Effect of Pilot Injection Timing on the Two-Stage Combustion Characteristics of Diesel
and n-Heptane Studied in a Rapid Compression Machine
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Abstract
In this work split injection studies performed in a modern, optically accessible rapid compression machine under
diesel engine conditions are presented for a reference diesel fuel and the single component surrogate n-heptane. The
timing of the pilot injection was varied with regard to the main injection to investigate the influence of the premixed
combustion on the ignition delay of the main injection and the overall combustion characteristics. Simultaneous
high-speed images of the OH*-chemiluminescence and the visible flame luminosity as well as pressure histories and
the calculated rate of heat release show similar trends for both fuels.
investigated in a modern rapid compression machine
(RCM). The flame luminosity of a reference diesel fuel
(CEC RF-06-03) and the surrogate fuel n-heptane are
detected with a high-speed camera system and the
pressure histories are analyzed.

Introduction
Low temperature combustion (LTC) concepts for
diesel engines such as homogenous charge compression
ignition (HCCI) or partially premixed compression
ignition (PPCI) are promising strategies to reduce both
emissions and fuel consumption [1]. For LTC engines a
NOx reduction of 90 to 99% and a fuel consumption
decreased by approx. 15% have been reported [2].
Compared to HCCI, the concept PPCI is easier to
realize by, for instance, split injection strategies [3].
Running diesel engines with split injections reduces
both combustion noise and emissions [4].
With an early pilot injection the cylinder charge can
be pre-conditioned prior to the main injection with
regard to the local fuel air ratio and gas temperature
level [5]. The low temperature heat release (LTHR)
leads to an increase in the global gas temperature
connected with a faster evaporation of the main
injection, but more significantly enhances the
intermediate temperature chemistry [1]. This increased
reactivity of the cylinder charge during the main
injection in combination with the connected temperature
rise leads to a reduced ignition delay of the main
injection. However, if temperatures due to pre-injection
become too a high and time scales too short, an
unwanted sooting tendency may result. Too early pilot
injections get diluted and do not exhibit LTHR prior to
the start or during the main injection.
For modeling such combustion strategies it is helpful to
rely on simple surrogate fuels [6] since for computation
of the combustion kinetics of gasoline or diesel fuels,
comprising hundreds of individual species, a currently
unachievable computer power is necessary. From
surrogate fuels a fundamental understanding of the
associated combustion mechanism can be obtained [7].
For diesel combustion n-heptane is widely used as
single component surrogate due to its very similar
cetane number (CN) to european diesel [8, 9].
In this context the combustion resulting from split
injection with different pilot injection timings is

Experimental Setup
Split injection studies were carried out in a modern,
optically accessible RCM, allowing for the simulation
of a single compression stroke and the reproduction of
an engine like piston movement within the range of
±40°CAD around top dead center (TDC) [10]. A
schematic illustration of the experimental setup,
comprising the RCM, an in-house developed, flexible
diesel fuel system and the attached high-speed camera
system is depicted in Fig. 1. The hydraulically driven
RCM (TESTEM GmbH, Testem-K84) allows for the
adjustment of variable strokes, compression ratios (CR),
charge gas pressure, cylinder wall and piston heating
and the simulation of revs up to 3000 rpm. This makes
the RCM a versatile device for the investigation of
engine applications.
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Fig. 1: Schematic illustration of the experimental setup
In this work a stroke of 150 mm, a charge gas pressure
of 1.8 bar and a simulated engine speed of 1500 rpm
were adjusted, resulting in a compression ratio of 14.5
and a maximum pressure at TDC of 65 bar. The
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pressure history was recorded by a piezo-electric
pressure transducer (Kistler, 6045A) with a detection
rate of 100 kHz. The bore of the RCM is 84 mm, and
the piston has a cylindrical bowl, 60 mm in diameter
and 20 mm in height, including a bottom window. A
more detailed description of the functionality of the
RCM can be found elsewhere [10]. The fuel system,
providing an injection pressure of 800 bar (max.
2500 bar) in combination with a piezo-6-hole injector
(BOSCH CR 3.0) was used for fuel injection. For all
experiments a total amount of 17 mg was injected, with
a split ratio of 1:2. The injection duration of the pilot
injection was 300 µs for n-heptane and 310 µs for
diesel, respectively, to compensate for the different
viscosities and ensure the same injected mass. For the
main injection the opening duration was 500 µs for both
fuels. In this case a negligible deviation in mass, lower
than 0.3 %, arises. The most important physical
properties of both fuels for this work are summarized in
Table 1.
Table 1: Physical properties of the investigated fuels
Physical property
CN
Viscosity (at
40°C) / mm² s
Lower heating
value / MJ kg-1
Ignition temp. / K
Boiling point / K

