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HIGHLIGHTS

« Split injection can suppress knocking to PREMIER combustion.

« Split injection can promote normal combustion to PREMIER combustion.

« Maximum of usable thermal efficiency is extended by suppressing knocking.
« Flame kernel size and rate of growth changes the combustion mode.

« Flame kernel properties are affected by timing of second injection.
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Split injection advances or retards the progress of combustion by controlling the size and rate of growth of flame ker-
Visualization nels, depending on the timing of the second injection. The combustion progress is earlier when the pilot
Natural gas fuel delivered during the first injection autoignites during the second injection. Kernel growth and the

final size were adversely affected when the second injection was initiated after pilot fuel autoignition.
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industries, emphasizing on the need for cleaner, more economical
and reliable alternatives. Alternative fuels can solve these issues
without significant compromise [1-4]. Natural gas is one such fuel,
due to its abundance and clean combustion properties.

Natural gas is a mixture of mainly methane as the primary com-
bustible gas, with traces of hydrocarbon gases and diluents, the
fractions of which depend on the region of extraction and purifica-
tion processes. Due to its methane-rich composition, natural gas is
a clean-burning fuel and is globally becoming a more popular fuel
source. Natural gas constituted 14% of total final consumption of
world energy sources in 1973, which increased to 15.1% in 2013;
the fraction used for transportation increased from 2.7% to 6.9%
over this 40-year interval [5].

Use of natural gas in spark ignition (SI) engines and CI engines
has been researched extensively. Especially, its use in dual-fuel CI
has attracted much attention due to the high efficiency of such
engines. Dual-fuel CI engines are suitable platforms for using gas-
eous fuels with high autoignition temperatures, one of which is
natural gas. In this combustion mode, an air-gaseous fuel mixture
is ignited by the pilot fuel. By its nature, autoignition of the pilot
fuel creates a large zone of flames, the flame kernel. A profound
improvement over SI, the CI configuration eliminates smoke emis-
sion and enables lean operation by reducing the risk of misfiring;
however, increased unburned hydrocarbon (HC) and carbon
monoxide (CO) emissions remain an issue [6,7]. Fundamental
knowledge on the combustion of many gaseous fuel types, includ-
ing natural gas, under dual-fuel operation conditions has been pre-
sented by Karim et al. [6-9]. These works report that the dual fuel
operation range is limited by knocking at the higher load end and
by misfiring at the lower load end. Moreover, exhaust emissions
are a trade-off of CI versus SI processes, where soot and NO, emis-
sions are lower but CO and unburned hydrocarbon emissions are
higher than those of direct-injection CI engines. Various research-
ers have addressed these problems by explaining the effects of use
of alternative fuels as pilot fuel, pilot fuel quantity, fuel properties,
injection timing, equivalence ratio, intake pressure, temperature
and use of EGR [10-24]. Basic natural gas-diesel pilot injection dual
fuel technology is currently used in public transportation buses,
stationary engines used for power generation, and large-scale
ships.

Another common interest in dual-fuel gas engine research is to
minimise the pilot fuel injection quantity to reduce diesel fuel
dependency while the gaseous fuel is functioning as the major
energy source. In these systems, gaseous fuel is fed into the intake
air and pilot fuel serves as the source of ignition. Several research-
ers have focused on this particular application [25-30]. Common
observations in these studies include reduced exhaust emissions
and improved thermal efficiency over direct injection CI engines
[26-28]. Maximization of thermal efficiency is a common goal;
however this goal can be achieved by increasing in-cylinder pres-
sure. This high pressure is also the main reason for the increased
temperature, which yields to knocking under borderline operating
conditions [6-9,12]. This approach is especially beneficial because
the fraction of unburned methane rejected in the exhaust gases, a
phenomenon known as “methane slip,” is reduced [26-27].

Conventional approaches to the use of gaseous fuels in CI engi-
nes have strict limitations; thus, more advanced combustion
strategies are being investigated, such as Homogeneous Charge
Compression Ignition (HCCI) and Reactivity Controlled Compres-
sion Ignition (RCCI) [31-36]. HCCI relies of autoignition of in-
cylinder mixture, and is suitable for low load operation [31-33].
This strategy provides the foundation of RCCI combustion in terms
of mixture preparation and presence of autoignition to a certain
extent [34-36]. Currently these two concepts answer the need
for low to high load range operation, but can’t extend the load
range [37].

