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This work explores the dependence of fuel distillation and ﬂame speed on low-speed pre-ignition (LSPI). Findings
are based on cylinder pressure analysis, as well as the number count, clustering, intensity, duration, and onset
crank angle of LSPI events. Four fuels were used, with three of the fuels being blends with gasoline, and the
fourth being neat gasoline. The blended fuels consisted of single molecules of diﬀerent molecular types: a ketone
(cyclopentanone), an alcohol (2-methyl-1-butanol), and an aromatic (ethylbenzene). All three pure molecules
have RON values within ± 2 and boiling points within ± 5 °C. These fuels were blended with gasoline to a 25%
mass fraction and were used to run the engine at identical LSPI prone operating conditions. The ﬁndings
highlight that fuels with similar boiling properties and octane numbers can exhibit similar LSPI number counts,
but with vastly diﬀerent LSPI magnitudes and intensities. Moreover, the results highlight fundamental fuel
properties such as ﬂame speed are critical to characterizing the LSPI propensity and behavior of the fuel.

1. Introduction
As previously stated in [1], the US Department of Energy Co-Optimization of Fuels and Engines (“Co-Optima”) initiative aims to foster
the co-development of advanced fuels and engines for higher eﬃciency
and lower emissions. A guiding principle of Co-Optima is the central
fuel properties hypothesis (CFPH), which states that fuel properties

provide an indication of the performance and emissions of the fuel,
regardless of the fuel’s chemical composition. CFPH is important because many of the fuel candidates being investigated in the Co-Optima
initiative are bio-derived compounds with oxygen-containing functional groups typically not associated with commercial transportation
fuels. The purpose of this investigation is to determine whether the fuel
properties associated with low-speed preignition (LSPI), namely the
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fuel boiling point and ﬂame speed, are consistent with the CFPH.
Downsized and turbocharged spark-ignited engines are being increasingly used by engine manufacturers to both improve vehicle eﬃciency and reduce CO2 emissions [1–3]. While these engines are greatly
eﬀective at improving fuel economy, their increased speciﬁc outputs
make them more prone to damaging phenomena such as pre-ignition.
Although pre-ignition is not a novel process or unique to downsized
boosted engines [4], the high-load, low-speed operating conditions of
these engines result in a particularly intense pre-ignition process which
is typically referred to as LSPI. LSPI events often result in very strong
knock event(s) that can cause signiﬁcant damage to engine hardware,
including catastrophic engine failure.
LSPI typically occurs during very-high-load operation at engine
speeds around 2000 r/min or below wherein, the ﬂame initiates before
the spark is ﬁred and leads to ﬂame propagation at a signiﬁcantly advanced combustion phasing. The increased pressure rise due to the
advanced combustion phasing often causes violent end-gas knock or
even ‘superknock’ for events that transition to developing detonation
[5]. While the LSPI event and the resulting super-knock event are related, they are distinct phenomena, and not all LSPI cycles exhibit
super-knock [6]. LSPI is apparently a stochastic phenomenon and,
under appropriate operating conditions, will typically occur within
every 10,000 cycles [7]. However, LSPI can also manifest as a cluster of
many events that occur in an alternating pattern; wherein, every other
cycle exhibits LSPI behavior. Additionally, though extremely rare, the
occurrence of consecutive LSPI cycles has also been reported in literature [7].
Many studies have been reported in literature to better understand
the factors responsible for LSPI onset and frequency. Zahdeh et al. [7]
evaluated an engine’s LSPI frequency over extensive operating condition sweeps and varying hardware conﬁgurations (e.g. injector targeting, piston top ring geometry, etc.). The results of these experiments
illustrated the sensitivities of LSPI to diﬀerent operating conditions and
even provided some strategies to greatly reduce the frequency of preignition events. These strategies included the use of a high volatility
fuel, targeting the piston top rather than the cylinder liner with the fuel
injection spray, and using multiple fuel injections.
However, the fundamental causes of LSPI still remain poorly understood, leading to a lack of ﬁrm consensus on the underlying mechanisms that promote LSPI. Zaccardi [8] describes many potential
causes of LSPI such as auto-ignition in the gaseous phase and the ignition of fuel-air mixture due to either liquid droplets or solid particles.
Furthermore, the presence of favorable thermodynamic conditions was
observed to be necessary for all discussed mechanisms. Other researchers have also demonstrated the ability of appropriately-sized
solid particulates, such as large soot particles or ﬂaking deposits, in
initiating LSPI events [9–11]. Although deposits or soot cinders are
possible sources of LSPI, Gupta et al. [12] showed that these sources are
highly improbable to persist over multiple cycles and thus are improbable as source for clustered LSPI events. Researchers have shown
fuel/lubricant droplets to be a much more probable primary ignition
source [7,13], and a signiﬁcant amount of recent LSPI research has
focused on understanding the eﬀects of fuel [14–18] and lubricant
[19–26] properties, as well as the interaction of fuel sprays and lubricating oil in the top crevice region [7,27,28]. Piston ring motion [7]
and turbulence variations [29] have also been proposed as possible
transport-related causes of the apparently stochastic nature of LSPI.
Physical properties, such as boiling point, have been shown to have
an impact on the LSPI behavior of a fuel [17]. Fuels with higher boiling
point have a higher probability of wetting the cylinder wall and mixing
with the lubrication oil in the crevice regions. Some research has
identiﬁed fuel with high aromatic content as being particularly prone to
such processes [16]. This lubricant-fuel mixture, when ejected into the
combustion chamber, can act as a source of ignition and cause LSPI.
In addition to the physical properties, chemical properties of a fuel
can also play a role in causing LSPI. In literature, some eﬀorts have been