CEC RF-06-03
[11, 12]
min. 51

n-Heptane
[9, 13]
56

2.0-4.5

0.5

42,5

44.4

≈523
453-633

493
371

By employing different filters on the two channels,
namely a UV-bandpass filter at 308 nm (FWHM=25
nm) and a set of neutral density filters, it was possible to
detect simultaneously the OH*-chemiluminescence and
the visible radiation. The neutral density filters with a
total optical density (OD) of 2.9 are necessary as the
intensity of the visible part of the flame luminosity,
which, for diesel combustion can be mainly attributed to
thermal soot radiation, is orders of magnitudes higher
than the OH*-chemiluminescence in the UV. The
required OD has to be determined experimentally, since
the overall light intensity has roughly to be at the same
level for the two channels. Otherwise the dynamic range
of the camera is not equal for both spectral channels
projected on the chip. The intensifier is required to
detect the UV radiation with the employed camera,
since the included multi-channel plate transfers the UV
radiation into wavelengths, which are detectable by a
silicon based CMOS chip.
The camera acquisition and the injections are
triggered by a pulse generator (Quantum Composers,
9618+). The external trigger comes from the RCM at a
defined piston position of 100 mm, corresponding to
7.2 ms before TDC (bTDC). Within this study the
timing of the main injection was kept constant with start
of injection (SOI) at 0.4 ms bTDC, equivalent to
3.6°CA bTDC for 1500 rpm. The start of the pilot
injection was varied in 0.5 ms steps from 1.0 ms bTDC
(OP 2) to 3.5 ms bTDC (OP 7), equivalent to about
32°CA bTDC, which is sufficient to achieve premixed
conditions [16]. At OP 1 the complete amount of fuel is
injected during the main injection.

Additionally to a comparable CN n-heptane shows a
similar lower heating value and ignition temperature. A
larger deviation is apparent for the viscosity, which is at
least a factor of four lower than for the diesel fuel, and
for the boiling point, which is about 150 K lower.
To calculate the rate of heat release (RoHR), the
pressure history and the change of the compression
volume have to be known. The latter can be calculated
from the geometry of the combustion chamber of the
RCM and the time-dependent piston position, which
was monitored by an inductive position sensor. The heat
release rate was calculated with the simplified
assumption of adiabatic conditions without a heat loss
model, similar to References [14, 15]. For the
calculation a constant heat capacity ratio γ of 1.34 was
used.

Results and Discussion
In Fig. 2 the pressure traces for all operating points as
well as the injection timings are shown.
Cylinder pressure / bar

90

unfired
diesel OP 1
diesel OP 2
diesel OP 3
diesel OP 4
diesel OP 5
diesel OP 6
diesel OP 7

75
60
45
30
15

Injection- Cylinder pressure / bar
timings

90

(1)

75
60

The machine facilitates optical access via a piston
bottom window in combination with a 45° silver coated
deflection mirror, which is positioned in the cylinder
liner. The combustion luminosity was monitored by an
imaging system comprising a high-speed camera
(Vision Research, Phantom v711, texposure=20µs), an
image intensifier (GIIB, HS CU), an UV-objective
(Nikon UV Nikkor 105 mm, at f/5.6) and an image
doubler (LaVision). The image doubler allows for the
simultaneous imaging of the same measurement volume
twice on a single camera chip at different pixel areas.
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Fig. 2: Pressure traces and injection timings
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Additionally, an earlier start of the pilot injection results
in a more distinct two stage combustion. With a short
time delay between main injection and pilot injection
(OP 2 and OP 3) for both fuels a long single combustion
event is observed, exhibiting a steep pressure rise at the
beginning of the combustion, resulting from the
premixed pilot injection, followed by a longer period
exhibiting only a marginal pressure rise. This indicates a
diffusive combustion of the main injection. In these
cases the start of combustion is slightly earlier for nheptane than for the diesel reference fuel, related to a
shorter ignition delay of the pilot injection.
In Fig. 3 and Fig. 4 high-speed image series are
shown for two representative operating points, OP 3 for
a late pilot injection and OP 7 for early pilot injection
timing. Each figure comprises averaged image
sequences from five subsequently recorded combustion
events for n-heptane (upper row) and the reference
diesel fuel (lower row).