Dual-fuel operation at high loads has been researched in the lab-
oratory using dual-fuel gas engines with various fuels, including
natural gas, and micro pilot fuel injection. Under heavy load condi-
tions, two-stage combustion has been observed as a precursor to
knocking with no sign of fluctuations or rapid increase in pressure
[38-40]. The thermal efficiency of the engine shows noticeable
improvements, with zero smoke emissions. From more recent
studies, it is now understood that the end-gas region undergoes
autoignition simultaneous with flame propagation; this phe-
nomenon has been named “PREMIER” (PREmixed Mixture Ignition
in the End Gas Region) combustion [41-44]. In PREMIER combus-
tion mode, the end-gas region reaches autoignition conditions
due to pressure and temperature build-up; simultaneous heat
release from two different combustion modes causes more rapid
heat release when the engine enters the expansion cycle. While
attainable thermal efficiency in this combustion mode is superior
to normal operation, the operation range is narrow, limited to the
prior-to-knocking operating region. Currently PREMIER combus-
tion is at an early stage of research, and new strategies that can
extend its operation range are required in order to provide the tools
and methodology required for future practical applications.

In this fundamental study on PREMIER combustion, split pilot
fuel injection strategy was applied, and its feasibility as a method
to extend the operating range of PREMIER combustion mode is
assessed. Delivering the pilot fuel in two parts provided one of
the means to control the flame kernels, their size, and the heat
release from these sites.

2. Experimental set-up and data evaluation
2.1. Experimental procedure

Schematic diagrams of the performance test and visualization
experimental set-ups are shown in Fig. 1. Experiments were con-
ducted in a four-stroke, single-cylinder dual-fuel gas engine. This
test engine can also be equipped with an extended piston with
an imaging window and other auxiliary equipment for imaging.
The engine had a 96-mm bore, a 108-mm stroke, and a compres-
sion ratio of 17.0:1 during both performance tests and visualiza-
tion experiments. The engine is equipped with a shallow dish
piston during performance tests. Technical details of the engine
are listed in Table 1. Air pressure was stabilised at 101 kPa by a
compressor and a surge tank. An air heater stabilised the intake
temperature at 313K, into which natural gas was delivered
through a gas injector to prepare a homogeneous intake. This mix-
ture was ignited by the pilot fuel delivered by a diesel fuel injector,
equipped with a three-hole nozzle (hole diameter: 0.1 mm). This
nozzle is purpose built in order to achieve low injection amounts;
therefore its flowrate is restricted, making it unsuitable for 100%
diesel fuel operation at medium and high load conditions. Fuel
was pressurised by a high-pressure oil pump and sent to the injec-
tor through a common rail. The injection pressure was controlled
by adjusting the spring inside common rail relief valve. The injec-
tion signal was formed from the crank angle (0) signal obtained
each 0.5° of crank angle (°CA), top dead centre (TDC), and cam full
revolution signals. The signal duration versus injection amount
was calibrated prior to the experiments.

Cylinder pressure was measured with a KISTLER type 6052C
pressure transducer connected to a KISTLER type 5011 charge
amplifier. In this engine, knocking triggers pressure oscillations
at 6.5 kHz, 10.5 kHz and 14 kHz frequencies [41]. Digital filters
applied to pressure history are designed based on this criterion.
A 4-20 kHz band-pass filter is applied to pressure history for knock
analysis. A 6.5 kHz low-pass filter is applied in order to obtain
ROHR and performance characteristics. All performance results
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Fig. 1. Experimental setup of (a) performance experiments and (b) visualization.

Table 1
Properties of the test engine.

