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Graphical abstract Abstract
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Understanding injection rate characteristics, particularly dwell-fime
variations and split injection behavior under high injection pressure, is
essential for optimizing diesel combustion processes. This study
5 experimentally investigates these parameters using the high-precision

et Zeuch method to measure injection rate profiles and fuel quantities for
i 2 BB both single and split injection strategies. Experiments were conducted
1 of \n on a six-hole solenoid injector at rail pressures ranging from 800 bar to
5 e 1600 bar. A total energizing duration of 1.4 ms was applied either as a
= single injection or divided into 30%/70%, 50%/50%, and 70%/30% split
b A ratios, with dwell-times varied from 0.2 to 1.8 ms. Results revealed that
! : the first split injection exhibited a rate profile nearly identical to that of
the single injection, regardless of dwell-time variation. In contrast, the
second split injection was strongly influenced by fuel pressure
oscillations within the injector and rail system. Its average quasi-steady
state injection rate decreased from 40.1 mg/ms to 38.5 mg/ms as the
dwell-time increased from 0.2 ms to 1.0 ms, and then recovered to 40.0
mg/ms when dwell-fime further increased from 1.0 ms to 1.8 ms. Short
dwell-times (0.2ms) led to merged injection rate profiles, increasing the
injected fuel quantity by approximately 21.1% compared to the 0.6 ms
dwell-time case, where the two injections were clearly separated. These
findings highlight the critical influence of dwell-time on injection rate
characteristics and provide valuable insights for optimizing diesel
combustion phasing in split injection strategies.
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1.0 INTRODUCTION

Diesel engines have been extensively used across
various sectors due to their advantages in engine
power and high thermal efficiency. However, the
emissions generated, particularly nitrogen oxides
(NOx) and particulate matter (PM), present serious
risks to human health [1, 2, 3]. To reduce these
emissions, various technological solutions have been

developed to improve parameters influencing the
combustion process. Among these, intake air
dynamics, in-cylinder chamber geometry, fuel
properties, and, in particular, the injection rate play a
key role in forming the in-cylinder fuel-air mixture [4,
5, 6, 7]. Precise control of operating parameters in the
Common Rail System (CRS) allows modification of the
injection rate profile. This approach has become
essential for meeting increasingly stringent emissions
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regulations. Consequently, optimizing the injection
rate is key to enhancing fuel atomization, spray
development, and air-fuel mixing quality. Several
studies have demonstrated that injection pressure
strongly influences both the injection rate profile and
emission formation. Benajes et al. (2006) and Xu et al.
(2018) reported that variations in injection pressure
significantly influence both the injection rate profile
and emission formation [8, 9]. Karra et al. (2009)
observed that particulate matter (PM) emissions
decreased by nearly 60% when the injection pressure
increased from 100 fo 200 MPa, although NOx
emissions simultaneously rose [10]. Similarly, Han et al.
(2014) found that higher injection pressure advanced
the start of injection and prolonged the effective
injection duration, thereby increasing fuel quantity
and discharge coefficient [11]. However, elevated
injection pressures also generate stronger pressure
oscillations in the system, which can affect subsequent
injections and cause fluctuations in the injection rate
and fuel delivery during split injections. These effects
are governed by parameters such as injection fiming,
injection pulse, injection length distribution ratio, and
injection pressure. Manin et al. (2012) and Piano ef al.
(2017) confirmed that pressure waves generated in
the rail propagate back to the injector, altering the
injection rate and injected mass [12, 13]. Similarly,
Ferrari ef al. (2006) pointed out that pressure
oscillations caused by pilot injections can increase fuel
consumption, particularly under shortened dwell-time
conditions [14].

Optimizing the operating parameters of a fuel
injection system requires addressing several complex
issues, including fuel metering accuracy—such as
injection fiming, fuel quantity, and injection rate—as
well as determining appropriate injection strategies for
various engine operating conditions [15]. These
adjustments can significantly affect mixture formation
and combustion, thereby influencing overall engine
performance [16, 17]. Various methods have been
developed to characterize high-pressure injection
behavior, with the Bosch long-tube and Zeuch
methods being the most widely adopted [18, 19]. The
Bosch injection rate meter is commonly used as a
standard measurement tool, while the Zeuch method
provides higher accuracy for determining the shape
of the injection rate curve and the start and end of
injection.  Regarding  state-of-the-art  injection
strategies, pilot injection increases in-cylinder pressure
and temperature, leading to earlier ignition, reduced
combustion noise, and lower NOx emissions. The main
injection ensures efficient air-fuel mixing for complete
combustion, while post-injection reduces PM emissions
[20, 21, 22]. Another study by Sindhu et al. (2018)
reported that a two-split injection strategy with a
25%/75% fuel distribution ratfio significantly reduced
both PM and NOx emissions compared to a single
injection [23]. Similarly, Nehmer et al. (1994) observed
that NOx emissions decreased across different split
ratios  (25%/75%, 50%/50%, and 75%/25%) [24].
However, extended dwell times were found fo lower
combustion tfemperatures and increase PM emissions.

