just before
MFB50, the thermodynamic conditions leave the NTC
region (cf. Figure 7), leading to a singularity. Until
shortly after MFB90, the critical temperature gradient
is negative. A hot spot would initiate auto-ignition for
these thermodynamic conditions, which is illustrated by
a light red background.

The critical temperature gradient of TRF-OS differs
significantly. As shown in Figure 7, the thermodynamic
conditions remain within the NTC regime during com-
bustion. As a result, the critical temperature gradient is
positive throughout the phase of interest. With this, the
thermodynamic conditions may lead to auto-ignition
initiated by a cool spot. This suggests, that although
the fuels exhibit a comparable knock intensity, this may
result from a different initiation process for TRF-OS.

Figure 11 shows the same analysis as before, but for
the three different spark timings of TRF-OS at
OP1500.

At advanced spark timing (cf. IST and EST), the
combustion trajectory leaves the NTC regime. As for
the other fuels, the critical temperature gradient
between MFB50 and MFB90 is negative. However, the

Figure 9. Exemplary cool spot at p=25 bar defined by a linear
temperature gradient within the interval highlighted in light blue.
Corresponding auto-ignition delay times of the three surrogate
fuels shown as dashed lines. Temperatures are inside the NTC
regime for all three surrogate fuels.

Figure 10. Critical temperature gradient over crank angle for
the three surrogate fuels at OP1500 and the latest spark timing
each (cf. Table 4). Intervals with a positive value for the critical
temperature gradient are highlighted in light blue, for a negative
value in light red. MFB50 and MFB90 are marked with dashed
lines for orientation.
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respective interval is smaller than for the other surro-
gates. This indicates that auto-ignition at a cool spot
may occur at a later stage of the combustion process.

At the higher engine speed of OP2500, combustion
of all three surrogates occurs mainly at thermodynamic
conditions beyond the NTC regime (cf. Figure 7). As a
result, the critical temperature gradient is mostly nega-
tive for all fuels, as exemplified in Figure 12 for the lat-
est spark timing (LST). Again, isooctane and TRF-E10
show very similar behavior, while TRF-OS differs
slightly, showing the first singularity closer toward
MFB50.

In summary, the critical temperature gradient analy-
sis shows that auto-ignition may be initiated by differ-
ent mechanisms due to the NTC behavior of the
surrogate fuels. For OP2500, hot spot auto-ignition
appears to be predominant due to thermodynamic con-
ditions outside the NTC. For OP1500, especially for
TRF-OS, cool spot auto-ignition may occur. This sug-
gests that auto-ignition may start in different areas of
the cylinder, which could explain the different knock
resistances observed. A detailed evaluation of the sig-
nificance of auto-ignition initiated by cool spots or hot
spots for the conditions studied is not the scope of this
work, as information on the local temperature

distribution cannot be deduced with sufficient accuracy
from the available experimental data. Future studies
should therefore provide more details on the local tem-
perature gradients either by optical measurements or
highly resolved 3-D CFD data to enable such analysis.
Furthermore, this would allow localization of the oper-
ating conditions in the Bradley et al.8 diagram by
means of the reactivity parameter e and the resonance
parameter j, taking into account the excitation time of
the mixture.

Conclusions

In this work, a combined experimental and model-
based analysis of conventional gasoline fuel
RON95E10 and three surrogate fuels was conducted
based on a single-cylinder research engine operated
under knocking conditions. All three surrogate fuels
show a distinct NTC regime for engine-relevant ther-
modynamic conditions.

The experimental campaign systematically investi-
gated the influence of spark timing and engine speed
on the combustion and knocking behavior of the fuels.
The main experimental findings can be summarized as:

� The knock resistance of the fuels correlates with
their respective research octane number (RON).

� Isooctane shows the highest knock resistance and
higher sensitivity to the engine speed variation than
RON95E10.

� The Toluene Reference Fuel TRF-E10 shows the
best match to RON95E10. It is able to reproduce
the influence of spark timing and engine speed on
combustion and knocking behavior.

� The TRF-OS is much less knock resistant than
RON95E10. With isooctane as the main compo-
nent, this indicates a strong non-linear dependence
between the mixture composition and the knock
resistance. The strong relative increase in knock
resistance at higher engine speed and the low octane
sensitivity (OS) suggest a potential influence of the
negative temperature coefficient (NTC) behavior.

The experimental database was used to perform further
model-based analyses extending the experimental
findings:

� Differences in the heat duration can be correlated
with the laminar burning velocity of the surrogate
fuels.

� The observed trends in auto-ignition delay times do
not reflect the order of knock resistance observed in
the experiments.

� During combustion, temperature and pressure of
the unburned mixture are mostly within the NTC
regime at the lower engine speed and are mostly
outside the NTC regime at the higher engine speed.

Figure 12. Critical temperature gradient over crank angle for
the three surrogate fuels at OP2500 and the latest spark timing
each. Intervals with a positive value for the critical temperature
gradient are highlighted in light blue, for a negative value in light
red. MFB50 and MFB90 are marked with dashed lines for
orientation.

Figure 11. Critical temperature gradient over crank angle for
TRF-OS at OP1500 and all three spark timings. Intervals with a
positive value for the critical temperature gradient are
highlighted in light blue, for a negative value in light red. MFB50
and MFB90 are marked with dashed lines for orientation.
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� Analysis of the critical temperature gradient indi-
cates that the NTC behavior may lead to different
mechanisms of auto-ignition initiation. At the lower
engine speed, cool spot auto-ignition may occur. At
the higher engine speed, auto-ignition is assumed to
be initiated by hot spots. These different mechan-
isms could explain the different knock resistances
observed.

Future studies should include either optical measure-
ments or 3-D CFD simulations to further investigate
this hypothesis.
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