Bore x Stroke 96 mm x 108 mm

Compression ratio 17:1
Engine speed 1000 rpm
Intake pressure 101 kPa

Equivalence ratio 0.6
Fuel delivery 3 hole, 0.1 mm
Injection pressure 40 MPa

were obtained from the pressure history and were calculated over
four strokes; thus, the values given are net values— net indicated
mean effective pressure (Pp,;) and net thermal efficiency (n;). Oper-
ating conditions were classified as PREMIER combustion only if
more than 50% of the cycles exhibited end-gas autoignition with-
out knocking. The reason behind this will be discussed later. If
knocking was observed for at least one cycle, then that operating
condition was classified as knocking. Pressure histories and rates
of heat release (ROHRs) are presented as averages of 80 consecu-
tive cycles unless indicated as “one cycle” in relevant figures.
Knocking operations are represented by a single knocking cycle,
having the closest pressure history and ROHR characteristics to
the 80-cycle average. All engine performance characteristics
derived from the pressure history are presented as averages of 80
consecutive cycles as well. Performance tests were performed
without imaging parts, due to their fragile nature under heavy load
conditions. The engine has enough clearance to avoid spray and
piston surface interaction at given injection timings; therefore
flame kernel behaviour is expected to be similar in both perfor-
mance and visualization experiments.

Experiments are performed at 1000 rpm engine speed, 101 kPa
of intake pressure (P;,) and an equivalence ratio of 0.6. Injection

pressure is fixed at (Pjy;) for both single and split injection condi-
tions. The main fuel is natural gas, and it is supplied at a rate of
26.7 mg/cycle in performance tests. The diesel fuel injection rate
(mjp;) was 0.6 mg/cycle in both single and split injection experi-
ments, corresponding to 2% of total energy input. This was decided
based on system limitations; the minimum repeatable injection
rates were 0.3 mg/cycle with 1.5°CA injection signal duration and
0.6 mg/cycle with 2°CA injection signal duration.

In this work, injection timing refers to the timing of the injec-
tion signal. The pilot fuel injector had a delay time of between
1.5 and 2°CA from the rising edge of the injection signal to the
delivery of fuel. In single-injection experiments, injection timing
(Bin;) was varied from 6° before top dead centre (°BTDC) to 3°BTDC.
In split-fuel injection experiments, the first injection timing (6,)
was varied in the range of 6°BTDC to 3°BTDC and the second injec-
tion timing (6,) was varied from 3.5°CA after the first injection to
0, = 15°ATDC (after top dead centre). Fuel supply strategies are
tabulated in Table 2.

2.2. Visualization method

In order search for clues that can explain the results recorded
during performance experiments, the engine is equipped with an
extended piston of flat top geometry, and a sapphire window with
a diameter of 62 mm provides visual access. The difference of com-
bustion chamber geometry, lack of natural gas and difference of
combustion chamber materials is expected to alter in-cylinder
temperature and pressure; however the results of the visualization
experiments are evaluated as clues that explain the effect of sec-
ond injection timing, and it is expected that the actual sizes of cap-
tured flame kernels and the timings of occurrence will show a
certain degree of variation between two setups. The cylinder was

Table 2
List of fuel delivery strategies.
Single Split
Oinj, °BTDC  mypj, mg/cycle  mg,, mg/cycle 65, °BTDC  myy;;, mg/cycle  6,, °ATDC Mipj2, Mg/cycle  mg,, mg/cycle
Performance 6 0.6, 0.3 26.7 6 0.3 -25,-2,-1,0,1,5,10, 15 0.3 26.7
5 0.6 5 -1.5,-1,0,1,5,10, 15
4 4 -1.5,0,05,1,2,3,4,5,10, 15
3 3 05,1, 2,5,10, 15
Imaging 6 0.6 0 6 0.3 -1,0,5 0.3 0
5 5 -1,0,5
4 4 -0.5,0,0.5,5
3 3 05,1,5
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Fig. 2. Examples of background images, in-cylinder images and the first derivatives derived after background subtraction.

illuminated by metal halide lamps through visualization window
of the extended piston in order to detect the spray patterns, and
the image was reflected to the camera by a mirror. It is observed
that the reflections from the metal surfaces of extended piston
do not affect the captured image because they appear outside the
window extents. In-cylinder images were captured using a high-
speed camera at 12 kfps frame rate, which corresponds to two
frames per crank angle. The camera was synchronised with the
position of the crank through the timer hardware. The first image
of the sequence captured at 6 = 10°ATDC is used for noise removal
in background subtraction method. In addition, blue channels were
not sufficiently strong to distinguish with the naked eye and their
illumination level is similar to the noise level; thus, first derivatives
of the images are given throughout the study in order to distin-
guish blue flame structures based on their continuity at the edges
of the kernel locations. The background images, the original images
and the first derivatives after background subtraction are shown in
Fig. 2. The white circles in the processed images indicate the
boundary of the sapphire window. Additionally, the flame kernels
and fuel sprays are hard to distinguish in several images; therefore
flame kernels are indicated in yellow circles and spray locations are
indicated using small arrows.