made to consider the pre-ignition from a chemical kinetics perspective,
and to distinguish between deﬂagration and detonation in super-knock
events [5]. Kalghatgi et al. [30,31] evaluated the formation of propagating ﬂames from pre-ignition hotspots (which could be particles,
fuel/oil droplets, etc.) and the severity of any resulting super-knock
events based on analysis of ignition delays of surrogate fuels. Rudloﬀ
et al. [32] expanded upon this work and developed an analysis method,
with a more detailed fuel chemistry rather than just surrogates, to
characterize the transition of deﬂagration to detonation during the
super-knock events. Lecoq et al. [33] developed a large eddy simulation
model with integrated chemical-kinetics-based autoignition and simulated the formation of a ﬂame front from a hotspot. Splitter et al. [34]
explored the dependence of LSPI on fuel ignition delay, and speciﬁcally
highlighted that the bulk gas thermodynamics and local high ignition
delay gradient at highly boosted conditions are probable drivers of LSPI
event magnitude and sensitivity. Kalghatgi et al. [35], recently explored
the eﬀects of stochastically-driven factors, such as pressure at knock
onset and gradient of temperature with distance in the hotspots, on LSPI
driven superknock events. Superknock was deﬁned as a very high intensity knock which is a manifestation of developing detonation and is
caused when the autoignition wave starts to couple with and amplify
the pressure wave. It was found that while LSPI is necessary for superknock to occur, LSPI does not guarantee the onset of superknock.
Furthermore, it was concluded that, all else being equal, higher ﬂame
speeds increase LSPI probability, and higher RON has no impact on the
probability of LSPI but does reduce superknock probability.
As these previous studies highlight, there has been signiﬁcant recent
work to understand the processes governing LSPI; however, a gap still
exists in the understanding of the impact of fuel properties, both physical and chemical, on LSPI behavior. The present study aims to provide
more clarity on the relationship between fuel properties and LSPI; with
fuel properties such as distillation and ﬂame speed being speciﬁcally
studied. Three molecules with similar RON (within ± 2) and boiling
points (within ± 5 °C) were blended to 25% mass fraction with gasoline
and tested at matched engine operating conditions that were conducive
for promoting LSPI. Additionally, the LSPI behavior of 100% gasoline
was also studied as the baseline case. The three molecules included a
ketone (cyclopentanone), an alcohol (2-methyl-1-butanol), and an
aromatic (ethylbenzene). The ﬁndings of this study highlight that fuels
with similar boiling properties and octane numbers can exhibit similar
LSPI number counts, but with vastly diﬀerent LSPI magnitudes and
intensities. Moreover, the results also highlight that, in addition to
physical fuel properties such as boiling point, chemical fuel properties
such as ﬂame speed are also critical to the LSPI propensity and behavior
of a given fuel.
2. Methodology
2.1. Experimental Facility
The engine used in this study is based on a 1.6 L Ford Ecoboost
engine equipped with the production center-mounted direct injection
fueling system. Engine geometry details are presented in Table 1.
The engine was converted to a single-cylinder engine by disabling
cylinders 2, 3 and 4, where cylinder 1 is closest to the crank snout and
cylinder 4 is closest to the ﬂywheel. The three cylinders (Cylinders 2–4)
Table 1
Engine geometry.
Bore × Stroke (mm)
Connecting rod length (mm)
Wrist pin oﬀset towards expansion
stroke (mm)
Compression ratio
Fuel injection system
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79.0 × 81.3
133
0.8
10.1:1
Direct injection, center-mounted
production injector
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Stock Injector Orientation

Load (bar)