Beaftrice et al. (2002) also reported that as dwell time
increased from 490 to 1350 ps, PM emissions rose by
approximately 30%, despite the reduction in NOx [25].

From the aforementioned standpoint, most
previous studies have tended to analyze the effects of
injection pressure, dwell time, and split ratfio
individually, without systematically examining their
combined and sequential impacts on the injection
rate behavior of common-rail diesel injectors. As a
consequence, the complexinteractions among these
parameters have not been sufficiently clarified,
leading to a lack of well-defined correlations that are
essential for accurately conftroling the timing and
quantity of high-pressure fuel injection across a wide
range of engine operatfing regimes (e.g., low/high
load at high speed, low/high load at low speed, and
fransient load-speed conditions). Therefore, this study
aims to experimentally investigate the coupled
influence of injection pressure, dwell time, and split
ratio on the injection rate characteristics of a six-hole
solenoid common-rail diesel injector. The main
motivation of this study is to provide accurate
experimental data for determining injection timing
and fuel quantity, thereby enabling the proposal of
optimized injection strategy adjustments under
different engine operatfing condifions.

2.0 METHODOLOGY
2.1 Zeuch method principle

This study applied the Zeuch method [18, 19] to
determine key fuel injection rate characteristics such
as injection rate shapes, initiation time of injection
periods, actual injection duration, and total injected
mass. Figure 1 depicts the determination of the fuel
injection rate using Zeuch's method, in which fuel is
precisely introduced into a chamber under fixed
volume at a given condition. In detail, the same type
of test fuel was compressed to a predetermined
pressure within this chamber to simulate the pressure
condition of the diesel engine, like the compression
stroke. In Zeuch's approach, the act of injecting fuel
causes a measurable increase in chamber pressure,
which correlates proportionally with the quantity of
injected fuel. The increase in pressure AP (N/m?2) is
determined by the following equation [26, 27]:

AP—KAV
Ty “)

Where K (MPa) corresponds to the bulk modulus,
which characterizes the fluid's resistance to
compression, AV (m3) is the volume of injected fuel,
and V (m3) is the chamber volume.
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Figure 2 lllustration of a representative fuel injection rate profile under two-split injection
strategies of 30%/70% (Piny = 1600 bar, Po= 50 bar, DT=1.0 ms, and split inj.1 =0.42 ms; split inj.2
=0.98 ms)
Injection positive value to a negative value on the injection rate
nozzle Fuel Fuel curve, corresponding to needle closure. The actual
C—H e o AV injection duration is computed as the time elapsed
v, P V peap from the onset (SOI) until the termination of the
-> o injection event (EQI). The dwell-time signal refers to the
electrical signal input to the control unit, while the
actual dwell-time is the time interval between two
effective successive injections, determined from EQOI
Figure 1 Injection rate measurement of Zuech [18] (point 3) to SOI2 (point 4). The maximum injection rate
is determined by averaging the values in the vicinity of
the injection rate peak. Finally, the amount of injection
The injection rate (m) will subsequently be quantity is calculated by integrating the area under

calculated using equation (2), derived from the

measured pressure response under fixed-volume

chamber conditions (1):

d, VAP

@ Prxa
where pr (kg/m3) represents the density of the test

fuel.

The experimental injection rate profile for the two-
split injection strategy, as analyzed from equation (2),
is shown in Figure 2. This illustration reveals four distinct
phases, namely the injection delay phase, the first split
injection phase (1t effective injection duration), the
actual dwell-ime phase, and the second split
injection phase (2nd effective injection duration) [28,
29]. The hydraulic injection delay is counted from the
start of energizing (SOE, point 1) until the moment
when fuel begins to emerge from the nozzle (SOI,
point 2). The first injection timing is determined by the
point on the injection rate curve where the fransition
occurs from a negative value (before injection) to a
positive value (when injection begins) [11, 29, 30]. By
conftrast, the end of injection (EOI) is detected from a

1'nf=

(2)

the injection rate characteristic curve from SOI to EQI
for each shot injection.

