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ABSTRACT: Engine oil is considered one of the sources for pre-
ignition in downsized boosted direct injection spark-ignited
engines. When interacting with fuel sprayed in the combustion
chamber, engine oil forms an ignitable mixture and can cause an
ignition event before firing the spark plug. Because high research
octane number (RON) fuels are difficult to auto-ignite and tend to
suppress the knock in an internal combustion engine, studying
their interaction with engine oil is essential. Hence, in the current
study, a suitable lubricant oil surrogate, namely, n-hexadecane, is
mixed with iso-octane and n-heptane at different concentrations to
investigate the auto-ignition behavior at elevated pressures. Five
sets of fuels (PRF0, PRF20, PRF50, PRF80, and PRF100) were
prepared to get a wide range of RONs and blended with n-
hexadecane at 15, 25, 35, and 45% mixture concentrations (vol %). These experiments were conducted in a constant volume
combustion chamber, keeping the initial temperature constant at 300 °C. A single droplet of the mixture was suspended on a
thermocouple bead to record the droplet’s lifetime temperature. It was observed that hexadecane mixed with PRF0, PRF20, PRF50,
and PRF80 showed similar auto-ignition behaviors. The time of ignition (TI) for these mixtures initially increased until 25%
concentration of the fuel in n-hexadecane, and further addition of fuels to 35% and higher concentrations showed a gradual decrease
in TI. Ignition of mixtures with 35% and 45% fuel concentrations is attributed to n-heptane, as its low temperature chemistry is the
dominant factor in its high reactivity compared to iso-octane. TI increased with the increasing concentration of PRF100 mixtures in
hexadecane, unlike other PRF fuels tested in this study. This is because iso-octane is a high RON fuel with a higher auto-ignition
temperature, making it challenging to auto-ignite.

■ INTRODUCTION

Lubricant oil in highly boosted spark ignition engines is
believed to be a significant cause of pre-ignition.1 Hence,
several study groups2−10 are paying particular attention to
engine lubricants’ effect on the occurrence of pre-ignition.
Lubricant oil is diluted by fuel sprays from direct fuel injection
directed toward a wall, leading to a local reduction in the
surface tension and viscosity of the oil.11 As the piston
decelerates close to the top dead center, decreased surface
tension allows the oil−fuel mixture to escape in the
combustion chamber. The fuel−oil mixing has a critical ratio
that provides the mixture with sufficient physical properties to
make its way into the combustion chamber. A large oil fraction
would have a high surface tension or viscosity, making it
difficult to shape individual droplets, whereas a higher fuel
fraction would result in a high delay time of ignition (TI), as
the research octane number (RON) is high in gasoline. In
addition, under regular engine-running conditions, the ignition
delay of the fuel is usually higher than what would cause it to
auto-ignite. Lubricant base oil, however, is long-chain hydro-
carbons with very short ignition delays.12 The addition of small

quantities of oil to gasoline substantially decreases the delay in
the ignition time.12,13

Dahnz et al.7 studied pre-ignition occurrences both
experimentally and numerically in highly supercharged SI
engines and confirmed that the release of lubricant oil droplets
from the cylinder liner might be the most likely cause for the
occurrence of pre-ignition. Kuboyama et al.14 visually analyzed
the pre-ignition phenomenon induced by oil droplets in a
highly boosted spark ignition engine. They reported that the
lubricant oil and fuel mixture accumulates in the piston crevice
area, igniting under low oxygen conditions. The effect of fuel
compounds on pre-ignition in high-temperature and high-
pressure environments was studied by Toyota Motors and JX
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Nippon Oil and Energy Company.15 Their study reported that
the pre-ignition temperature decreased for fuels with long-
chain olefins and paraffin and unsaturated naphthenes. In
addition, they stated that the pre-ignition temperature, relative
to RON, showed a stronger association with MON and AIT.
However, in their study,15 the complete process of the fuel
reaction was not identified. Another Toyota Motors research
found that temperature and pressure strongly affected the pre-
ignition occurrence.16 General Motors developed a series of
test fuels to examine the effect of octane number on the pre-
ignition occurrence in a turbocharged direct−injection engine.
A wide variety of pre-ignition event responses were seen for the
fuels.17 It differed from no incidents to a very high number of
cases. Their outcome showed no significant links with the
sensitivity, RON, motor octane number (MON), or anti-knock
index (AKI) of these fuels.
Amann et al.18 also found that the chemical composition of