were disabled by drilling holes in the pistons to prevent any compression work. Additionally, the camshaft lobes for these cylinders were
also ground up to prevent the operation of valves [34]. The combustion
chamber geometry and camshaft proﬁles on cylinder #1 were unchanged from the stock conﬁguration. The engine was operated using
standalone laboratory fueling and air handling systems. A pneumatically-actuated, positive displacement pump was utilized in conjunction
with an electronic pressure regulator to maintain the fuel rail pressure
at 150 bar throughout the study. Fuel ﬂow to the engine was measured
with a Coriolis-based fuel ﬂow meter, and the start of fuel injection
timing was commanded during the intake stroke at 300° CA bTDCf for
all cases. Pressurized and dried facility air having less than 5% relative
humidity was metered to the engine using an electronically-controlled
mass air ﬂow controller. Surge tanks were placed upstream of the intake
as well as downstream of the exhaust to dampen the pressure oscillations associated with single-cylinder operation. The intake manifold gas
temperature was maintained at 35 °C using an electrical heater that was
placed upstream of the intake surge tank. An electronically-controlled
valve, placed after the exhaust surge tank was used to maintain pressure
diﬀerential across the engine, simulating realistic turbocharger
boundary conditions. The engine was operated with a ﬂipped pumping
loop to simulate real engine conditions at high load, wherein, the intake
manifold pressure was nominally 25 kPa higher than the exhaust
manifold pressure. Furthermore, the coolant temperature was regulated
to 65 °C to reduce fuel-liner vaporization rates and promote fuel retention in the top ring zone. Cylinder pressure was measured using a
reinforced-diaphragm, ﬂush-mounted piezoelectric pressure transducer
(Kistler 6052c), which was also equipped with a ﬂame arrestor.
Spark timing was adjusted as-needed to nominally maintain the
desired crank angle of 50 percent mass fraction burned (CA50) combustion phasing at 38° aTDCf, and spark dwell was held constant at
1.8 ms with a stock four wire ignition coil from a GM LNF engine. To
prevent hot-spot run-away at high-load, a spark plug with 2 heat ranges
colder than the production engine’s plug was used. The corresponding
colder spark plug was identiﬁed through cross-referencing current
production spark plugs with the same thread and reach as the OEM
spark plug, and a Denso Iridium HP ITV24 spark plug was identiﬁed as
being compatible. Note the Denso spark plug is a 25 mm reach where
the production spark plug is a 26.5 mm reach, and the 1.5 mm shorter
reach of the Denso spark plug resulted in ﬂush mounting of the spark
plug to the combustion chamber while the stock 26.5 mm reach protruded into the combustion chamber approximately 1.5 mm.
As shown in Fig. 1, the factory-equipped, center-mount GDI injector
is not mounted azimuthally symmetric due to the presence of the spark
plug. Therefore, in stock orientation, the 6-hole spray pattern is biased
towards the spark plug and away from the cylinder wall, potentially
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5
min

5@
CA50=8

20
min

5
min
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Time (min)
Fig. 2. Automated engine operating cycle.

minimizing wall wetting. It has been previously shown that wall wetting can not only increase LSPI clustering tendency, but also signiﬁcantly increase the LSPI event severity [34]. Therefore, to aid in
increasing the probability of LSPI, the GDI injector was rotated 45°
about its centerline to increase wall impingement by directing some of
the fuel spray towards the wall. Fig. 1 also depicts this rotated injector
orientation.
The engine was controlled through a custom DRIVVEN-based engine controller, with automatic engine controls developed at ORNL
using a calibration based on manual engine mapping. The controller
used a mass-airﬂow-based PID control referencing tabular engine maps
for fully automatic control of fuel, air, spark timing, and camshaft
phasing. All measurements presented in this study were acquired in
automated operation using time-varying load square-wave segments at
2000 r/min, and two such square waves are illustrated in Fig. 2. Each
segment consisted of 5 min of operation at low-load (5 bar IMEPg),
followed by 25 min of high-load (21 bar IMEPg) operation. The ﬁrst
5 min of each 25-min high-load segment were thermally transient in
boundary conditions and were discarded from the analysis such that
only the last 20 min of data (20,000 cycles) of each high-load segment
were used for the study of LSPI behavior. Finally, nine such consecutive
low-high-low load square wave segments were run for each fuel mixture to ensure suﬃcient LSPI event count for consistent statistical
analysis. Fresh engine oil (commercially available 5w-20 Mobil 1) was
used for each fuel mixture.

2.2. Lubricant
All experiments were performed with commercially obtained Mobil
1 5W-20 lubricant. Independent lubricant analyses of this API service
SN lubricant are listed in Table 2. After each of the four fuel mixtures,
the engine was triple-ﬂushed with fresh Mobil 1 lubricant and the engine oil was allowed to drain overnight after which fresh lubricant was
used to continue testing.

Modified Injector Orientation

0°

45°
Spark
Plug

Spark
Plug

Fig. 1. Top view cartoon of GDI and spark plug orienting, stock left, modiﬁed right.
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Table 2
Lubricant properties.
Silicon (ppm)
Boron (ppm)
Molybdenum (ppm)
Phosphorus (ppm)
Zinc (ppm)
Sodium (ppm)
Calcium (ppm)
Magnesium (ppm)
Tungsten (ppm)
Viscosity at 100 °C (cSt)
Viscosity at 40 °C (cSt)
Viscosity Index
Total Base Number

Table 4
Fuel properties of neat Haltermann EEE premium grade fuel and 25% by mass
fuel blends.

