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ARTICLE INFO ABSTRACT
Keywords: In modern compression ignition engines, complex fuel injection strategies are adopted in order to enable a clean
Hydraulic characterization and efficient combustion process and an effective combustion noise control algorithm. Multi-injection strategies

Split injection

) o inject fuel into the combustion chamber several times (e.g. pilot, main, and post injections) during each com-
Second-generation common rail injector

bustion cycle, while split-injection approach further divides the main injection into different shots, with very
short dwell time. Split injection may help to enhance air entrainment into the spray core where the fuel droplets
are highly dense and mixing quality is poor. These advanced injection techniques lead to complex hydraulic
behaviors including injection instability and eventually affecting fuel metering accuracy, hence detailed in-
vestigations are required. Understanding hydraulic characteristics especially during peculiar events like start/
end of injection and accurately quantifying the actual injection volume, injection rate, and pressure variations in
different locations of the injection system in each single activation of a complex strategy are key targets. In this
work, the hydraulic behavior of a second generation common-rail solenoid injector operating under split-
injection strategy has been experimentally investigated in terms of injection rate and injected volume. An
extensive experiment has been conducted in this study using a state-of-the-art injection system operating on a
hydraulic test bench equipped with a Zeuch-method type injection analyzer. It is found that although the
standard of deviation of injection rates and injected volume is quite small for isolated injection events, the shot-
to-shot deviation for split-injection mode can be significantly higher depending mainly on dwell time, fuel
quantity ratio between the two shots and injection pressure level, as an effect of both pressure perturbations in
the feeding line and in the injector caused by close actuations, eventually joined to inertial phenomena of the
injector needle. The present paper reports an analysis methodology for the quantitative evaluation of systematic
inter-cycle deviations, in the effort towards a deeper exploitation of the potential benefits offered by advanced
injection strategies.

to high frequency of the injector, the equivalent sound speed pressure
wave in the fuel system during the injection, and the randomness of the
injection process [3]. For example, quantifying the actual hydraulic start
of injection (SOI) could be done by using energizing pulse, fuel rail
pressure, and injector needle lift. Common methods used in the litera-
ture are to adopt one of those signals. However, the evidences repre-
senting the SOI event could be different from one signal to the others.
This is due to hydraulic, mechanical, and electric lags in the injection
system. The time lags make the injection timings, obtained from
different signals throughout the current literature, inconsistent. Hy-
draulic characteristics are also affected by a number of boundary con-
ditions such as pressure-time history upstream of the injector nozzle,

1. Introduction

Hydraulic characteristics including injection instability in the fuel
system of internal combustion engines correlate well with important
injection parameters; therefore, it is critically important to characterize
the hydraulic behaviors to (i) control the injection process, especially
advanced injection technique including multi-injection and split injec-
tion, (ii) to ensure fuel supply into a cylinder in a right time and right
amount, (iii) improve air/fuel mixing and combustion efficiency, and
(iv) decrease engine noise and exhaust emission [1,2]. However,
quantifying the hydraulic system’s parameters is always challenging due
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Nomenclatures

Abbreviations Definitions

ET Energizing time

DT Dwell time

IR Injection rate

P Pressure

Prail Nominal rail pressure

Prailpipe  Actual pressure in the common rail
Ppipe Pressure in the high-pressure line
Ppipered  Pipe pressure reduction

Punder Under-recovering pipe pressure
PCV Pressure control valve

SCV Suction control valve

SOE Start of energizing

SOl Start of injection

EOI End of injection

SON Start of needle lifting
NOD Nozzle opening delay
NCD Nozzle closing delay

back pressure, and fluid and injector temperature [4]. Quantifying the
time lags and hydraulic behavior is very complex and requires a
state-of-the-art technique. In the injection process, inter-cycle instability
and system deviations simultaneously occur. With the advent of com-
mon rail injection systems and modern injection strategies like
multi-injection and split injection, further difficulties are added to this
issue. Different from multi-injection strategy in which fuel supply in one
engine cycle is divided into pilot, main, and post injections, the split
injection strategy investigated in this work splits the main injection into
two shots. Dwell times (DT), defined as the time between the ending of
one shot and the starting of the next, in the split injection mode is much
shorter, while injection ratio is bigger compared to those in
multi-injection mode. Under short DT and big injection ratio, hydraulic
characteristics, including inter-cycle variations of split injection, are not
fully investigated. Adequately detailed studies on the hydraulic char-
acteristics, especially inter-cycle variations of common rail injection
systems operating with modern injection strategies, are relatively scarce
in literature, particularly for second-generation common rail injection
systems. The current work will provide insights into the hydraulic be-
haviors of a common rail injection system operating under split injection
strategy, including inter-cycle variability. Further details about
multi-injection and split injection strategies will be provided lateron in
this section. This work investigates (i) special events (e.g., start/end of
energizing pulse, nozzle opening and closing, and start/end of fuel in-
jection) that occur during the injection process; (ii) the characteristics of
energizing pulse, injection rate, and pipe and rail pressure under solo
and split injection strategies; and (iii) inter-cycle injection variability.
Simultaneously measuring energizing pulse, injection rate, and pipe and
rail pressure using a state-of-the-art, carefully set up and calibrated
experiment system (see Section 2) allows to identify and correlate
important events and features representing the hydraulic behaviors of a
modern injection system operating under an advanced injection
strategy.