the fuel had an apparent effect on the pre-ignition frequency.
Their analysis found that the increased level of aromatics in
fuel blends increased the frequency of pre-ignition. Conversely,
oxygenated fuels and low aromatic blends diminished the pre-
ignition occurrences. In addition, the various knock and auto-
ignition characteristics of the test fuels in the DISI engine were
observed, even though the fuels had identical RON and MON
ratings. Their results and prior research proposed that the
critical cause of pre-ignition was the lubricant or fuel-based
hydrocarbon layer on the piston crevices.
Jatana et al. compared the pre-ignition count of neat

Haltermann gasoline and three fuel blends consisting of 75%
Haltermann gasoline and 25% ketone, alcohol, and aromatic by
a mass fraction in a turbocharged downsized direct−injection
engine. They reported that the fuel blends with similar boiling
points and octane numbers showed higher pre-ignition events
than neat Haltermann.19 Other studies show that high-RON
fuels increased the anti-knock quality of an AVL single-cylinder
four-stroke DISI engine20 and increased power and reduced
fuel consumption.21 However, the impact of these high-octane
fuels when diluted in lubricant oil and their role occurrence of
pre-ignition have not been discussed.
The effect of lubricants’ reactivity has yet to be thoroughly

investigated,22 and owing to its unpredictability, the phenom-
enon has not yet been completely understood, and the
difficulty of the mixture in the engine cylinder makes the study
difficult.4 Therefore, a constant volume combustion chamber
(CVCC), where temperature and pressure could be controlled
independently, is used to study the effect of RON on the auto-
ignition of the lubricant oil surrogate. Previous studies have
shown hexadecane to be a suitable surrogate for lubricant oil as
it shows similar ignition characteristics.4,12,23 Hence, hexade-
cane has been considered as a surrogate for lubricant oil in this
study. Previously, Mitsudharmadi et al.24 investigated the effect
of RON of different fuels by mixing FACE I, PRF91, PRF95,
and toluene with hexadecane by 25 vol % in pre-ignition
occurrences. Their investigation showed that the effect of
RON did not affect the auto-ignition of the mixtures for
pressures above 20 bar. However, their study focused only on
mixing 25 vol % of fuels with hexadecane. Hence, in this study,
a wide range of PRFs are mixed with hexadecane at 15, 25, 35,
and 45 vol % to investigate their effect on the auto-ignition of
the mixtures at high temperatures and pressures.

■ EXPERIMENTAL SETUP
The auto-ignition of hexadecane mixed with PRFs under
various concentrations and pressures conditions was inves-
tigated in a CVCC. The experimental configuration schematic
is shown in Figure 1. The CVCC with a volume of 4 L is well

suited for researching single droplet ignition phenomena at
elevated temperatures and pressures. It is built of 316 L
stainless steel material with 320 mm outer diameter and 30
mm wall thickness. In the CVCC, three orthogonal pairs of
quartz windows are fitted that provide excellent optical access
to allow photographic droplet combustion diagnostics. To heat
the CVCC, an in-line heater (Watlow) with a power rating of 3
kW and four heating tapes (Omega STH052-100) with a
power rating of 0.738 kW each were installed.
At an initial temperature of 300 ± 4 °C and initial pressures