3
93
76
703
803
0
1157
411
0
8.9
47.6
171
7.01

2.3. Fuel properties
Premium-grade Tier II E0 certiﬁcation fuel, acquired from
Haltermann products (product code HFO437) was used as the baseline
and blendstock for this study (hereby referred to as EEE). The baseline
fuel was neat EEE, which was also used as a blend stock for blending
with three secondary fuel components: Ethylbenzene, 2-Methyl-1Butanol, and Cyclopentanone. The neat component molecular structure, RON, boiling point, and heat of vaporization (HoV) of these fuels
are highlighted in Table 3, wherein, the HoV was determined from NIST
data [36].
For this study, each of the neat molecules from Table 3 was mixed
with EEE for a 25% by mass mixture. The three mixtures will be
hereafter referred to as EB25, 2MB25, and CP25 for 25% by mass
mixtures of Ethylbenzene, 2-Methyl-1-Butanol, and Cyclopentanone,
respectively. Table 4 highlights fuel properties of EEE and the respective blends. These respective molecules were selected because they
have diﬀerent molecular structures but similar RON and neat boiling
points (RON ± 2, boiling point ± 5 °C).
The complete range of fuel properties of the baseline and blended
fuels are presented in Table 4. The three secondary fuels have very similar neat boiling points. However, the boiling points of the three
secondary fuels are diﬀerent when in a dilute solution with EEE gasoline. 2-Methyl-1-Butanol and Cyclopentanone, both of which have
strong dipole moments [37], show a reduced boiling point in the dilute
solution as compared to Ethylbenzene which has very weak dipolar
moment [37]. Nevertheless, all three fuel components shift the baseline
EEE distillation curve towards a higher boiling point.

EEE

CP25

2 MB25

EB25

Blended molecule

–

cyclopentanone

ethylbenzene

% of blended molecule
in EEE by mass
% of blended molecule
in EEE by volume
% o fblended molecule
in EEE by mole
RON (ASTM D2699)
MON (ASTM D2700)
S (RON – MON)
IBP (°F) (ASTM D86)
T5 (°F) (ASTM D86)
T10 (°F) (ASTM D86)
T20 (°F) (ASTM D86)
T30 (°F) (ASTM D86)
T40 (°F) (ASTM D86)
T50 (°F) (ASTM D86)
T60 (°F) (ASTM D86)
T70 (°F) (ASTM D86)
T80 (°F) (ASTM D86)
T90 (°F) (ASTM D86)
T95 (°F) (ASTM D86)
FBP (°F) (ASTM D86)
C (wt%) (ASTM D5291)
H (wt%) (ASTM D5291)
O (wt%) (ASTM D4815)
LHV (MJ/kg) (ASTM
D3338)
Aromatics (vol.%)
(ASTM D1319)
Saturates (vol. %)
(ASTM D1319)
Oleﬁns (vol.%) (ASTM
D1319)
RVP (psi) (ASTM
D5191)
Speciﬁc Gravity (ASTM
D4052)

–

25

2-methyl-1butanol
25

–

20

23

22

–

31

30

26

96.3
88.8
7.5
87
114
127
148
171
200
220
231
241
257
315
340
411
86.58
13.42
0
43

101.3
89.8
11.5
87
111
131
162
195
221
232
240
248
258
275
278
279
82.88
12.36
4.76
40.4

97.2
88.2
9
89
119
136
168
200
221
230
236
244
255
275
332
394
82.07
13.38
4.55
39.3

101
90.2
10.8
90
118
138
170
204
230
242
251
261
274
298
321
388
87.67
12.33
0
42.5

28

–

–

–

71

–

–

–

1

–

–

–

–

8.16

7.81

6.98

0.744

0.7886

0.7613

0.7729

25

(i.e., non-knocking pre-ignition cycles), but eﬀectively captures the
potentially damaging events of interest, including both knock and superknock LSPI cycles. Each individual LSPI cycle was characterized
using three parameters: LSPI event start location, LSPI dwell duration,
and LSPI intensity. These three parameters are illustrated on a sample
LSPI cycle in Fig. 3.
The LSPI event start location identiﬁes the point of auto-ignition in
crank-angle space and was deﬁned as the ﬁrst crank angle wherein the
cylinder pressure trace of the LSPI event was observed to be more than
4 standard deviations greater than the median cylinder pressure trace.
LSPI dwell duration characterized the time (in crank angles) required to
achieve maximum pressure after pre-ignition has started, and LSPI intensity quantiﬁes the increase in maximum cylinder pressure relative to
the maximum pressure of the median trace. In addition to these three

2.4. LSPI Characterization
For the purpose of this study, a cycle was identiﬁed as LSPI if the
peak recorded cylinder pressure and crank angle position of 5 percent
mass fraction burned (CA05) were both more than 4 standard deviations greater than the median maximum cylinder pressure of all the
cycles. The approach is similar to that described in detail by Mansﬁeld
et al. [16]. This method does not include events where pre-ignition
occurred without leading to signiﬁcantly higher in-cylinder pressure
Table 3
Properties of interest for the three single molecule fuels [36].
Compound

Structure

Boiling point (°C)

RON

HoV (kJ/kg)

Molecular Weight (g/mol)

Density (kg/L)

ethylbenzene

136

101

394

106

0.866

cyclopentanone

131

98

506

84

0.95

2-methyl-1-butanol

127.5

101

611

88

0.816
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EEE

Median of 20,000 cycles
3 SD of 20,000 cycles
LSPI event

Cluster Length (# of cycles)

300

dwell

Pressure (bar)

250
200

ΔP

150
100

start
50

2MB25

CP25

8

6

4

2

0

0
-45

Fig. 5. LSPI cluster event length.