2.2 Experimental Setup

Figure 3 and Figure 4 illustrate the actual test rig and
the detailed schematic layout of the experimental
apparatus. Specifications of the main component,
which is the Zeuch testing chamber, occupy a volume
of 43 cm?3 and will be pre-compressed at a fixed diesel
fuel pressure of 50 bar by a hydraulic hand pump,
which was similar to that compression pressure during
the diesel compression stroke. A Denso electrical
solenoid type G2 injector with a é-hole nozzle is
mounted above the Zeuch chamber and connected
fo a high-pressure fuel supply system, powered by an
HP3 pump. This high-pressure pump operates through
a three-phase motor, with its function managed via an
inverter. The high-pressure common-rail fuel system
(400-1800 bar) was calibrated using an ultra-high-
pressure gauge (Wise EN837-1, range up to 200 MPa).
To monitor the pressure conditions within the Zeuch
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chamber, a static pressure sensor (Daho EDS 305) is
employed to capture the back pressure, while a
piezoelectric fransducer (AVL GUI12P) detects
dynamic pressure changes during fuel injection with
130 kHz of sampling rate. The tfransducer has a nominal
sensitivity of 15.35 pC/bar and a manufacturer-
specified accuracy of +0.5% of full scale. The sensor
was factory-calibrated before use, and no additional
calibration was performed during this study. The
output signal from the piezo sensor is subsequently
amplified using a Kistler 5010B charge amplifier before
being sent to the data acquisition system. The high-
pressure common-rail fuel system (400-1800 bar) was
calibrated using an ultra-high-pressure gauge (Wise
EN837-1, range up fo 200 Mpa. Throughout the
experiment, a microcontroller synchronizes the
injector energizing signal, rail pressure signal, and
fransducer pressure signal in real-time, and s
indicated by the Matlab program. The obtained data
are then eventually analyzed and calculated by
applying the injection rate equation (2). The
parameters from injection rate curve are the average
value obtained from 15 repetitions, and the error bar
represents for standard deviation (SD).
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Figure 3 Actual test rig of the experimental setup
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Figure 4 Schematic of experimental apparatus
2.3 Testing Procedure

The diesel fuel properties used in the study are
displayed in Table 1.

Table 1 The Test Fuel Properties [31]

Parameter Standard Diesel
Density at 15°C (kg/m3) ASTM D4052 840
Viscosity at 400C (cSt) ASTM D445 3.07
Cetane ASTM D4737 46

The experimental conditions are summarized in
Table 2, including variations in injection strategy,
injection pressure, dwell time, and split ratio for the
two-split mode. Experiments were performed using a
G2 model 6-hole solenoid diesel injector, with fuel
pressures ranging from 800 to 1600 bar and a fixed
total energizing time of 1.4 ms. Both single-injection
and split-injection strategies were employed, with
dwell times varied from 0.2 ms to 1.8 ms for the two-
split injections, and split ratios set at 30%/70%,
50%/50%, and 70%/30%.

Table 2 Testing Conditions

Parameters Value

Fuel Diesel

Injection pressure (Pinj) 800 bar; 1000 bar; 1200 bar; 1400 bar; 1600 bar

Two-split injection

Single injection (split 1/ split 2)

0.42 ms (30%)/ 0.98 ms (70%)

Injection strategies
0.42ms; 0.7 ms;

0.98 ms: 1.4 ms 0.7 ms (50%)/ 0.7 ms (50%)

0.98 ms (70%)/ 0.42 ms (30%)

. 0.2 ms; 0.6 ms; 1.0 ms;
Dwell-time (DT) - 14ms: 1.8ms
Back fuel pressure (Po) 50 bar
Number of repetitions 15 times

Solenoid-actuated G2 model,

Injector type 6 nozzle holes, diameter of 0.18 mm

3.0 RESULTS AND DISCUSSION

3.1 Impact of Energizing Time on the Temporal
Characteristics of Injection Rate under Single Injection
Strategies

Figure 5 illustrates the fuel injection rate at different
energizing times ranging from 0.42 ms to 1.4 ms under
a single injection strategy, with an injection pressure of
1000 bar and a back pressure of 50 bar. As the
energizing time increases, the shape of the injection
rate curve changes significantly, consistent with the
findings of C. Vo et al. [32], Wang et al. [33], and Payri
et al. [34]. At a short energizing time of 0.42 ms, the
injection rate rises slowly and reaches a lower peak
because the needle valve does not fully lift due to
insufficient electromagnetic force [35]. As the
energizing time increases to 0.7 ms, 0.98 ms, and 1.4
ms, the peak shape evolves from friangular to semi-
frapezoidal and eventually trapezoidal. This transition
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reflects a more complete needle lift and an extended
duration of the maximum injection rate at higher
energizing times.