ranging from 4 to 22 bar, the experiments described here are
carried out in an air environment. This temperature was
chosen because it was above the auto-ignition temperature of
the surrogate oil (hexadecane) but below the auto-ignition
temperature of the various diluting fuels. A single droplet
injection system was integrated in the chamber. A capillary
tube resides with an actuator device inside a cooling chamber
assembly that is water-cooled at 10 °C and prevents the
droplet from evaporating or igniting until it is suspended on
the k-type thermocouple bead. Thus, the temperature of the
droplet life span can be tracked from its suspension time until
it is consumed entirely. A syringe pump (Harvard Apparatus
PHD 2000) delivers the hexadecane/fuel mixture to the
capillary channel. The piston’s movement is regulated by
pneumatic solenoid valves (Peter Paul Electronics Co.
EH22H90CCH6) within the actuator cylinder. Further
experimental details can be found in ref 24.
A shadowgraph technique is used to record the auto-ignition

of the mixture droplet, and the images are captured using a
high-speed camera (PCO, Imager Pro HS, 4 M) at 500 fps. In
addition, LabVIEW-based software is employed to synchronize
the activation of the syringe pump to inject the mixture, the
extension and retraction of the piston of the actuator holding
the capillary tube, the camera trigger, and the acquisition of
temperature data.
The data collected from at least 10 tests for each running

condition are averaged in combination with the established
automation system to record the data and monitor the injected

Figure 1. Schematic of the experimental setup.
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fuel quantity. This contributes to solid repeatability and high
precision in producing the quantity of the mixture being
injected. Therefore, the TI reported from any test is based on
the same volume of the injected mixture, despite the droplet’s
shape. To find the correct location of the thermocouple
relative to the injection needle to suspend the droplet on the
thermocouple bead, several preliminary tests were performed.
The angle of inclination of the thermocouple was set such that
the quantity of the injected mixture was adequate to form a
droplet very similar to the shape of the sphere. The droplet will
not be suspended if the volume of the injected mixture is too
small, as the volume of the mixture produces a thin layer on
the wire of the thermocouple. On the other hand, the droplet
would not be suspended if the volume of the mixture injected
is too much because it will drop automatically because of its
weight. Because of this, it is important to carefully identify the
combination of the thermocouple wire’s inclination angle and
the volume of the fuel mixture injected to suspend the droplet
on the thermocouple bead.
Investigated Fuel Mixtures and Test Matrix. To study

the interaction between the oil and fuel mixture, hexadecane
was mixed with n-heptane and iso-octane at different
concentrations. First, hexadecane was mixed with n-heptane
at 15, 25, 35, and 45% (vol %) concentrations to form PRF0
mixtures. Similarly, hexadecane was mixed with n-heptane and
iso-octane at the previously mentioned concentrations to form
PRF20, PRF50, and PRF80 mixtures. Finally, iso-octane was
blended with hexadecane to form PRF100 mixtures. The
physical properties are listed in Table 1.

The tests were carried out for different pressures while
keeping the initial temperature constant at 300 ± 4 °C. The
experiment matrix and the derived cetane number (DCN) of
each fuel and mixtures are shown in Table 2. An ignition
quality tester (IQT) was used to get the DCN of the mixtures
following the ASTM D6980 method. The RON of the fuels
can be then calculated by using the correlation between RON
and DCN proposed by Naser et al.27 and is given below

RON 293
DCN
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Defining TI. A National Instrument c-RIO-9038 chassis is
programmed to monitor and record the temperature and
pressure in each of the experimental cases. The temperature
data for each case are saved in the .tdms format. To read and
post-process the temperature data, a MATLAB script is built.
Because the PI vessel is not a standard vessel, it is essential to

specify the TI for the current investigation of droplet ignition.
The temperature record of hex75_PRF5025 at an initial
temperature of 300 °C and 10 bar pressure is shown in Figure
2. The thick black line reflects 10 experiments’ average
temperature in an air environment, while the gray vertical
fringe defines the standard deviation of these experiments.
Additionally, the blue dotted line defines the evaporation of
the mixture droplet in a nitrogen environment. The size of the
suspended droplet is 1.1 ± 0.2 mm throughout the study.
As shown in Figure 2, before the mixture is pumped into the

thermocouple bead, the thermocouple reads the actual
temperature of the ambient air. The actual droplet temperature
is much lower than that of the ambient air temperature within
the tube because the mixture remains inside a cooling chamber
before the moment of injection. When the droplet falls into
contact with the bead of the thermocouple, it will observe a
slight decrease in temperature. The thermocouple now
measures its internal temperature when the droplet is
suspended effectively, and a steeper decrease in temperature
is tracked before it approaches a minimum temperature (A).
This trend is observed for both the air and nitrogen
environment cases.
For the air environment case, point A denotes time zero.