-30

-15

0

15

30

45
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90

Crank Angle ( CA aTDCf)

this behavior could be the higher rate of ignition source accumulation
in the top ring zone with the blended fuels, which in turn would increase the frequency of cluster occurrence. Furthermore, increased
cluster occurrence would reduce the residence time of the ignition
source in the top ring zone, potentially reducing the extent of chemical
or physical changes to the liquid accumulated in the top ring zone, and
leading to fewer events per cluster.
Interestingly, in addition to increasing the total LSPI cluster count,
all three blended fuels were also observed to advance the start of preignition as compared to the baseline EEE gasoline, as shown in Fig. 6.
While the eﬀect of EB25 and 2MB25 on the start of LSPI events was
minor, CP25 was observed to advance the mean LSPI phasing by more
than 5° CA compared to EEE, equivalent to an entire data quartile (i.e.,
25% faster). Additionally, CP25 also exhibited the largest spread in the
observed LSPI start locations, with statically signiﬁcant pressure rise of
many LSPI cycles starting as early as 15° CA bTDCf. The unique results
of the CP25 indicate the presence of unique chemical and/or physical
behaviors of the ketone at LSPI-prone conditions.
Fig. 7 shows the measured dwell times for the four fuel combinations. 2MB25 was observed to have the shortest mean dwell time (∼11°
CA), and therefore the fastest transition from start of pre-ignition to
peak cylinder pressure. Additionally, most LSPI cycles observed with
2MB25 had similar dwell times, as indicated by the relatively short
interquartile range (IQR) of 5° CA. EB25, on the other hand, exhibited
the slowest transition from start of pre-ignition to peak cylinder pressure, as the mean dwell time of ∼20° CA for the EB25 LSPI cycles was
the longest among the four fuel mixtures studied here. Furthermore, as

Fig. 3. LSPI event characterization parameters.

parameters, the total LSPI event number count and the cluster count of
each fuel were also quantiﬁed for comparison. LSPI events were considered to be in a cluster if they were separated by no more than 4
consecutive non-LSPI cycles.

3. Results
As a control case, data was collected with EEE at both the beginning
and end of testing, and similar LSPI behavior was observed in both EEE
datasets. The complete order of testing EEE and the three fuel mixtures
was EEE, EB25, 2MB25, CP25, and EEE. As shown in Fig. 4, compared
to the baseline EEE fuel, all three blended fuels—25% ethylbenzene
(EB25), 25% 2-methyl-1-butanol (2MB25), and 25% cyclopentanone
(CP25)—nominally doubled the LSPI event count of the baseline EEE
fuel (solid bars). The fraction of events occurring in clusters, on the
other hand, was observed to be fairly consistent among the four fuels;
wherein, a majority of LSPI events occurred in clusters for all four fuels,
approximately 65–80% of the total events. However, as illustrated in
Fig. 5, all the blended fuels exhibited an increased cluster count accompanied with a reduced event count per cluster. A possible reason for
Total Number of Events in Clusters
Total Number of Events

60

LSPI Event Start Locaiton ( CA aTDCf)

50

Event Count (#)

EB25

10

40
30
20
10
0
EEE

EB25

2MB25

CP25

Fuel
Fig. 4. LSPI count for the four tested fuel combinations. Solid bars depict the
total number count of LSPI events, and cross-hatched bars represent the total
number of those LSPI events that occur in clusters.

EEE

EB25

2MB25

CP25

25
20
15
10
5
0
-5
-10
-15
-20

Fig. 6. The eﬀect of diﬀerent fuels on LSPI event start location.
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EEE

EB25

2MB25

CP25

EEE

45

EB25

2MB25

CP25

700
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600
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P (bar)

LSPI Dwell ( CA)

35

25
20

300

15
10

200

5

100

0

0
Fig. 7. Impact of various fuels on LSPI dwell.

Fig. 9. LSPI intensity observed with various fuels.

Median of 20,000 cycles
3 SD of 20,000 cycles
Short LSPI dwell (12 CA)
Long LSPI dwell (32.4 CA)

200

Pressure (bar)

400

intensity than the baseline EEE fuel. These very mild LSPI cycles of
EB25 were observed to also have the longest dwell durations.