3. Engine performance in single injection mode
3.1. Pressure history and rate of heat release

Pressure history and ROHR of normal combustion, PREMIER
combustion, and knocking operations with a single injection are
presented in Fig. 3. Both pressure history and ROHR of a single typ-
ical cycle are given for only 6i, = 6°BTDC to show the indicators of
knocking clearly. In normal combustion, autoignition of the pilot
fuel creates flame kernels. Combustion of the homogeneous gas-
eous fuel and air mixture is initiated at these kernels and propa-
gate towards the regions with unburned mixture. When the
injection timing is sufficiently advanced, heat release from the
propagating flames triggers autoignition in regions with unburned
mixture before being consumed by propagating flames. The

strength of the end-gas autoignition determines whether the cycle
is knocking or PREMIER combustion operation, which is distin-
guishable by the difference in pressure histories. If a cycle shows
a rapid pressure rise with pressure oscillations, then it is a knock-
ing cycle; knocking cycles must be avoided to minimise damage to
engine components. However, PREMIER combustion occurs as a
precursor to knocking, but the pressure rise is not as steep as in
knocking and it does not have any pressure oscillations. Unfortu-
nately, PREMIER combustion showed a very limited operating
range, occurring only at 0;,; = 5°BTDC under the given operating
conditions. Thus, the operation mode spanned from normal opera-
tion to knocking combustion when the injection timing advanced
2°CA from ij =4°BTDC to Omj = 6°BTDC.

3.2. Engine performance and operation stability

Engine performance was evaluated from the indicated mean
effective pressure and thermal efficiency. Operation stability is

8r By 1250
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Fig. 3. Typical pressure histories and rates of heat release of normal combustion,
PREMIER combustion and knocking operation.
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Fig. 4. Engine performance and operation stability with single injection.

explained using the coefficient of variation of the indicated mean
effective pressure (COV(Py,;)), given in Fig. 4. The indicated mean
effective pressure increased from P.,;=715kPa to P, = 833 kPa
and thermal efficiency improved from m;=41.7% to mn;=48.6%
when the injection timing of 6;,; = 3°BTDC was advanced to
0inj = 6°BTDC. Unfortunately, the highest values were recorded dur-
ing knocking operation. The indicated mean effective pressure and
thermal efficiency observed during PREMIER combustion operation
at 0,5 = 5°BTDC were Pp,; = 809 kPa and m; = 47.2%, which are sig-
nificant increases from P,; = 751 kPa and m; = 43.8% under normal
combustion operation at 0;,; = 4°BTDC. This improvement is likely
a result of rapid heat release due to autoignition at the end-gas
regions. Additionally, the stability of PREMIER combustion opera-
tion was superior to that of normal combustion, as shown in the
coefficient of variation of the indicated mean effective pressure
in Fig. 4(c). Using a single injection strategy, PREMIER combustion
was possible only with 8;,; = 5°BTDC.

4. Effect of split injection on engine performance and operation
range of PREMIER combustion

4.1. Pressure history, rate of heat release, and fraction of PREMIER
combustion cycles

Pressure histories and ROHRs of both single and split injection
at 6inj = 6°BTDC, Binj = 5°BTDC, einj =4°BTDC, and 6inj =3°BTDC are
given in Fig. 5(a)-(d), respectively. Due to the many number of
operating conditions, several cases resembled or masked the ones
given in these figures; thus, some data were omitted. First, these
results showed noticeable variation in the ROHR with timing of
the second injection. Operations with earlier second injection tim-
ings exhibited the most critical variation in both pressure history
and ROHR. Fig. 5(a) shows that the overall level of pressure in

0inj = 6°BTDC/2.5°BTDC split injection was lower than the pressure
in 6j,; = 6°BTDC single injection. In contrast, the overall pressure
level was higher in 6;; = 6°BTDC/1°BTDC. The second injection tim-
ing of these cases was in the vicinity of the autoignition timing of
the first sprays. Similar behaviour was observed in the 6=
4°BTDC and ;55 = 3°BTDC cases; thus, it is clear that the sprays of
the second injection and the initial stages of flame kernels interact.
Furthermore, the effects of split injection were more profound;
increased in-cylinder pressure levels were observed over a wider
range of second injection timings, as shown in Fig. 5(c) and (d).
Delaying the second injection further reduced the in-cylinder pres-
sure and yielded a more gradual heat release profile. In contrast,
the lowest incylinder pressure and ROHR were recorded with
0, = 5°ATDC during 6i,; = 5°BTDC and 6;,; = 3°BTDC experiments,
an indicator of another critical second injection timing, in which
the flame kernels and sprays of the second injection interact in
an unusual manner.