Due to evaporation on the surface, the size of the droplet
shrinks. Owing to inner conduction, heat is transmitted from
the atmosphere to the internal core of the droplet. The internal
droplet temperature also rises with a growing evaporation rate
until it ignites (B), caused by the combustion of the ignitable
vapor around the droplet. This is accompanied by a significant
rise in temperature until the droplet is wholly absorbed,
achieving a saturation point. During this phase, the temper-
ature steadily falls to the actual ambient air temperature.
On the other hand, for the nitrogen environment case, the

droplet evaporates until it completely vaporizes. With the
superposition of the air and nitrogen environment temperature
profiles, it can be observed that the slope diverges after it
passes through point B. This indicates that the droplet in the
air environment ignited at point B. TI is therefore specified as
the time interval between the minimum local temperature (A)
and the time when the droplet ignition first occurs (B). The
massive spike in dT/dt observed from the history of the
temperature demonstrates this.

■ RESULTS AND DISCUSSION

Effect of Concentration of PRFs in Hexadecane.
Initially, pure hexadecane was mixed with n-heptane and iso-
octane individually at various concentrations and investigated
at different initial pressure conditions keeping the initial
temperature constant at 300 °C. First, the data obtained from
PRF0 and hexadecane mixtures are analyzed. The results for TI
at 300 °C at varying pressures are shown in Figure 3. A gradual
increase in TI is observed with the increasing n-heptane
concentration until it reaches a maximum at 25%, after which
further addition of n-heptane in the mixture results in a
decrease in TI.
Second, the data obtained from PRF100 and hexadecane

mixtures are analyzed. As shown in Figure 4, the TI increased
with the increasing concentration of iso-octane in the mixture.
This trend is expected because iso-octane is a high-RON fuel
and has a more vital ability to consume the OH radical, causing
it to be less reactive and thus difficult to auto-ignite.28

Therefore, this trend narrowed down the possibility of iso-

Table 1. Properties of n-Hexadecane, n-Heptane, and Iso-
octane25,26

properties units hexadecane
PRF0

n-heptane
PRF100
iso-octane

molecular formula C16H34 C7H16 C8H18

molecular weight g/mol 226.44 100.20 114.23
boiling point °C 286.9 98.5 99.0
auto-ignition
temperature

°C 202 215 418

flash point °C 135.0 −1.0 4.5
density kg/m3 770 680 690
heat of combustion
(LHV)

MJ/kg 43.9 44.9 44.7

heat of vaporization kJ/kg 359 317 283
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octane to play a significant role in early ignition observed at
35% or higher concentration PRFs in hexadecane.
The temperature profi l e s for Hex75_PRF2025 ,

Hex65_PRF2035, and Hex55_PRF2045 at 10 bar and 300 °C
are shown in Figure 5. For the Hex75_PRF2025 mixture (3),
the cooling effect is much higher compared to the
Hex65_PRF2035 (1) and Hex55_PRF2045 (2) mixtures. In the
Hex75_PRF2025 mixture, the ignitable mixture around the
droplet is formed slower, and hence, we observe an increased
TI. It was interesting to observe why this phenomenon does
not occur for Hex65_PRF2035 and Hex55_PRF2045 mixtures.
The DCN of the mixtures decreases (see Table 2) as the
concentration of PRFs in hexadecane increases, implying that
the RON increases. Therefore, it was an unexpected trend for
Hex65_PRF2035 and Hex55_PRF2045 mixtures because the TI
is supposed to increase with the addition of higher RON fuels.