Traditional injection methods only supply fuel once for each engine
cycle. Conversely, multi-injection and split injection strategies inject
fuel several times for each cycle. Multi-injection modes include pilot
injections (one or more time), main injection, and post injections (one or
more times). According to the authors’ knowledge, the slit-injection
strategy has no clear official definition. However, to differentiate
multi-injection strategy from a split injection one, it can be understood
that the fraction of fuel amount supplied in the pilot period or the late
period to the main one does not exceed 15% [5,6]; otherwise it belongs
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to the split injection approach. In the split injection mode investigated in
this study, the main injection is divided into different shots [7], and the
volume fraction of fuel injected between the two shots is called injection
ratio. DT is defined as the time from the ending of one shot to the starting
of the next one. Split injection is found to be a good approach to decrease
exhaust emission [8] and engine noise [9] and to improve combustion
quality and engine efficiency [9,10]. The advantages mentioned above
depend on injection ratio, DT, and engine operating conditions. In the
split injection strategy, the influence of one shot on the next one is
particularly significant for second-generation CR systems when
advanced injection strategies requiring very short DTs are adopted.
Certain deviations exist in the hydraulic characteristics in CR injection
systems due to several physical behaviors in the systems. The main
contributors to these deviations are pressure waves that developed in the
rail, pipes, and injector body. The pressure waves created due to (i)
injector needle opening and closing and (ii) PCV and SCV valves’ acti-
vations to maintain the rail pressure and the wave developed will
transfer within high-pressure pipes and rail. Those deviations should
carefully be investigated to improve the quality of the fuel injection
process. When adopting multi-injection and split injection strategies, the
oscillation of the fuel pipe pressure created by the first shot significantly
affects the hydraulic characteristics of the second shot. This leads to
variations in the injection rate (IR) and total injection amount of the
second shot when operating under different parameters such as DT,
injection duration, injection ratio, and pressure. Carefully evaluating
those variations can help to supply fuel in a right time and in a right
amount, which in turn helps to improve fuel economy and decrease
exhaust emission. Furthermore, the variations may significantly affect
the quality of mixing, combustion, and engine performance. For
example, the interactions between the latter injection with combustion
products from the prior one and other parameters including ignition
delays, ignition locations, and flame liftoff lengths could significantly be
affected [11]. Understanding the hydraulic characteristics like pressure
drop in the fuel pipe may also help to diagnose technical issues of the
injection system [12].

Developing an injection system requires to address a number of
complex issues, including (i) fuel metering accuracy (e.g., injection time
and amount) and fuel IR [4] and (ii) determining suitable injection
strategy for different engine operating conditions. A suitable injection
strategy helps to improve atomization and mixing quality, leading to
better combustion quality and lower exhaust pollution [13,14]. For
example, split injection may help to reduce spray penetration and the
wall wetting. One of the biggest issues associated with fuel-air mixing is
the limitation of air entrance into the spray core where atomization may
still be developing and fuel droplet density is high [14,15]. This poor
oxygen entrance in the dense spray zone impairs the mixing quality in
the spray core and the combustion quality. Split injection divides the
main injection into several shots, and it can help to decrease the fuel
particle density in the core to improve the mixing quality [10,16,17].

A work done in Ref. [18] investigates the influence of thermal con-
ditions (fuel and injector body temperature) on hydraulic behaviors of a
common rail injector operating with multi-injection strategy (solo-main,
pilot-main, and main-post injection). A strong correlation was observed
between thermal conditions and hydraulic behavior especially at the
end of injection. In Ref. [19,31], DT and energizing time were found to
have significant influence on the injection volume. Investigations into
hydraulic behaviors of second-generation common rail injection systems
operating with split injection strategies are quite scarce in the literature.

This current study deeply investigates special events representing
hydraulic characteristics of a diesel common rail injection system such
as start of energizing time, start of nozzle opening, SOI, and end of in-
jection in a wide range of operating conditions (e.g., IR, ETs, and DTs)
and inter-cycle injection variabilities. Different signals, including cur-
rent pulse, IR, pipe pressure, coefficient of variations, and deviations of
IRs when operating with solo/single injection and split injection modes,
will simultaneously be measured and investigated. Here, split injection



V.H. Nguyen et al.

is limited to double injection modes in which the main injection is
divided into two consecutive shots and the influence of the first shot on
the second shot is examined. This investigation may provide useful in-
formation on the time lags and hydraulic behaviors related to the in-
jection events. This may help to provide further knowledge on the
injection inter-cycle instability and to accurately control the injection
timing and quantity when using split injection strategy in order to
improve fuel economy and engine efficiency and decrease exhaust
emission. This may also provide a good database to develop diagnosis
tools using energizing pulse, pipe, and rail pressure signals.