It has to be noted that the given injection timings are
related to the electrical trigger timing of the injector and
not to the visible start of injection. Typically, the delay
between the electrical trigger to the real start of liquid
fuel injection is below 100 µs and related to the inertia
of the electromechanic system within the injector. The
shown pressure histories are averaged from five
individual measurements at each operating point. From
the single injection (OP 1) it can be seen that the
ignition delay for n-heptane is shorter than for the diesel
reference fuel. The first significant pressure rise starts
approximately 0.75 ms after TDC (aTDC) compared to
0.9 ms. For both fuels similar trends can be identified
for the operating points, comprising split injection.
The pilot injection reduces the ignition delay of the
main injection for all cases. However, the earlier the
pilot injection (OP 4 to OP 7 (2 ms to 3.5 ms bTDC) the
longer the ignition delay of the main injection, which is
indicated by the beginning of the pressure rise aTDC.

Fig. 3: Temporal image series of the visible flame luminosity (VIS) and the OH*-chemiluminescence (OH) of OP 3
for n-heptane (top) and the reference diesel fuel (bottom)

Fig. 4: Temporal image series of the visible flame luminosity (VIS) and the OH*-chemiluminescence (OH) of OP 7
for n-heptane (top) and the reference diesel fuel (bottom)
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Each image shows the OH*-chemiluminescence (OH) as
well as the visible flame luminosity (VIS) at various
points in time relative to TDC. From both figures it can
be seen that n-heptane and the diesel reference fuel
show a very similar combustion phenomenology,
however, with generally a shorter ignition delay for
n-heptane, which can be deduced from the first
appearance of the OH*-chemiluminescence signal. It is
obvious from the OH-images in Fig. 3 that the
combustion starts before TDC for both fuels. During the
combustion of the pilot injection OH*-chemiluminescence but no soot luminosity is detected,
indicating a premixed combustion of the pilot injection.
Due to the accompanying pressure and temperature rise,
the ignition delay of the main injection is reduced
significantly. The fuel ignites directly after start of the
main injection, resulting in a very diffusive main
combustion. This statement is supported by the early
appearance of visible combustion luminosity, which can
be mainly attributed to thermal soot radiation and by the
marginal pressure rise rates during the main combustion
(see Fig. 2).
Further, a very short flame lift-off height is
recognized during the complete main combustion event.
Additionally, pockets with low combustion luminosity
can be seen at the contact area of the flame with the
piston bowl. This indicates flame quenching, since a
very weak OH*-chemiluminescence signal is detected in
these regions. This quenching effect can be explained
by the low charge motion within the RCM and the
former combustion of the pilot injection in these regions
(e.g., Fig. 3, OH at 0.27 ms bTDC), resulting in high
local burnt gas concentrations exhibiting very low
oxygen content. For the diesel reference fuel a slightly
more pronounced quenching effect can be recognized
than for n-heptane. Here, the higher boiling point of the
diesel fuel leads to a deeper penetration of the main
injection, resulting in an enhanced mixing with the
exhaust gas regions.
Shifting the pilot timing to 3.5 ms bTDC results in
an earlier start of the pilot combustion, about 1.5 ms
bTDC compared to about 0.4 ms bTDC at OP 3 (see
respective pressure traces in Fig. 2). However, the
pressure rise introduced by the first combustion phase is
reduced significantly and the result is a more
pronounced two stage combustion. The ignition delay of
the pilot injection is prolonged from about 1.1 ms at
OP 3 to 3 ms at OP 7. This leads to a more diluted
premixed first combustion phase, the luminosity of
which could not be detected by the high-speed camera
system with the used settings (see Fig. 4). The ignition
delay of the main injection is reduced within the same
order of magnitude compared to the single injection for
both fuels (see calculated rate of heat release, Fig. 5).
Nevertheless, the main combustion at OP 7 shows a
higher degree of premixedness, evidenced by less
intense soot radiation during the first time steps of the
main combustion (Fig. 4, at 0.26 ms aTDC and 0.40 ms
aTDC). Additionally the flame lift-off height is
significantly enlarged and the formation of quenching