150

4. Discussion
The signiﬁcantly increased LSPI number counts observed with the
three blended fuels over the baseline EEE fuel could potentially be a
result of a net increase in the fraction of heavy components in the fuel
mixture. It is possible that the increased fuel distillation of the blended
fuels could increase in-cylinder fuel-air stratiﬁcation, where richer
charge regions could exhibit reduced ignition delay [34], but the degree
of this is beyond the current scope and at the operating conditions, is
not thought to be signiﬁcant. In a diluted solution, the polar Cyclopentanone and 2-Methyl-1-Butanol are expected to have a lower boiling
point than the non-polar Ethylbenzene which is expected to maintain its
neat boiling point. This is observed in the ASTM D86 distillation trends
of the three 25% by mass mixtures, wherein, the T50-T80 region of
EB25 is at a signiﬁcantly higher temperature as compared to the distillation curves of CP25, 2MB25, and EEE (which exhibit similar behavior in this region). However, in spite of the diﬀerences in the distillation curves, the three blended fuel mixtures exhibit very similar
LSPI number count, i.e., approximately two times greater than that of
EEE. Moreover, despite exhibiting very similar distillation curves, CP25
and 2MB25 produced LSPI events that were observed to be very different in nature. Therefore, it is hypothesized that physical properties
(such as boiling point) alone are not suﬃcient to predict LSPI behavior
of a fuel mixture and that the chemical properties of the mixture
components also play a crucial role.
As shown in Table 3, the calculated enthalpy of vaporization (HoV)
of the three secondary fuels is very diﬀerent, wherein Ethylbenzene has
the lowest HoV, 2-methyl-1-butanol has the highest, and cyclopentanone is almost directly in between. The boiling point of the three secondary fuels, although similar, does diﬀer slightly (8.5 °C maximum
diﬀerence); wherein Ethylbenzene has the highest boiling point, 2methyl-1-butanol the lowest, and the boiling point of cyclopentanone is
in between. Both higher HoV and boiling point should reduce the rate
of in-cylinder fuel vaporization. Therefore, the similar LSPI event
counts observed with the three secondary fuels in spite of their diﬀerences in HoV and boiling point could potentially be explained by the
opposite trend in HoV and boiling point of the three fuels counteracting
the individual eﬀect of these properties. Therefore, the physical properties of fuel such as distillation and HoV can be hypothesized to aﬀect
total LSPI number count. This hypothesis agrees with the reports of
increased LSPI event activity with reduced fuel volatility in the cited
literature studies [13–17], wherein reduced fuel vaporization plays a
dominant role in increasing LSPI event-causing ignition sources through
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Fig. 8. Eﬀect of LSPI dwell times on knocking behavior. LSPI cycles with long
dwell time exhibit negligible end-gas knock. Sample long and short dwell time
LSPI cycles are plotted here for operation with EB25.

also shown in Fig. 7, the spread of the observed dwell times for all EB25
LSPI cycles was also the largest, with the measured IQR of EB25 LSPI
cycles being around twice the next highest IQR (observed for EEE).
Many of the long-dwell LSPI cycles with EB25 were observed to have a
slow enough burn rate that they never transitioned into superknock, as
highlighted in Fig. 8. CP25 was observed to have a similar LSPI dwell
behavior as that of the baseline EEE fuel, with both fuels having similar
mean dwell times. However, CP25 did exhibit a slightly shorter IQR of
dwell times compared to EEE, indicating more bias of CP25 towards
slightly shorter dwell times. Lastly, it should be noted that the zero
dwell times observed for the three secondary fuel mixtures were a
measurement peculiarity created by the superknock events that either
saturated the transducer charge ampliﬁer or caused it to reset.
The LSPI dwell time eﬀects in Figs. 7 and 8 reinforce the heavy
knock trends shown in Fig. 9, wherein the mean LSPI intensity (ΔP) was
observed to generally follow the mean measured LSPI dwell time for
each fuel mixture. For example, the 2MB25 mixture, which was observed to have the shortest dwell, also exhibits the strongest mean LSPI
intensity, with several LSPI events reaching cylinder pressures in excess
of 500 bar. The CP25 mixture also produced strong LSPI cycles, with the
overall distribution being shifted towards stronger LSPI events as
compared to the baseline EEE fuel. Some strong LSPI cycles were observed with EB25, however, many of the EB25 LSPI cycles were very
mild in nature (ΔP < 100 bar) resulting in a smaller mean LSPI
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Estimated Unstretched Laminar Flame
Speed at 423K 1 bar (cm/s)