2. Experiment setup

The injector used in this study is Bosch CRI2.2, a second-generation
solenoid injector. It is an 8 x 0.144-mm hole injector and can work with
injection pressure of up to 1600 bar. This injector is used in Hyundai 2.5
TCI-A engines typically equipped in medium-duty pickup vans. The
hydraulic characteristics of this injector operating under solo/single
injection and split injection modes are experimentally investigated
thanks to a special testing system called UniPg STS (UniPG Injection
Analyzer Shot-to-Shot) developed earlier at Spray Laboratory — Perugia
University [20]. Based on the Zeuch approach, this system allows to
simultaneously monitor current pulse, injection rate, rail pressure, and
pipe pressure under traditional injection and modern injection strategies
[20]. These modes are set up to be relevant with injection conditions
adopted in practical engines. From these useful characteristics, impor-
tant events, such as start of nozzle opening (SON), SOI, end of injection
(EOD), and opening and closing delay times, will be quantified.

The UniPg STS system consists of one high-pressure pump and one
fuel rail with four high-pressure pipes to connect with four injectors,
respectively. The system allows to test 1-4 injectors at the same time. In
this study, only one injector is tested, and three holes connecting the
pipes with a measuring chamber are simply blocked. The high-pressure
pump is a DENSO model (HP3) driven by a DC motor. The rail is a
practical rail in a four-cylinder common rail engine and includes a
pressure transducer located in one end and a controlling pressure control
valve (PCV) located in the other end. The high-pressure pump is
equipped with a suction control valve (SCV). The management system
will use the rail pressure signal to control the PCV and SCV so that the
rail pressure can be managed according to each operating condition.
This is similar to the practical system in common rail engines.

To measure the pipe pressure, a Kistler 4067A3000 piezoelectric
transducer is located in the pipe before the injector. The injector is
operated directly into an IR measuring chamber. In this chamber, a high-
response Kistler transducer (4075A100) and its amplifier are used to
monitor the chamber pressure. The chamber is fully filled with diesel,
which is the fuel tested in this study and initially compressed at 40 bars.
This pressure is relevant to the pressure condition at the time of injection
in practical common rail engines. After each injection, the additional
amount of fuel forced by the injector in the measuring chamber is
released using a fast-response release valve so that the pressure in the
chamber will quickly be readjusted back to 40 bar as an initial condition.
The pressure variation in the chamber during the injection process is
used to compute the IR. The released fuel amount is measured by a mass
flow meter (Coriolis-type, Siemens Mass Flow 2100) so that the total
amount of fuel injected is quantified. Energizing pulse is applied to the
injector through the management system, and this signal will be recor-
ded using a current probe TA-189. This system is controlled by a self-
developed software established in LabVIEW environment. More details
about this system can be found in Ref. [20].

High-pressure pipes are used to connect the common rail and in-
jectors. In this study, the high-pressure pipes are simply called pipes.
This study examines only one injector although the system allows testing
up to four injectors at the same time as previously mentioned. During the
injection, both rail pressure and pipe pressure are variable. However,
variations in the pipe are much bigger and easier to notice due to the
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pipes’ much smaller size compared to that of the rail and shorter delay
time from the injector nozzle. Thanks to the noticeable variations in the
pipe pressure during the injection, the pipe pressure signal could be
more directly represent the hydraulic behaviors related to the injection
events. In this work, two pressure transducers are used to measure both
pressure in the common rail and pressure in the pipe. One transducer is
located at one end of the common rail, while the other is located in the
pipe, just before the injector. The rail pressure variations are also due to
the high-pressure pump and PCV. Combinations of these two pressure
signals could be useful in describing the hydraulic behaviors in the
system. In this study, prai, also known as injection pressure, is the
nominal pressure in the common rail. prailpipe is the actual pressure in the
common rail and measured using transducer #2 shown in Fig. 1 ppipe is
the pressure in the high-pressure line and measured by pressure trans-
ducer #3 shown in Fig. 1. The nominal pressure, praj, is the pressure
controlled by the ECU, and this nominal value is constant for each
operating condition. The actual pressure in the common rail, praipipe, i5
variable, and this is due to the injection events and the pressure fluc-
tuations/oscillations in the common rail.

Fig. 2 shows a cross-sectional view, including important dimensions
such as the length and diameter of the pipeline and the dead volume, of
the CRI2.2 injector tested in this study. The figure also shows the loca-
tion of transducer #3 measuring the pipe pressure, ppipe. The flowing
distances from the transducer #3 to the controlling chamber and the
injector nozzle are 170 and 330 mm, respectively. The flowing distance
from the transducer to the common rail (not shown in this figure) is 420
mm [18]. Assuming 1500 m/s as reference speed of sound considering
the transducers’ positions [3], the wave transmission times from the
nozzle and the controlling chamber to the pipe pressure transducer #3
are 0.22 ms and 0.113 ms, respectively. Similarly, the wave transmission
times from the nozzle and the controlling chamber to the common rail
pressure transducer #2 are 0.41 and 0.51 ms, respectively.