The percentages of cycles with end-gas autoignition (ai.) are
obtained from 80 cycles at each test condition, and given in
Fig. 6. This figure allows discussion of the classification of operat-
ing conditions as PREMIER versus normal combustion. Operations
may fluctuate between PREMIER and normal combustion opera-
tion due to cyclical variations when the intensity of end-gas
autoignition is weak; thus, persistence of the occurrence of end-
gas autoignition is essential. While the transition between PRE-
MIER and normal combustion has not yet been studied, 50% was
selected as a threshold value in this study. The lowest numbers
of cycles with end-gas autoignition were observed at single injec-
tion in the 6;,j = 4°BTDC and 6;,; = 3°BTDC cases, both of which had
low in-cylinder pressures. When a split injection strategy was
applied, both higher cylinder pressures and ROHR were achieved.
The higher number of PREMIER combustion cycles in the split-
injection experiments was a result of a bigger flame kernel appear-
ing at an earlier timing and allowing heat release to occur earlier.
The number of cycles with end-gas autoignition showed a sudden
drop in the vicinity of 6, = 5°ATDC, which are the lowest numbers
in their respective groups, excluding 6; = 6°BTDC cases. This sug-
gests that a certain range of second injection timing decelerates
heat release substantially and suppresses end-gas autoignition. In
fact, the lowest pressure profiles of 6; = 5°BTDC and 0, = 3°BTDC
split-injection experiments were recorded with 6, = 5°ATDC, both
of which coincided with the lowest percentage of PREMIER com-
bustion cycles.

4.2. Engine performance and operation stability

Engine performance, thermal efficiency, and operation stability
of both single and split injection operating conditions are pre-
sented in Fig. 7. First, the indicated mean effective pressure and
thermal efficiency with first injection timing (6,) of 6°BTDC show
that it is not possible to suppress knocking if the second injection
timing (0-) is earlier than TDC. The indicated mean effective pres-
sures did not show much variation until 6, = 5°ATDC; however,
deterioration was initiated when the second injection timing was
later than 0, =5°BTDC. Similar behaviour was observed with
0; = 5°BTDC, but deterioration of efficiency began earlier at
0, =TDC, reached its minimum value at 0, = 5°ATDC, and showed
a slight increase thereafter. PREMIER combustion operation was
not possible with a single injection at 6i, = 4°BTDC, but could be
promoted with a split injection with a second injection timing in
the range of 1.5°BTDC-3°ATDC, corresponding to the noticeable
increase in the indicated mean effective pressure and thermal effi-
ciency. Suppression of knocking at 6;,; = 6°BTDC and promotion of
normal combustion to PREMIER combustion at 6;,;=4°BTDC
expanded the operation range with PREMIER combustion. The
operation ranges of the engine with both single-and
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split-injection strategies are shown in Fig. 8. While PREMIER com-
bustion was not achievable under any condition at 6; = 3°BTDC,
split injection still had a positive impact on engine performance.
Maximum values of these two performance parameters were
recorded with 6, = 0.5°ATDC, after which both reached a bottom
with a second injection timing of 6, = 5°ATDC. The coefficient of
variation of the indicated mean effective pressure was smaller
when the engine output and combustion efficiency were higher.
The coefficient of variation of the indicated mean effective pressure
of 6, = 6°BTDC cases were lower than COV(P,;) = 1% during both
knocking and PREMIER combustion operation until the second

injection timing was 6, = 5°ATDC. In addition, PREMIER combus-
tion in 6; = 4°BTDC operation is in the vicinity of COV(P,;) = 2%.