zones near the wall is reduced. Generally the diesel
reference fuel exhibits a slightly higher soot luminosity
which can be explained by the higher amount of
C-atoms and content of aromatic compounds compared
to n-heptane. Nevertheless, the overall combustion
phenomenology at OP 7 is very well represented by the
single component reference fuel n-heptane as well.
From the averaged pressure histories, additionally
the RoHR was calculated for adiabatic conditions. The
resulting RoHR is summarized for all operating point
and both fuels in Fig. 5. Additionally, the trigger
timings of the injection are shown.
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Fig. 5: Rate of heat release and injection timings of all
operating points for the reference diesel fuel (top) and
n-heptane (bottom)
From the RoHR histories two stage combustion for
the operating points from OP 3 to OP 7 can be seen. For
a very late pilot injection with a delay of only 0.6 ms
(OP 2) to the start of the main injection one cannot
distinguish between the RoHR of the pilot and main
combustion. Shifting the start of the pilot injection to
3.5 ms bTDC results in an earlier start of the first
combustion stage, which is accompanied with a
decreasing RoHR. Furthermore, the duration of the pilot
combustion is prolonged, indicating a higher dilution of
the mixture, thus a leaner combustion with reduced
reaction rates. These trends are very well represented by
the surrogate fuel.
Furthermore it is obvious that the ratio of the
maximal RoHR from pilot to the main combustion is
reduced with earlier pilot timings. This effect is slightly
more apparent for n-heptane due to its higher volatility,
which leads to higher diluted mixtures than for the
diesel fuel, especially at operating points at which the
pressure and temperature are comparatively low during
pilot injection. Due to its lower boiling point a better
vaporization and mixing with the ambient air is
expected for n-heptane. As the fuel-dependent chemical
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ignition delay of the pilot injection is comparable for
both fuels, in consequence a more premixed and leaner
mixture at the start of the pilot combustion can be
assumed than for the diesel fuel. This leads to a reduced
reaction rate and less fuel conversion during the first
combustion phase for the single component surrogate,
indicated by a slightly lower RoHR (compare OP 7 in
Fig. 5).
In addition, it can be seen that the ignition delay of
the main injection is only slightly influenced by the
timing of the pilot injection. An increase in the RoHR,
indicating the start of the main combustion, is
recognized at about 0.1 ms to 0.2 ms aTDC for the
operating points OP 4 to OP 7. An earlier pilot injection
slightly increases the ignition delay of the main
combustion. This effect can be identified in Fig. 2 as
well from the pressure histories and is more pronounced
for the diesel fuel, potentially caused by the much more
cross-linked low temperature combustion kinetics of the
multi-component fuel. Nevertheless, this leads to the
conclusion that the overall gas temperature during main
injection, which is the main driving parameter for the
ignition delay, is only slightly influenced by the preinjection. Here, again n-heptane appears well suited for
modeling applications of split injection strategies at
diesel relevant conditions.

the diesel reference fuel is very well reproduced by the
single component surrogate. Slight differences can be
explained by the deviations in molecular structure and
boiling point. Nevertheless, all the trends in view of the
combustion phenomenology, pressure history and
RoHR are very well represented by the single
component surrogate. Subsequent studies focus on the
investigation of further injection strategies and the
development of a CFD model based on n-heptane to
compare experiments with simulations.
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Conclusions
In this work the effect of different pilot injection
timings under diesel engine conditions is investigated in
a modern RCM for a reference diesel fuel and a single
component surrogate, namely n-heptane. The pilot
injection timing is changed from 1.0 ms bTDC to 3.5 ms
bTDC while maintaining the main injection at
0.4 ms bTDC. Both fuels are compared for the same
operating parameters regarding pressure history,
combustion phenomenology and RoHR.
For combustion visualization the OH*-chemiluminescence as well as the visible flame luminosity are
recorded simultaneously by an intensified high-speed
camera system, comprising an image doubler. The
RoHR is calculated for an adiabatic compression and
combustion based on the pressure and piston position
history obtained from the RCM.
Utilizing pilot injection the ignition delay of the main
injection is significantly reduced for all operating
points. Very early pilot injections are accompanied with
a slight increase of the ignition delay of the main
combustion due to a longer ignition delay of the pilot
injection itself. Hence, a leaner and longer first
combustion phase with a lower RoHR occurs. The result
is a longer mixing time for the main injection. Pilot
injection timings close to the main injection result in an
instantaneous ignition of the fuel during main injection
and an unwanted sooting diffusion flame with a low
pressure rise rate and RoHR. Additionally, a reduced
flame lift-off height is observed for delayed pilot
injections.
Within this work the combustion phenomenology as
well as the pressure histories and calculated RoHR of
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