3. Investigating conditions

In this study, hydraulic behaviors of a second-generation common
rail solenoid injector introduced in Section 2 operating under single and
split injection modes will be investigated. Here, split injection is limited
to double shot injection, and the single modes are called solo injection.
Events that happen in the first and second shots and the influence of the
first shot to the next will be explored. In the solo injection mode, a wide
range of energizing time (ET) from 0.3 to 2.0 ms is investigated; there-
fore, the injector is partly or fully opened. A wide range of rail pressure
from 600 to 1400 bar is also tested. Fig. 3 shows the testing points used
for the split injection mode investigated in this work. The rail pressure
tested in double injection mode is equivalent to the solo mode, and the
DT varies between 0.2 and 2 ms, as shown in Fig. 3. For the split in-
jection mode, three nominal injection ratios (30/70, 50/50, and 70/30
by volume, respectively) between two shots are investigated.

To operate the system under split injection modes, it is critically
important to determine the actual injection rates for the first and second
shots. The actual rates are affected by ETs and injection ratios and the
influence pressure oscillation created by the first shot on the second
shot. Firstly, correlations between the total fuel injection volume and ET
in the solo injection mode are developed. Based on these data, the first
and the second energizing time (ET; and ET5, respectively) of the double
shot mode will be estimated according to the nominal volume ratios of
30/70, 50/50, or 70/30. The estimations are done without accounting
for the influence of the first shot on the second shot, and this explains
why the ratios are called “nominal”. The hydraulic characteristics (e.g.,
differences between volume measured and the nominal amount, the
trends in pressure drop and pressure recovered in the fuel rail) observed
from the tests indicate the influence of the first shot on the second shot in
the split injection strategy.
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Fig. 1. Experimental setup.

4. Results and discussion
4.1. Solo injection

To improve the measuring uncertainty and to eliminate the random
characteristic, studying the injection process requires a number of
consecutive injections. In this study, 400 consecutive injections will be
recorded. The first 100 injections need to stabilize the hydraulic system,
while the following 300 consecutive injections are recorded to examine
the hydraulic characteristics. This is applied for both single and split
injection modes.

It is critically important to note that two types of instabilities exist in
the injection systems: (i) inter-cycle instability due to the random nature
characteristics and (ii) deviations in the course of subsequent injections
from the ideal conditions for a single injection, which are systematic.
These types of instabilities are difficult to be exactly separated because
they simultaneously occur. It is also very challenging to set up ideal
conditions for an injection mode to examine the injection deviations due

to the randomness of injection process. In this work, the inter-cycle
instability has been evaluated using the COV, while the deviations are
examined through SD of IRs. The COV values of pressure, injection rate,
and energizing pulse of 300 shots have been investigated. The COV
values of those parameters are computed similarly to the COV of IMEP
reported in Ref. [21]. Another approach that is normally adopted in the
literature to quantify system uncertainty is to use the sum of square roots
of uncertainties of main items in the experiment system. Although this is
not quantified here, the SDs of fuel volume through 300 shots also
include the system characteristics.

Fig. 4a shows an example of IR signals recorded in 300 consecutive
injections as mentioned above, and this is for a solo injection mode
under prajj = 1000 bar and ET = 1 ms. It is clearly shown that the
maximum difference in the injection process is observed when the IR is
highest during the injection process, which is approximately 2 mm?3/ms
(see the enlarged window shown in Fig. 4a). As shown in Fig. 4, at the
end of the fuel injection process, IR suddenly downs to zero (about 2 ms
after the ET starts) and then fluctuates around this value. This
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Fig. 2. Schematic sketch of the CRI2.2 injector.

fluctuation is due to the pressure oscillations in the measuring chamber.
This is in agreement with Postrioti et al.‘s work [20]. This example
shows a confidence to use averaged values from 300 consecutive cycles
to analyze the hydraulic characteristics of the injector, and the averaged
values will be used throughout this work.

Fig. 4b shows the SD of injection rates of 300 shots under single
injection strategy. It shows that the deviation among those 300 shots is
quite small. Under py,;1 = 1000 bar and ET = 1 ms, SD of the injection
rates is 0.087 mm?>/shot, which corresponds to 0.13%. Fig. 4c shows
COV values of injection rates under various rail pressure and ET con-
ditions. It is clear that the rail pressure has a minimal effect on the COV,
while the influence of ET on the inter-cycle variation is significant.
Longer ET leads to better stability. This is expected as the periods of
needle lifting, maintaining, and closing are longer to stabilize the in-
jection process. It is interesting to note that the COV of injection rates
observed here corresponds with the COV of IMEP of diesel engines under
table operating conditions. The COV of injection rates shown in Fig. 4¢
are between 0.5% and 2%. Heywood [21] reported that the stability
limit for compression ignition engines is reached when the COV of IMEP
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value exceeds 2%. This implies that the inter-cycle variation of the in-
jection system might be the main contribution to the diesel engine
cycle-to-cycle variations.