4.3. Effects of split injection on combustion characteristics

To understand the effect of split injection on PREMIER combus-
tion, it is necessary to discuss the parameters that influence com-
bustion characteristics during this combustion mode. The
progression of combustion from pilot fuel injection to the end with
heat release can be explained using the ROHR and the second
derivative of the ROHR, as shown in Fig. 9 [42]. In this figure, both
curves are heavily filtered for easier explanation. After injection,
the pilot fuel autoignites at the end of the autoignition delay period
and forms flame kernels. The end of the autoignition delay is also
detectable as the first significant peak in the second derivative of
the ROHR. The duration of autoignition delay is a function of the
incylinder temperature and oxygen concentration. Although injec-
tion timing does not affect end-gas autoignition timing directly, it
affects how early the unburned mixture temperature rises. In the
next stage, flame propagation begins from these flame kernels
and spreads towards the regions with unburned mixture. Heat
release due to flame propagation reaches a detectable rate after
the pilot-fuel heat-release peak. At this stage, flame propagation
speed and flame kernel size are two important factors that influ-
ence the progress of combustion. Flame propagation speed
depends on the turbulent burning velocity under the cylinder con-
ditions, such as turbulence intensity, equivalence ratio, unburned
gas temperature, and pressure. Flame kernel size does not affect
flame propagation speed measurably; however, it determines
how early the unburned mixture is consumed. A larger flame ker-
nel ignites a larger volume, which shortens the distance that prop-
agating flames are required to cover. When heat release is
sufficiently fast to trigger end-gas autoignition, a third heat release
peak appears in the ROHR. This is the indicator of end-gas autoigni-
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tion in both PREMIER and knocking operations. All of these timings
can also be obtained from the second derivative of the ROHR.

Visualization of the effect of split injection on combustion is
shown in Fig. 10. Fig. 10(a) shows images of a single injection at
0in; = 5°BTDC. In this condition, the pilot fuel undergoes autoigni-
tion instantly and then the flame kernels begin migrating in the
injection directions. When a split-injection strategy was applied
with injection timings of 6;,; = 5°BTDC/1°BTDC, the overall growth
rate of the flame kernels became slower, as seen in Fig. 10(b). Addi-
tionally, the sizes of the kernels were smaller than those observed
with a single injection until 6 = 8°ATDC. Flame Kkernels appeared at
the same crank angle in both cases; however, both the location and
the size of these kernels differed significantly in the two cases. Ker-
nels of the single injection appeared instantly throughout the
injection zones, and their sizes did not change significantly. In con-
trast, flame kernels for 6i,; = 5°BTDC/1°BTDC were small in the ini-
tial stage and their growth continued during the next 6.5°CA.
Fig. 10(c) shows the behaviour of flame kernel growth in 6;,; = 5°-
BTDC/5°ATDC, where engine performance and thermal efficiency
showed significant deterioration. The flame kernels formed by
the first injection reached their full size at a crank angle of
2.5°ATDC and showed no significant sign of growth until 8°ATDC.
More detailed sequences displaying the same behaviour are given
in Fig. 11 for all split injection cases with second injection timings
of 6, = 5°ATDC. In these sequences, the flame kernel size was nearly
constant until 7°ATDC, followed by inward kernel growth at
7.5°ATDC and kernel growth towards the injection direction at
8°ATDC. This mechanism consumes a fraction of second injection
in the vicinity of the injector tip; therefore the second spray does
not fully support growth of the flame kernel. Both the resulting
flame kernel is smaller and its growth occurs later compared to
the rest of the cases with the same first injection timing.

4.4. Suppression of knocking with split injection

To grasp the extent of improvement that can be obtained using
a split-injection strategy, a single injection at 6;,;=6°BTDC with
Mipj = 0.3 mg/cycle injection amount was tested and the results
were compared with the results of a single injection 0;, = 6°BTDC
with mjp; = 0.6 mg/cycle injection amount and split injection in
0inj = 6°BTDC/TDC in Fig. 12. It is possible to suppress knocking in
a single-injection strategy by reducing the injection amount; how-
ever, this approach has negative impacts on engine output and
thermal efficiency. To maximise the efficiency, fast heat release is
required without triggering knocking. This goal is achieved using
a split-injection strategy, which can control the timing of end-gas
autoignition more precisely. After the first injection, the pressure
history and ROHR of 0;55 = 6°BTDC/TDC and 6;,; = 6°BTDC single
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Fig. 10. Flame kernel development at 5°ATDC: (a) 6;; = 5°BTDC single injection, (b) 6;,; = 5°BTDC/1°BTDC, and (c) 6i5; = 5°BTDC/5°ATDC.
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Fig. 11. Closeup view of inward kernel growth with second injection at 6, = 5°ATDC. (a) 6j; = 6°BTDC/5°ATDC, (b) 6j,; = 5°BTDC/5°ATDC, (c) 6;n; = 4°BTDC/5°ATDC and