increased fuel-lubricant interaction and top-ring-zone liquid retention.
This hypothesis is also supported by the reduction in LSPI event count
with the more volatile EEE fuel. However, even though the total
number LSPI events were similar between the blended fuels, a broad
range of variation in LSPI intensity (ΔP), LSPI dwell, and LSPI starting
point was observed between them. Therefore, in addition to a fuel's
physical properties, it’s kinetic behavior also directly aﬀects the LSPI
combustion process.
Although the blended fuels had similar physical fuel properties, the
fundamental combustion behaviors of the neat components diﬀered.
For example, the unstretched laminar ﬂame speeds between the neat
fuels varies signiﬁcantly. Work by Hu et al. [38] measured the unstretched laminar ﬂame speeds of ethanol, cyclopentanone, and gasoline at 423 K and 1 bar pressure, showing that in a stoichiometric
mixture the ﬂame speed of cyclopentanone was nearly that of ethanol,
approximately a 10% increase in ﬂame speed relative to gasoline. Li
et al. [39], reported unstretched ﬂame speed measurements at a temperature of 393 K and 1 bar pressure, showing that the ﬂame speed of 2methyl-1-butanol was approximately 15% slower than ethanol and 15%
faster than isooctane; they also reported ﬂame speed measurements of
2-methyl-1-butanol at a higher temperature condition of 433 K 1 bar
pressure. At this higher temperature condition, the upstretched laminar
ﬂame speed of 2-methyl-1-butanol was approximately 15% slower than
cyclopentanone and 8% slower than the gasoline data obtained by Hu
et al. [38], suggesting that 2-ethyl-1-butanol has a slower ﬂame speed
compared to cyclopentanone at similar conditions. The studies by Hu
et al. [38] and Li et al. [39] were conducted at elevated temperatures of
423 K and 433 K, respectively, but at 1 bar pressure.
Flame speed measurements of ethylbenzene have also been reported
in Johnston and Farrell [40] and Farrell et al. [41], at a further elevated
temperature of 450 K and a higher pressure of 3.04 bar. Thus, the extensive datasets by Johnston and Farrell [40] and Farrell et al. [41] are
not directly comparable to the data sets of Hu et al. [38] and Li et al.
[39]. Farrell et al. [41] also reported data for ethanol and isooctane at
their higher pressure and temperature condition. Using that as a framework, ethylbenzene exhibited an unstretched ﬂame speed approximately 12% faster than isooctane and 19% slower than ethanol, a similar trend-wise result to the 2-methyl-1-butanol data reported by Hu
et al. [38] at their lower temperature and pressure conditions. Thus, it
is reasonable to estimate the ﬂame speed of 2-methyl-1-butanol is
slightly faster than ethylbenzene at matched conditions, with both fuels
having slower unstretched laminar ﬂame speeds relative to cyclopentanone.
The cited literature assesses the unstretched laminar ﬂame speeds of
the neat components tested in the present work; however, these studies
do not measure ﬂame speed of cyclopentanone, ethylbenzene, or 2methyl-1-butanol in a mixture with gasoline. To estimate the unstretched laminar ﬂame speeds of the fuels tested in the present work,
the energy fraction mixing rules proposed by Sileghem et al. for alternative fuels [42] and primary reference fuels with toluene [43] are
used. The molecular weight of gasoline was assumed to be 110 g/mol as
estimated by Anderson et al. [44], and the ﬂame speed of the gasoline
used in the present work was identical to that reported by Hu et al.
[38], ∼71 cm/s at their tested condition. The unstretched laminar
ﬂame speeds of the blended fuels in this study were estimated at 423 K
and 1 bar pressure using these assumptions and approximations as:
∼63 cm/s for ethylbenzene, 71 cm/s for gasoline, 78 cm/s for cyclopentanone, and 66 cm/s for 2-methyl-1-butanol.
The estimated ﬂame speed trends in Fig. 10 qualitatively agree with
the LSPI starting location and dwell times reported earlier in this study,
wherein CP25 has the fastest estimated ﬂame speed and the earliest
measured LSPI starting location, and EB25 had the slowest estimated
ﬂame speed and longest measured LSPI dwell times. The estimates of
ﬂame speed, which in this study are derived from literature data and
analysis approaches, suggest that fuel ﬂame speed could be an important factor in determining the statistically signiﬁcant relative onset
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Fig. 10. Estimated unstretched laminar ﬂame speeds of fuel mixtures at 423 K,
1 bar.