Fig. 5 shows four different signals (energizing pulse, IR, ppipe, and
Prailpipes Tespectively) representing hydraulic characteristics observed
for solo injection modes under pr,j = 1000 bar and ET = 1 ms. From
Fig. 5, special events, including start of energizing (SOE), SON, SOI, and
EOI, are isolated using those signals. These events were introduced
earlier in Refs. [2,20,22-25]. Further investigations will be provided
here. Special events, including SOE, SON, SOI, and EQOI, are noted in the
IR curve in Fig. 5 as the points indicated by numbers inside circles, @,
®, ® and @, respectively. Point @ (SOE, t = 0 ms) is identified as the
start of the driving current profile from the current probe. Point @, SON,
is characterized as the point where IR becomes negative after SOE. Point
®, SOI, corresponds with the time IR that becomes zero again from
point @. When the nozzle opens (SON), it acts as a piston. When the
nozzle moves up rapidly, a small volume of fuel is quickly “pumped”
back to the injector, which leads to the pressure drop in the measuring
chamber, resulting in negative IR as mentioned above. It is noted that
the negative IR behavior was previously reported in some references
related to Bosch and Zeuch measuring approaches [20,26-29]. The fuel
from the high-pressure rail quickly stops the drop and SOI ® occurs
when the IR is positive as noted above. The duration showing negative
IR is only about 0.13 ms as observed in this study. IR increases quickly,
reaches maximum value for a while, and then drops quickly when the
nozzle closes. Point ®, EO], is noted when IR becomes zero again on the
right side, as shown in Fig. 5. After point ®, IR is fluctuating, as
mentioned above.

In the pipe and rail pressure signals, SOE could be noted as points
and @, respectively. Points @ and @ are characterized by small peaks in
those signals, as shown in Fig. 5. This could be attributable to the pilot
stage opening. Here, it is noted that the time shown in Fig. 5 is a
reference for energizing, where ET starts from O ms. In the starting
event, the electromagnetic disturbance created by the Vyo05 may initiate
the ball in hole A (see Fig. 2), which may lead to the spikes observed in
Prail and ppipe corresponding to points () and (), respectively. However,
these spikes are quite small and require further investigation. SOI is also
quite easily noted in rail and pipe pressure signals where the pressure is
suddenly dropped, and an observable change is observed in the slope
noted as points @ and 3” indicated in Fig. 5. Delay times between events
isolated using current pulse, pipe, and rail pressure (e.g., ®, @, and @)
are due to hydraulic, electronic, and mechanical delays [2,20,30].

SOl leads to significant drops in both rail and pipe pressure; however,
pressure drop is observed prior to SOI. When electric pulse is applied to
the injector, it acts for the solenoid valve to open hole A. This leads to
pressure reduction in the controlling chamber and as such pressure
drops in both pipe and rail prior to SOL At this point, although hole A
has been opened, pressure in the controlling chamber is still high enough
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Fig. 3. Testing points used for the split injection modes.
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Fig. 5. IR, Prailpipe, and Ppipe under py,j; = 1000 bar, and ET = 1 ms
to prevent the nozzle to be lifted up. Therefore, a slight reduction of the numbers inside circles (e.g., @, @, ®, @, and so on) can be easily
rail pressure is observed although injection at this point has not started determined. However, the points located inside the square are estimated
yet. using their corresponding points that can easily be determined. The
Delays due to pressure wave transmission in the pipe and rail can be arrows shown in Fig. 5 imply this approach (e.g., points 4 and 4” can be
observed in Fig. 5. It is important to note that the points indicated by located using @). From SOI, the pressure wave transmission from the
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injector to the pipe pressure transducer (item #3 as shown in Fig. 1) is
about 0.22 ms, and that to the rail transducer (#2 as shown in Fig. 1) is
0.51 ms approximately. Using these delay times, EOI could be noted in
the pipe and rail pressure signals (see points 4’ and 4”). It is clear that
points 4’ and 4” are quite difficult to be exactly isolated although point
4’ is quite close to the location where the pipe pressure reaches
maximum.

By investigating the ppipe curves under three energizing conditions
(ET = 0.3 ms, 1.0 ms, and 1.2 ms, respectively), Fig. 6 shows the in-
fluence of energizing time on the hydraulic characteristics of the pipe
pressure signals. It is shown that ET does not affect the first periods of
the injection process (see points () to @). The delay from @ to @ is
around 0.27 ms with a pressure reduction of about 2-3% from the pipe
pressure at point () regardless of the ET conditions tested here. A small
difference between those signals in the first periods for different ET
conditions is attributable to the oscillations of the pipe pressure created
by RPCV and PCV. These valves work to maintain the rail pressure under
different circumstances. Thanks to these valves, the pressure in the rail
and therefore in the pipe is oscillating.

It is also shown that increasing ET leads to a bigger pipe pressure
reduction (ppipered).- However, up to a certain ET when the needle rea-
ches its maximum stroke, the reduction remains the same (e.g., it fluc-
tuates around 180-190 bar as shown in Fig. 6 when operating under ET
=1 msand 1.2 ms). Fig. 7 now plots the pressure drop determined by the
injection event, here called ppipered, Observed for ET = 1 ms and
different pry conditions (from 600 to 1600 bar). It is clear that the
higher rail pressure, the bigger the pressure reduction, ppipered, because
the same ET at higher p,j determines larger injected quantity and thus
bigger pressure drop.