Pinj= 1000 bar

Po=50 bar

=R

—- = D R W W
WS W

Mass injection rate (mg/ms)
=1

b o w

1.5 2 2.5 3 35
Time after energizing (ms)

Figure 5 Effects of injector energizing time on nozzle rate of
injection shape

The slower fuel pressure response at the needle fip
during the closing signal introduces a delay in
balancing the fuel compression force and the spring
force inside the injector. Consequently, a triangular
profile is observed at 0.7 ms and a trapezoidal profile
becomes prominent at 0.98 ms and 1.4 ms, where the
injector needle is fully lifted. The full opening of the
needle valve results in a more stable and higher
maximum injection ratfe. Specifically, the average
injection rate in the vicinity of the fully open needle
region at 0.7 ms, 0.98 ms, and 1.4 ms was 39.7 mg/ms,
41.6 mg/ms, and 40.1 mg/ms, respectively. This small
variation may be aftributed to cyclic pressure
fluctuations in the common rail after each injection
event [11, 36]. Additionally, the increasing slope of the
injection rate curve during the opening phase remains
similar for all energizing times, indicating consistent
injection delay and needle lift stroke under the given
injection pressure.

3.2 Impact of Energizing Time on Single Injection
Duration

Figure 6 illustrates the comparison between the
commanded energizing pulse and the actual
injection fime in the single injection strategy with an
injection pressure of 1000 bar and a back pressure of
50 bar, energizing injection time ranging from 0.42 ms
to 1.4 ms. The results show that the actual injection
duration exceeds the injector energizing time and
tends to increase with a higher energizing injection
time. This is consistent with the trends observed by
Tomasz Knefel [37] and Catania [35]. Specifically,
regarding the energizing injection time of 0.42 ms, the
actual injection duration is 0.58 ms, representing an
increase of approximately 38.2%.

P;,; = 1000 bar [ Energizing Injection Time|

254 P, =50bar [ Actual Injection Time
2
Ero
=
2
=
£
515
=]
=
5]
S 1.0
2
=

0.5

0.0~

0.42 ms 0.7 ms 0.98 ms 1.4 ms

Energizing Injection Time

Figure é Effects of injector energizing time on the actual
injection duration

The longer the injection’s energizing time, the more
distinctive the difference becomes. At the energizing
injection time conditions of 0.7 ms, 0.98 ms, and 1.4 ms,
the actual injection duration exceeds the energizing
injection time by 50.1%, 69.8%, and 68.3%, respectively.
This can be explained by the fact that a longer
energizing injection time causes an increase in the
fime for electrical current to flow through the injector
coil, generating a stronger electromagnetic force to
lift the injector needle higher, along with the resistance
of the compressed fuel beneath the injector needle
and the longer closing travel as the needle is raised
higher, which result in the extension of the actual
injection duration.

3.3 Relationship between Energizing Time and Fuel
Quantity

The mass of injected fuel at different energizing
injection times, calculated by integrating the fuel
injection rate curve, is presented in Figure 7. This figure
illustrates the single injection strategy with energizing
injection fime varying from 0.42 ms to 1.4 ms, injection
pressure of 1000 bar, and back pressure of 50 bar. The
results reveal that the fuel injection amount increases
with prolonged energizing injection time.
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E
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£ 40
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Energizing Injection Time

Figure 7 The relevance between injection energizing time
and injection quantity
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Specifically, the injected mass at 0.42 ms was 2.98 mg,
and it increased to 18.4 mg and 42.75 mg af 0.7 ms
and 0.98 ms, respectively. When the energizing time
was further extended from 0.98 ms fo 1.4 ms, the
additional injected mass increased by only 22.09 mg,
indicating a diminishing growth rate of fuel delivery.
This result is attributed to the extension of the
energizing injection time, resulting in the increased
actual injection duration as mentioned in Section 3.2.
Additionally, the initial stage of injection s
characterized by a sharp increase in the injection rate,
progressing toward its maximum level. However, when
extending the energizing injection ftimes from 0.98 ms
to 1.4 ms, the phase of needle lift has already
completed, followed by a fully opening needle phase,
as observed in Figure 5.