of LSPI events, as well as the corresponding statistically signiﬁcant intensity of the LSPI events. This qualitatively agrees with the suggestion
of Klaghatgi et al. [45] that ﬂame thickness, which is highly dependent
on ﬂame speed, could be a contributing factor to a fuel's LSPI propensity.
The present work highlights that on average, the LSPI events of
CP25 exhibited a much earlier start of combustion as opposed to
baseline EEE or other fuels, in agreement with the hypothesis that ﬂame
speed aﬀects LSPI behavior. 2MB25 had a similar starting location of
LSPI events as that of EEE LSPI events, and also had a similar estimated
ﬂame speed to EEE, again suggesting agreement with the hypothesis
that ﬂame speed aﬀects LSPI behavior. Lastly, the LSPI starting location
of the EB25 fuel was similar to the EEE and 2MB25 fuels, but the LSPI
dwell time of the EB25 fuel was signiﬁcantly more variable with many
LSPI events being as much as double in duration as compared to the
longest LSPI events with the other fuels. Although the EB25 LSPI
starting location results are not directly in agreement with the theory of
ﬂame speed aﬀecting LSPI behavior, the increased LSPI dwell time of
the EB25 fuel reduced the magnitude of many of the LSPI events, resulting in an overall reduced LSPI intensity even though the LSPI events
with EB25 started at timings relatively similar to fuels with faster estimated ﬂame speeds (EEE and 2MB25). Even with these qualitative
agreements, some discrepancies exist in the estimated ﬂame speeds and
the observed LSPI behavior. For example, the ﬂame speed of 2MB25 is
similar to that of the baseline EEE gasoline, but 2MB25 also exhibited
the lowest average LSPI dwell time of all fuels. These discrepancies
could be explained by changes in fuel chemistry/kinetics at near topdead-center in-cylinder temperatures and pressures, which will be signiﬁcantly higher than the conditions used to estimate ﬂame speeds in
this study. As such, a comprehensive chemical kinetics modeling exercise could provide more clarity on the reasons for the observed LSPI
behavior.
It should be noted that diﬀerences exist between concentrations in
liquid and gas phase mixtures. The fuels selected in the present current
work were blended on a mass basis, which mostly aﬀects the molar
concentrations of the liquid phase, and thus the present work was
primarily designed to address liquid ejection from the top ring zone that
is thought to be responsible for a LSPI ignition source. However, the
current blended fuels are also in the gas phase, where the ﬂame speed of
the mixture is suggested to aﬀect LSPI intensity. The molar concentrations of the EB25 blended fuel is quite diﬀerent in the gas phase,
where it has reduced molar concentration by approximately 5% on an
absolute or 15% on a relative basis compared to the 2MB25 or CP25
fuels. However, from the gas phase perspective, the molar density of the
fuel is not what correlates to ﬂame speed; instead the energy fraction is
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more appropriate. From this perspective, EB25 has the highest energy
fraction even though it has the lowest gas phase molar concentration.
Unfortunately, with a common fuel blending basestock there is no direct method to independently hold the liquid molar and energy-based
parameters constant while varying the composition, as there are a lot of
composition-dependent properties. Since it was not possible to run each
fuel four diﬀerent ways within the scope of the study (i.e., mass fraction, volume fraction, mole fraction, and energy fraction), the authors
have attempted to balance the conclusions as best as possible. Since the
EB25 fuel had the highest energy fraction of the various fuel blends, the
authors conclude that the lower LSPI intensity is a real eﬀect occurring
from the gas phase fuel properties, while the source term is relatively
consistent amongst the fuels and is attributed to liquid phase concentrations which were similar between the blended fuels.
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5. Conclusions
The aim of this study was to further the understanding on the eﬀect
of fuel properties on LSPI. Three single component fuels, a ketone
(cyclopentanone), an alcohol (2-methyl-1-butanol), and an aromatic
(ethylbenzene), were mixed by 25% mass fraction in gasoline. Engine
testing was then performed on a modern turbocharged and downsized
direct injection spark ignited engine at conditions conducive for promoting LSPI, i.e. high load (21 bar BMEP at late combustion phasing,
38 °CA aTDCf) at low engine speed (2000 r/min). The recorded in-cylinder pressure data was then processed to isolate the LSPI events, i.e.
events that exhibited a 4-standard deviation in both increased peak
cylinder pressure and earlier CA05. The identiﬁed LSPI events were
further characterized as single events or clusters, as well as based on
their start of pre-ignition, dwell, and intensity.
Compared to the baseline EEE fuel, all three fuel blends were observed to roughly double the amount of LSPI events, possibly due to the
net increase of heavy components in the fuel caused by blending the
three heavier fuels with gasoline. The three fuel components were also
observed to have a similar total LSPI event count and similar LSPI
clustering tendency in spite of having diﬀerent distillation properties,
as well as diﬀerent boiling point and HoV of the neat secondary fuels
therefore, illustrating the impact of physical properties of the fuel on
LSPI behavior, wherein the oﬀsetting impact of boiling point and HoV
resulted in a net similar behavior for the three fuel blends. However,
even though the three blends exhibited similar LSPI counts, distinct
diﬀerences were observed in the characteristics of the LSPI events
produced with the three fuels; therefore conﬁrming the role of kinetic
properties of the fuel, in addition to the physical properties, in determining it’s LSPI behavior. The ﬂame speed estimates of the four fuel
combinations, derived from literature data and analysis approaches,
qualitatively correlated with the LSPI behavior observed with each fuel.
CP25 was estimated to have the highest ﬂame speed and was observed
on average to also have the earliest start of pre-ignition as well as one of
the highest LSPI intensities among the four fuels. On the other hand,
EB25 was calculated to have the lowest ﬂame speeds and was observed
to also have the lowest average LSPI intensity. While a more detailed
chemical kinetics eﬀort would improve the understanding of fuel kinetic eﬀects on the LSPI behavior, the present global trends suggest that
for a given fuel distillation curve and engine operating thermodynamic
conditions, increased fuel laminar ﬂame speed seems to increase LSPI
event intensities, though it does not increase the propensity of a fuel to
exhibit LSPI events. Finally, both physical and kinetic properties of the
fuel play a signiﬁcant role in shaping its LSPI behavior.
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