Another phenomenon that can be observed in Fig. 7 is the under-
recovering pressure. After the pressure reduction, in the nozzle closing
up stroke, the pipe pressure is recovered and reaches a value that is
lower than the nominal common rail pressure, py,j. The difference be-
tween the maximum value and pyqj is now called pypder, Which is equal
to the maximum value of p;,j (at the EOI) minus the nominal pressure.
In some cases at low praj) (€.8., Prail = 600 bar, as noted in Fig. 7), the rail
pressure could be more than recovered, and as such, pynder is positive.
This will be further explored later in Fig. 8b. As generally seen from
Fig. 7, higher prai leads to bigger pynder- This is understandable as a
smaller reduction helps to recover the pressure easier.

Fig. 8 shows ppipered (Fig. 8a) and punder (Fig. 8b) as a function of
Prail- As clearly shown in Fig. 8a, increasing ET increases Ppipered- Fig. 82
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also shows that higher p;aj) leads to bigger ppipered. Here, it is noted that
PpipeRed 1S almost linear with pr,;. It is interesting for the whole rail
pressure range investigated here that the reductions observed for these
pressure conditions are approximately 20% of py,j. Fig. 8b shows that
increasing ET generally leads to a reduction in pypger- Generally, praj has
some influences on the recovering process; however, these influences
are quite difficult to quantify since there exist different hydraulic pro-
cesses simultaneously occurring in the injection process, such as work-
ing process of PRCV and PCV as mentioned earlier. Fig. 8b also shows
that under low p,; and/or short ET, the rail pressure could be over-
recovered, the maximum rail pressure at the end of recovering process
is bigger than the nominal pressure, and pypder is positive as briefly
mentioned above. Moreover, when ET is shorter than 0.6 ms, pynder iS
positive. This is also true when ET = 0.8 ms with py,; = 1000 bar or
lower.

4.2. Split injection

To investigate the hydraulic characteristics when the injector is
operating under split injection mode, Fig. 9 shows an example of current
pulse, IR, and ppipe signals under p; = 1000 bar, DT = 1200 ms
(duration from the end of the first energizing pulse to the start of the
second energizing pulse), and ET; = ET, = 0.6 ms. Here, it is noted thata
solo injection mode was investigated under ET = 0.6 ms earlier, and this
is a good database to compare the first shot of the double shot mode
investigated in this section. In this study, it is observed that the IR and
Ppipe Signals obtained from the first shot of the split injection mode are
almost identical with the single injection mode with ET = 0.6 ms
described earlier.

Similarly to the special events described for single injection mode
presented earlier, the events that happen in the split injection mode are
double compared to those in the single shot modes. Events such as SOE
(®), SOI (@), and EOI (®) of the first shot are described here similarly
to that in the single shot modes. The corresponding events that happen
in the second shot will be described here as Roman numerals @, @, and
@ for SOE, SOI, and EOI, respectively, as shown in Fig. 9. Those special
events are also described in the pipe pressure curve. In this curve, points
@ and @ can be isolated directly using the peak in the beginning period
and the change in the slope as discussed earlier in the single injection
mode. Other events are determined using the time period obtained in the
IR curve.

Fig. 9 shows significant differences in both IR and pipe pressure
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Fig. 6. ppipe of solo injection modes under p.,;; = 1000 bar, three ET conditions (0.3, 1.0, and 1.2 ms, respectively).
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observed for the two shots, although ET; and ET investigated here are
similar. As ET; = ET,, the differences indicate the influence of the first
shot on the second one in this split injection mode. The influence is
mainly due to the pressure wave oscillation in the first shot (as
mentioned in the single injection mode). The influence on IR and pp;pe of
the first and second shots in the split injection mode is clearly observed
in Fig. 9. This influence varies with DT, the injection ratio between these
two shots, and rail pressure. This is investigated in the following
sections.

To investigate the influence of DT on IR and ppipe, Fig. 10 shows IR
and ppipe curves under prj = 1000 bar, ET; = ET; = 0.6 ms, and DT

varying from 0.2 to 1.8 ms. For comparison purposes, IR and ppipe of the
solo injection mode under ET = 0.6 ms are also provided. Information of
the solo injection mode is also helpful to investigate the influence of the
first shot to the second one in the split injection mode. As shown in
Fig. 10, IR and pressure curves of the first shot are almost identical to
those of the solo injection mode. Qualitatively, as can be seen from
Fig. 10, the maximum IR and minimum pp;pe of the second shot signif-
icantly vary with DT (see arrows shown in Fig. 10). It shows that DT and
the pipe pressure oscillation after the first shot have significant effects
on IR of the second shot. The trend of maximum IR during the second
shot (see arrows at the top of IR curves during the second shot) is also
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Fig. 9. a. IR and ppp. of split injection modes under pr,; = 1000 bar, ET; = ET; = 0.6 ms, DT = 1200 ms; b. standard deviations of injection rates of split injection
mode (50/50, praii = 1000 bar, DT = 1200 ms); c. coefficient of variation (COV) of injection rates of split injection mode (injection ratio: 50/50) under various DT and

rail pressure.

identical to the trend of the minimum pipe pressure during the second
shot (see two arrows at the bottom of the pipe pressure curves during the
second shot).

Fig. 10 also shows the start of injection of the second shot, SOI; (see
the small black circles in ppipe curves in Fig. 10). It is interesting that
SOl pointing under different DT is almost following the trend of pres-
sure curve of the solo injection mode with ET = 0.6 ms (see the dashed
black curve with the red indicated arrow).