(d) 6;nj = 3°BTDC/5°ATDC.

injection with mj; = 0.3 mg/cycle were similar until 6 = TDC. Due
to the second injection at 6;,; = 6°BTDC/TDC, the increases in both
in-cylinder pressure and heat release were delayed until
0 =2°ATDC. After this timing, the increases in both in-cylinder
pressure and the ROHR at 6;,; = 6°BTDC/TDC were faster than those
of 0ip; = 6°BTDC single injection with mjy; = 0.3 mg/cycle, because
higher in-cylinder pressure was achieved in the split injection after
0 =8°ATDC. This allows end-gas autoignition to occur earlier, but

not so early as to cause knocking. In fact, it was confirmed that heat
release in all split-fuel experiments at 6;,; = 6°BTDC was faster than
the heat release observed in 0;,;=6°BTDC single injection with
0.3 mg/cycle pilot fuel injection.

Kernel development with 6;,;=6°BTDC single injection with
0.6 mg/cycle pilot fuel injection and 6;,; = 6°BTDC/TDC are shown
in Fig. 13. Images taken at 6;,; = 6°BTDC single injection show that
flame kernels appeared at 1°ATDC, grew rapidly, and their depth
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Fig. 12. Comparison of pressure histories and rates of heat release of single and
split injection strategies at 0;,; = 6°BTDC single injection and 6;,; = 6°BTDC/TDC split
injection.

reached the extent of the sapphire window until 4°ATDC with a
single injection. In the image sequence of split-fuel injection, flame
kernels appeared at the same time and their sizes were comparable
to that of a single injection; however, they grew gradually at a
slower rate. These kernels cannot reach as deep as those observed
in a single injection until 6 = 8°ATDC, but they continued to grow
larger. This outcome suggests that reducing the volume of the ini-
tial kernels and decelerating their growth delayed the progress of
combustion; thus, end-gas autoignition occurred later in the cycle.
This mechanism ensures that the expansion rate of the cylinder is
sufficiently fast to counteract the pressure rise due to end-gas
autoignition.

4.5. Promotion of normal combustion to PREMIER combustion with
split injection

Normal combustion can be promoted to PREMIER combustion
by accelerating the progress of combustion by split injection
(Fig. 14). In a single injection at 0;,;=4°BTDC, the heat release
was not fast enough to trigger end-gas autoignition. The ROHR of
the flame reached a peak value of about 10°ATDC, after which it
slowed down. The behaviour of the split injection case was similar
up to a crank angle of 10°ATDC; however, the peak heat release
value of flame propagation was higher. In-cylinder pressure rises
higher due to faster heat release, which elevates temperature of
the unburned mixture. Higher temperature allows faster flame
propagation, which advances heat release further and aids the
increase of unburned gas mixture temperature. This mechanism
satisfies the required conditions for occurrence of autoignition in
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Fig. 14. Comparison of pressure histories and ROHR of single- and split-injection
strategies at 0j,j = 6°BTDC and 0;,; = 4°BTDC.

the end-gas regions. Unfortunately, this mechanism has its limita-
tions. Although split-fuel injection was applied with a first injec-
tion timing of 6; =3°BTDC, PREMIER combustion could not be
achieved.