Table 2. Test Matrix and DCN of Mixtures as Measured in IQT

fuels mixture concentration hexadecane vol % n-heptane vol % iso-octane vol % DCN

Hex100 0 100 0 0 106.2
Hex85_PRF015 15 85 15 0 101.1
Hex75_PRF025 25 75 25 0 96.6
Hex65_PRF035 35 65 35 0 89.2
Hex55_PRF045 45 55 45 0 85.6
Hex85_PRF2015 15 85 12 3 101.1
Hex75_PRF2025 25 75 20 5 93.8
Hex65_PRF2035 35 65 28 7 87.8
Hex55_PRF2045 45 55 36 9 82.3
Hex85_PRF5015 15 85 7.5 7.5 95.4
Hex75_PRF5025 25 75 12.5 12.5 88.4
Hex65_PRF5035 35 65 17.5 17.5 82.4
Hex55_PRF5045 45 55 22.5 22.5 76.7
Hex85_PRF8015 15 85 3 12 98.7
Hex75_PRF8025 25 75 5 20 88.1
Hex65_PRF8035 35 65 7 28 79.1
Hex55_PRF8045 45 55 9 36 72.6
Hex85_PRF10015 15 85 0 15 92.7
Hex75_PRF10025 25 75 0 25 84.8
Hex65_PRF10035 35 65 0 35 77.8
Hex55_PRF10045 45 55 0 45 70.7

Figure 2. Defining TI for 75 vol % hexadecane mixed with 25 vol %
PRF50. The blue dotted lines represent the temperature profile for
the experiment conducted in a nitrogen environment, while the black
line represents the experiment conducted in an air environment. The
TI is defined from point (A) (minimum temperature) to point (B)
(steeper change in gradient).

Figure 3. TI for PRF0 mixed with hexadecane at different
concentrations for a wide pressure range. Maximum TI is observed
at 25 vol % mixtures for all tested cases.

Figure 4. TI for PRF100 mixed with hexadecane at different
concentrations for a wide pressure range. TI increased with the
increasing concentration of PRF100 in hexadecane.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05535
ACS Omega XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05535?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


It is also observed that for the Hex75_PRF2025 mixture, the
droplet core temperature read by the thermocouple had to
exceed the boiling point of hexadecane (see Table 1) before
getting an ignition event. However, for Hex65_PRF2035 and
Hex55_PRF2045 cases, the ignition occurred at a much lower
temperature before the droplet’s core temperature reached the
boiling point of hexadecane. Hence, it is suspected that n-
heptane (PRF0) played an essential role in triggering the
ignition and that there is a trade-off between the chemical and
physical properties of these mixtures, which impacts their TI.
The ignition sequence of the Hex75_PRF2025 mixture at 4 bar
pressure and 300 °C is shown in Figure 6.

To further investigate this phenomenon, the ignition
temperature is plotted against the concentration of PRFs in
the mixture at 4 bar pressure and 300 °C, shown in Figure 7.
As shown in Table 1, the auto-ignition temperatures of n-

heptane and hexadecane are much lower than the ambient test
temperature of 300 °C. On the other hand, the auto-ignition
temperature of iso-octane is relatively higher despite having a
lower boiling point. The fuel mixture droplet resides in a
cooling chamber, and hence when introduced in the hot
environment, the initial reading of the droplet’s core
temperature is around 200 ± 10 °C, which is about a 100
°C lower than the ambient temperature. As the fuel mixture
droplet is successfully suspended, it starts to vaporize, reducing
the droplet size over time. Because evaporation occurs on the
surface of the droplet, the particles on the surface of the
droplet carry away some of the droplets’ kinetic energy in order