Similar investigations for standard deviation and COV of IRs for
single injection modes reported in Fig. 4, SD and COV of IRs are shown in
Fig. 9b and c, respectively, for split injection modes. Fig. 9b shows an
example of SD of the second shot for injection ratio of 50/50, pri =
1000 bar, and DT = 1200 ms. It gives an SD of 0.1806 mm3/shot, which

corresponds to 0.6%. Fig. 9c shows COV of IRs of split injection modes
under various rail pressure and DT conditions. It shows that COV fluc-
tuates between 0.6% and 1.6%, which is also identical with the COV of
IMEP of diesel engines as discussed earlier. DT has a slight effect on
COV, that is, longer DT leads to smaller COV, as shown in Fig. 9c.
From the literature, it is noted that for multi-injection modes having
a solo-main injection, pilot injection has a little effect on the main in-
jection, while the main injection significantly affects the post injections.
However, this current work aims to investigate split injection, where the
main injection is divided into two shots under small DT as mentioned
earlier. In the split injection modes, the first shot may be in the position
of the pilot injection in multi-injection modes, while the second shot
may correspond to the post injection in multi-injection strategies.
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Fig. 10. IR and ppipe under ET; = ET, = 0.6 ms, praji = 1000 bar and varying DT.

However, in the split injection, the amount of fuel injected in each event
is much bigger than a typical pilot or post event. Furthermore, in the
split injection mode, DT is much shorter, so the influence of the first shot
to the second could be more significant. The influence of the first shot to
the second one in two cases, injection ratios 30/70 and 70/30, respec-
tively, is now investigated, as this may show similar issues with the
influence of pilot injection to the main and the main to the post.

Fig. 11a and b shows the IR curves of split injection under injection

3
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ratios of 30/70 (Fig. 11a) and 70/30 (Fig. 11b) and various DT. It
generally shows that DT has significant effects on the IR, that is, longer
DT leads to smaller effects. In the case of injection ratio of 70/30
(Fig. 11b), the influence of the first shot to the second one is more sig-
nificant. This is in good agreement with the influence of the main in-
jection on the post injection in multi-injection modes. Variations in the
IRs of the second shot under the injection ratio of 30/70 is about 6 mm®>/
ms (approximately 10.3%), while this value is 16 mm?>/ms
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Fig. 11. IR (11a and 11b) and pyipe (11c and 11d) of split injection modes under p,;; = 1000 bar, injection ratio of 30/70 (11a and 11c) and 70/30 (11b and 11d).
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(approximately 28%) under the injection ratio of 70/30.

Fig. 11c and d shows ppjpe curves of split injection under the injection
ratios of 30/70 (Fig. 11¢) and 70/30 (Fig. 11d) and various DT. It shows
that the pressure drop of the first shot under the injection ratio of 30/70
(Fig. 11c) is around 160 bar and smaller than that under the injection
ratio of 70/30 (175 bar as shown in Fig. 11d). The smaller pressure drop
leads to faster rail pressure recovering time, resulting in higher rail
pressure at the beginning of the second shot, as shown in Fig. 11c and d.
The higher recovering pressure also leads to bigger oscillation in the
pipe, resulting in bigger fluctuation in the injection rate. This is evident
by closely observing the injection rate curves shown in Fig. 11a and b.
The injection rate curves during the second shot shown in Fig. 11a for
the injection ratio of 30/70 show more local peaks with respect to that
shown in Fig. 11b for the injection rate of 70/30.

The trend of minimum pp;pe of the second shot is also noted here. To
examine the trend, let’s draw vertical lines (see dashed red lines) from
the location of minimum pp;pe of the second shot and to the pressure
curve of the solo injection mode provided here (dashed black curve).
The lengths of vertical lines are called different pressure and plotted
versus DT in Fig. 12 for further investigation.

The different pressure shown in Fig. 12 could help to examine the
impact of rail pressure on the different pressure. As clearly shown from
Fig. 12, DT has a small impact on the different pressure. The difference
mainly depends on prajj, that is, higher pr,j leads to bigger different
pressure. This indicates that the variations in pyipe and IR curves of the
second shot mainly depend on the oscillations of pipe pressure that is
created at the end of the first shot.

Fig. 13 shows IR and ppjpe curves of split injection modes under ET;
= ETy = 0.56 ms, and DT = 1 ms and three different rail pressure con-
ditions (1000, 1400, and 1600 bar, respectively). Under the operating
conditions investigated here, the profiles of IR and ppjpe of the two shots
are quite similar. However, closely examining the start and end of the
second shot shows that deceasing praj slightly advances the SOI of the
second shot while slightly retards the EOI of the second shot (see
enlarged windows in Fig. 13). Differences also exist between minimum
pressure values of the first and the second shots (48, 64, and 70 bar
corresponding to 1000, 1400, and 1600 bar of p;), respectively). These
differences are around 5% of the rail pressure. The lower minimum
pressure of the second shot compared to that of the first shot is attrib-
utable to the pressure oscillation created by the first shot.