Kernel development in 6;,;=4°BTDC single injection and
0inj = 4°BTDC/0.5°ATDC are shown in Fig. 15. The behaviour of the
flame kernels in single-injection operation was similar to that of
the 6;,=6°BTDC single injection, but the event was delayed by
2°CA. This time, the second injection was applied with a shorter
delay from the first injection. With 3.5°CA timing difference
between the first and second injections, the end of delivery of
the second injection and the appearance of flame kernels occurred
at the same time. As a result, the end of injection coincided with
the appearance of flame kernels. According to these sequences,
the first flame kernels appeared 1° of crank angle earlier with split
injection; however, this may be due to increased luminosity of the
kernels on the second sequence, which simplified their visual
detection. When the initial locations of flame kernels were com-
pared with those observed in the split-injection sequences of
Figs. 10 and 13, the kernels appeared farther from the injector tip
in 6y =4°BTDC/0.5°ATDC. These two observations indicate that
the second spray was not obstructed by the first flames in 6;,; = 4°-
BTDC/0.5°ATDC; instead, spray penetration potentially increased
the rate of kernel growth. The ROHR indicated the initiation of heat
release from the pilot fuel between 6 = TDC and 0 = 1°ATDC. Kernel
growth in the 0;,; = 4°BTDC/0.5°ATDC split-injection operation was
gradual, as was observed for 6;,; = 6°BTDC/TDC; however, the flame
kernels in 6;,=4°BTDC/0.5°ATDC grew faster. In fact, kernel
growth in the first and second sequences in Fig. 15 were compara-
ble. While kernels of the single injection grew slightly faster

Second sprays

/Second sprays

Fig. 13. Visual investigation of suppression of knocking: (a) 6;,; = 6°BTDC single injection with mj,; = 0.6 mg/cycle and (b) 0;,; = 6°BTDC/TDC split injection.
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Fig. 15. Visual investigation of promotion of normal combustion to PREMIER combustion: (a) 6;,; = 4°BTDC single injection, and (b) 6;,; = 4°BTDC/0.5°BTDC.

towards the injection direction, kernels of the split injection grew
larger. A similar observation was made for 6;,; = 3°BTDC; however,
normal combustion could not be upgraded to PREMIER combustion
under this operating condition. Instead, engine performance and
operation stability improved significantly.

5. Conclusions

In this work, split pilot fuel injection strategy was used in a
dual-fuel gas engine in the vicinity of the normal combustion/PRE-
MIER combustion/knocking operation transition to assess the pos-
sibility of expanding the operation range of PREMIER combustion.
The following conclusions can be made.

(1) Split pilot fuel injection can be used to suppress knocking to
obtain PREMIER combustion by delaying the growth of flame
kernels and reducing their size. This increases the time
required for propagating flames to consume unburned gas-
eous fuel and air mixture, and retards the overall progress
of combustion. The maxima of feasible engine output and
thermal efficiency are extended when knocking is sup-
pressed and PREMIER combustion is achieved. The maxi-
mum values were similar to those observed during
knocking operation.

(2) Split pilot fuel injection can be used to promote normal com-
bustion to PREMIER combustion by widening flame kernels
and accelerating their rate of growth. As a result, a larger
volume of gaseous fuel and air mixture is consumed earlier,
which increases the unburned mixture pressure and tem-
perature faster and earlier. Split injection significantly
improves indicated mean effective pressure and thermal
efficiency by converting normal combustion to PREMIER
combustion. Additionally, it increases the probability of the
occurrence of end-gas autoignition when a certain normal
combustion operating condition is a precursor to PREMIER
combustion.

(3) The range of operating conditions that can be converted to
PREMIER combustion by split fuel injection is limited. Heavy
knocking or normal combustion with low engine output
cannot be converted to PREMIER combustion.

(4) When the end of delivery of the second injection coincides
with the appearance of flame kernels, spray penetration sup-
ports flame kernel development by increasing both the sizes
and growth speeds. When second injection starts before full
development of flame kernels, the sprays and kernel initia-
tion zones interact and produce larger flame kernels than
is achievable with single injection. When the flame kernels
are partially grown during injection, the final size and

growth rate of the flame kernels are affected adversely.
When the second injection occurs after full growth of the
flame kernels formed by the first injection, a fraction of the
second spray is consumed in the vicinity of the injector
and the kernels grow towards the injector. Consequently,
final size of flame kernels is restricted, and their growth is
slower, and the fraction consumed around the injector does
not provide any input to propagating flames.

(5) The metal engine is expected to have a higher in-cylinder
temperature, which changes both spray characteristics and
the ignition delay of pilot fuel. This situation dictates that
the actual timings and sizes of the flame kernels will possi-
bly differ between two setups, which may raise questions on
whether these two cases should be compared directly. On
the other hand, the observations made in visualization
experiments are in agreement with the performance charac-
teristics obtained in the metal engine. This observation sug-
gests that, the conclusions drawn in visualization
experiments can be used for explaining the variations in
engine output by estimating the flame kernel behaviour in
the metal engine.
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