to break their liquid bonds and to convert into gas. Because of
this endothermic process, the overall thermal energy of the
droplet decreases, and it cools down. The boiling point and the
auto-ignition temperature of n-heptane are both lower. Once
the fuel mixture lacks sufficient amount of hexadecane to drive
the ignition, n-heptane plays a crucial role in the occurrence of
the ignition. With an increasing concentration in the mixture,
the amount of n-heptane increases as well. Hence, the
flammability region is reached faster with the increasing
amount of n-heptane in the mixtures. Ruling out iso-octane’s
contribution in getting an early ignition can also be justified by
observing the PRF100 trend in Figure 4. Iso-octane being a
high-RON fuel, the fuel mixture gets difficult to auto-ignite
with its increasing concentration and hence requires a higher
temperature at a higher concertation of mixtures.
To support the hypothesis, PRF20, PRF50, and PRF80 were

mixed with hexadecane at different concentrations to
investigate the ignition behavior of the mixtures. Figures 8

and 9 show the TI for PRF20 and PRF80 mixtures,
respectively, at 300 °C. For both the cases, the TI initially
increased with the increasing concentration of PRFs in
hexadecane. However, it reached its maxima at 25%
concentration and started to decline with further increase in
the PRF concentration. It can also be observed that the TI for

Figure 5. Temperature profile for PRF20 mixed with hexadecane at
different concentrations for 10 bar pressure. Mixtures with 25 vol %
(1) of PRF20 in hexadecane showed longer TI, while 35 vol % (1)
and 45 vol % (2) had shorter TI.

Figure 6. Ignition sequence of the Hex75_PRF2025 mixture at 4 bar
pressure and 300 °C.

Figure 7. Ignition temperature of PRFs mixed with hexadecane at
different concentrations. The ignition temperature was maximum for
PRF0 and PRF50 at 25 vol % concentration.

Figure 8. TI for PRF20 mixed with hexadecane at different
concentrations at 300 °C. The maximum TI is observed at 25 vol
% concentration of PRF20 mixed with 75 vol % hexadecane.
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PRF80 (Figure 9) is much longer compared to the TI for
PRF20 (Figure 8) because the amount of iso-octane in the
mixture is increasing. As previously discussed, it is attributed to
RON and hence yields a longer TI. Nevertheless, the fuel
blends consisting of PRF0 (n-heptane) exhibited a similar
trend for all tested pressure and concentration cases. Hence, it
can be concluded that the ignition of PRF0, PRF20, PRF50,
and PRF80 at 35 and 45% concentration is driven by the
presence of n-heptane (PRF0) in the mixture.
To further validate the hypothesis of n-heptane playing a key

role in the ignition of mixtures at 35 and 45% concentrations,
TI and pressure are plotted for hexadecane and PRFs mixture
at 25, 35, and 45% concentration and are shown in Figures
10−12 respectively. From Figure 10, it can be observed that

the TI for the Hex75_PRFs25 mixture is higher compared to
that for pure hexadecane for all the tested pressures. This
implies that for 25% concentration of fuels, hexadecane
initiates the ignition event.
On the other hand, in Figure 11, the TI for Hex65_PRF5035

mixtures is almost the same as the TI for pure hexadecane. The
difference in the TI for Hex75_PRF025 and Hex65_PRF035 is
significant. This implies that n-heptane has now started playing
a role in initiating the ignition event. This phenomenon is
more evident in Hex55_PRF045, which is shown in Figure 12.
The TI for Hex55_PRF045 is now faster than that for pure

hexadecane, supporting the hypothesis of n-heptane playing a
significant role at a higher concentration of fuels mixed with
hexadecane. Therefore, the TI for the mixtures does not
increase with the increasing concentration of PRFs in
hexadecane but rather increases until it reaches a maximum
point, and with the further addition of fuel, it gradually starts to
decrease.