As shown in Fig. 13, under the rail pressure condition of 1600 bar,
the pipe pressure curves qualitatively show their lower smoothness level
compared to those observed under other pressure conditions. This is
quite clear at the ending periods of the first and second shots (e.g.,
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around 1.5 ms for the first shot and 2.75 ms for the second shot as shown
in Fig. 13). The rail pressure condition of 1600 bar lies in the highest
pressure range of common rail injection systems, and the high-pressure
condition may lead to higher level of pipe pressure oscillation. It was
also mentioned earlier that higher rail pressure results in higher differ-
ence between minimum pressure of the first and second shots, as shown
in Fig. 11 and bigger pynder as shown in Fig. 7.

Due to the shot-to-shot variation of the IR in the split injection mode
as discussed above, the total volume injected in the second shot varies
according to parameters driven by the split injection mode, especially
DT. It is critically important to quantify the total volume injected for
both shots to ensure the right amount of fuel supplied to the engine
under these injection modes. Fig. 14 shows the total fuel volumes
injected in two shots, V; and Vy, respectively, under a wide range of DT
from 0.2 to 1.8 ms and three different injection ratios (30/70, 50/50,
and 70/30, respectively).

Fig. 14 also provides nominal lines or calculation values for the in-
jection volume. These nominal values are calculated to determine ET;
and ETj for three different injection ratios (30/70, 50/50, and 70/30,
respectively) investigated in this study. As shown in Fig. 14, the total
fuel volume injected by the first shot is quite stable and follows the
nominal lines while that injected by the second shot fluctuates with DT.
Under DT < 0.8 ms, the difference between V5 and the nominal value is
significant. A short DT leads to significant fluctuations in the pipe
pressure, especially in the case where an overlap exists between two
shots. Vy is normally higher than the nominal values, and this is true for
all cases investigated here. When DT exceeds 0.8 ms, the shot-to-shot
influence is impaired, and V3 is closer to the nominal lines. Practi-
cally, this issue needs to be addressed to control the injector supplying
the right amount of fuel as expected.

5. Conclusion

In this study, hydraulic characteristics, including inter-cycle insta-
bility of a second-generation solenoid common rail injector operating
under solo injection and split injection strategies, have been investigated
successfully. Different from solo injection, in the split injection mode,
the influence of the first shot on the second shot is significant, affecting
the actual fuel IR and fuel volume injected by the second shot. Important
outcomes obtained from this study can be summarized as follows:

1. Two types of instabilities exist in the injection systems: (i) inter-cycle
instability due to the random nature characteristics and (ii) de-
viations in the course of subsequent injections from the ideal
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Fig. 12. Different pressure (vertical lines from minimum pp;pe of the second shot and to the pressure curve of the single injection mode, introduced in Fig. 10) versus

DT, under three p,,; conditions (600, 1000, and 1400 bar, respectively).
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conditions for a single injection, which are systematic. In this work,
the inter-cycle instability has been evaluated using the COV, while
the deviations are examined through SD of IR. Although the standard
deviation of IRs of 300 shots are quite small for both solo and split
injection strategies, SD of the split injection modes is slightly bigger
than that of single injection modes. The COV of IRs are between 0.5%
and 2% for all injection modes, which may imply that the injection
process is the main contribution to the compression ignition engine
cycle-to-cycle variability.

2. Pipe pressure at SOI of solo injection modes and the first shot of split
injection modes is lower than the nominal rail pressure, py,j. Before
the injection event, a small amount of fuel is released from the
controlling chamber when hole A is opened. An amount of fuel from
the pipe is then supplied to the chamber, leading to a pressure drop
prior to SOI as mentioned. However, the drop is approximately only
2% of Prail-

3. Similar to common rail multi injection modes, pressure oscillations
created by the first shot in the split injection mode have significant
effects on IR of the second shot, especially when DT is short (e.g., DT
< 0.8 ms in this study). Increasing DT impairs this influence, and the
hydraulic behaviors of the second shot are closer to that of the first
shot. Correlations between IR of the second shot and different pa-
rameters like DT, injection ratio, and pressure conditions may help to
adjust the injection parameters to supply fuel in the right time and
right amount.

4. Under split injection mode, the time delay between SOE and SOI of
the second shot depends on DT and ET. This indicates the influence of
pressure oscillation of the first shot to the second shot. Up to a certain
DT (e.g., 1 ms in this study), when two shots are far enough from
each other, the delay time of the second shot is quite close to that of
the first shot.

5. The injection ratio has strong effects on the hydraulic characteristics
of the second shot. Bigger fuel amount of the first shot leads to bigger
variations in the injection rates of the second shot. Variations in the
injection rates of the second shot under the injection ratio of 30/70 is
about 6 mm®/ms (approximately 10.3%), while this value is 16
mm?>/ms (approximately 28%) under the injection ratio of 70/30.
This leads to difficulties in controlling the right amount of fuel
injected in the second shot.

Globally, the results obtained in the present work evidence how the
mutual influences among close-coupled injector actuations add further
complexities to the engine management system when utilizing modern
injection approaches. The proposed methodology can offer a contribu-
tion to the analysis of the actual feasibility of advanced injection stra-
tegies for the improvement of combustion control in compression
ignition engines.
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