Effect of Pressure on the Ignition of the Mixtures. In
order to study the effect of pressure, hexadecane was mixed
with different PRFs at different concentrations. The experi-
ments were conducted at pressures 4, 10, 16, and 22 bar and at
300 °C initial temperature. Figure 13 shows the results for
hexadecane mixed with PRF0 and PRF80 individually at
different concentrations at an ambient temperature of 300 °C.
The TI decreases with increasing pressure because the
reactivity of the mixtures increases with increasing pressure.
The TI distribution is sparse for PRF0 mixtures at lower
pressures, whereas it gets denser at higher pressures. With
further increase in pressure, it can be deduced that the TI will
show asymptotic behavior. However, the change in the TI for
the Hex75_PRF025 mixture, represented in Figure 12 by black
dotted lines, is very small compared to that in other tested
PRF0 mixtures. PRF0 mixtures ignited the fastest because the
auto-ignition and boiling temperatures of n-heptane are much
lower compared to those of iso-octane. On the contrary,
PRF80 mixtures yielded a longer TI since iso-octane has a very
high auto-ignition temperature, and as discussed previously, it

Figure 9. TI for PRF80 mixed with hexadecane at different
concentrations at 300 °C. The maximum TI is observed at 25 vol
% concentration of PRF80 mixed with 75 vol % hexadecane.

Figure 10. TI for Hex75_PRFs25 mixtures at different pressure. The TI
to ignition decreased with the increasing pressure. A distinct TI is
observed between PRF0 and hexadecane.

Figure 11. TI for Hex65_PRFs35 at different pressures. PRF0 and
hexadecane showed similar TI except at 22 bar pressure.

Figure 12. TI for Hex55_PRFs45 at different pressures. The TI for
PRF0 is shorter than that for hexadecane except for 22 bar pressure.
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is a high-RON fuel. Unlike PRF0 mixtures, the TI distribution
for PRF80 mixtures at both lower and higher pressures was
observed to be sparse. The TI was noted to be the longest for
PRF100 mixtures, whereas it was the shortest for PRF0
mixtures. The TI for other tested cases falls in between these
two cases in an increasing order from PRF20 to PRF 80.

■ CONCLUSIONS
The effect of RON in the ignition of lubricant surrogate n-
hexadecane was investigated in this study to determine how
RON will play a role in the occurrence of the pre-ignition
phenomenon. Experiments were carried out in a 4 L CVCC to
investigate the ignition characteristics of hexadecane mixed
with different PRFs at different concentrations. The test
temperature was set at 300 °C, and the test pressures were
varied from 4 to 22 bar at 6 bar intervals. The key findings are
summarized below:

• Hexadecane mixed with PRF0, PRF20, PRF50, and PRF
80 all showed a similar trend for getting TI. The TI for
these mixtures initially increased until 25% concen-
tration, after which it reached its maxima. Further
addition of fuels with 35% and higher concentrations
showed a gradual decrease in the TI.

• Mixtures at 25% concentration ignited only after the
droplet core temperature reached higher than the boiling
temperature of hexadecane.

• Ignition for mixtures with 35 and 45% concentrations is
attributed to n-heptane as it has a lower boiling and
auto-ignition temperature.

• As the hexadecane was mixed with PRFs in an increasing
amount from PRF0 to PRF100, the TI was observed to
be longer. This is because the amount of iso-octane in
the mixture increases as we move from PRF20 to PRF
100 and iso-octane is a high-RON fuel and has a higher
auto-ignition temperature, which makes it difficult to
auto-ignite.

• The TI get longer as the RON of the fuel gets higher.
However, it heavily depends on the composition of the
fuel. PRF80 has a RON of 80, yet the TI of this fuel,
when mixed with hexadecane higher than 35%, yielded a
shorter TI. Therefore, the physical properties of fuels
play an important role.

Hence, the findings of this work show that the fuel’s RON
and the mixture concentration (fuel and oil) both show

potential implications for pre-ignition occurrence in downsized
boosted SI engines. Additionally, this work provides further
insights into studying the complex pre-ignition phenomena.
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■ NOMENCLATURE
CVCC constant volume combustion chamber
DCN derived cetane number
RON research octane number
PRF primary reference fuel
IQT ignition quality tester
PRF0 n-heptane
PRF100 iso-octane
TI time of Ignition (s)
T temperature (°C)
P pressure (bar)
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