3.4 Effects of Dwell-Time on Injection Rate under the
30%/70% Split Injection Strategies.

Figure 8 illustrates the diesel injection rate curve for the
30%/70% injection strategy, corresponding to the first
and second split injections by 0.42 ms (30%)/ 0.98 ms
(70%). The tests were conducted at a fuel injection
pressure of 1000 bar and a back pressure of 50 bar,
with the dwell time varied from 0.2 ms to 1.8 ms in
increments of 0.4 ms. These obtained results are
referenced to the single injection condition at the
energizing injection time of 0.42 ms. The injection rate
curve in the single injection strategy and the first split
injection in the 30%/70% injection strategy at various
dwell-times show insignificant differences in the initial
process. On the other hand, the average quasi-steady
state injection rate of the second split injection, with
dwell-fimes ranging from 0.2 ms to 1.0 ms, exhibits a
decreasing frend from 40.1 mg/ms to 38.5 mg/ms.
However, as the dwell-times increase from 1.0 ms to
1.8 ms, the average quasi-steady state injection rate
of the second split injection exhibits an upward
tendency, rising from 38.5 mg/ms to 40.0 mg/m:s.
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Figure 8 Effects of dwell-time on injection rate characteristics
As shown in Figure 9, the injected mass at a dwell-

time (DT) of 0.2 ms is approximately 21.1% higher than
that at a DT of 0.6 ms, where the two injections were

clearly separated. These results are consistent with the
findings reported by Vu H. Nguyen et al. [29]. It can be
explained by the fact that a dwell-time of 0.2 ms is oo
short, leading to the partial overlap of the injection
rate’s slope of the first split injection with that of the
second split injection. In other words, there is no clear
separatfion between the two split injections in this
strategy. Regarding dwell-times from 0.6 ms fo 1.8 ms,
due fo the longer dwell-fime, the injection process of
the first split injection ends completely, and the
injection rate curves become distinct from each other
in the second split injection. A notable feature is
detected in the injection rate curve during the
mentfioned dwell-times, from dwell-fimes of 0.6 ms fo
1.0 ms, the quasi-steady injection rate of the second
split injection decreases trend from 39.01 mg/ms to
38.5 mg/ms due to the influence of pressure
oscillations, resulting in a reduction of the total
injected fuel from 46.7 mg to 46.1 mg. The primary
cause of this is atfributed to the injection process
occurring in the decreasing phase of the pressure
wave in the first split injection, conversely, for the
dwell-times from 1.0 ms to 1.8 ms, the extended dwell-
time results in the injection process taking place in the
increasing phase of the pressure wave in the second
wave stage [36, 38]. This finding highlights how
coherence dwell-time in two split injection strategies
and the fuel pressure wave trend distinctly influence
injection rate, changing the mass of injected fuel into
the cylinder and impacting the fuel-air mixing ratio. As
seen in Figure 8, within the range of dwell-times from
0.2 ms to 1.8 ms, the critical dwell-time in two-split
injection strategies was identified. The critical dwell-
fime can be defined as the interval between split
injections within the injection strategy, representing
the point at which the injection rate profile exhibits a
change in frend. The total injection quantity also varies
in response to this critical dwell-time. If the second-split
injection begins at the increasing side of the critical
dwell-time, an increase in maximum injection rate is
witnessed and vice versa, from 38.5 mg/ms to 40
mg/ms, as seen in Figure 9. At a dwell time of 1.0 ms,
the quasi-steady-state injection rate was the lowest
compared with the other dwell-times. Considering the
implications for engine operation, especially under
high-speed and high-load conditions where a large
fuel quantity must be delivered within a short duration,
it is recommended to avoid using a 1.0 ms dwell time.
Instead, a dwell-fime below this critical value should
be considered to ensure sufficient fuel delivery and
maintain optimal combustion performance.
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Figure 9 Effects of dwell-time on total quantity injection in the
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3.5 Rate Profile Changes in Response to Pressure
Variations under the 30%/70% Injection Strategy.

Figure 10 shows the influence of injection pressures on
the diesel injection rate curve under conditions of the
30%/70% injection strategy, a constant dwell-time of
0.6 ms, a back pressure of 50 bar, and a progressive
increase in injection pressure from 800 bar to 1600 bar.
An upward trend in peak injection rate is observed in
both split injections with increasing injection pressure.
The slope of the injection rate curve in the second split
injection highly increases during the needle lift
fransition phase. This may be caused by the high fuel
pressure exerting a substantial thrust force on the
injector needle as well as its longer moving distance,
causing it to rapidly rise. Meanwhile, during the needle
closing transition phase of the second split injection,
the closing period is observed to increase
progressively within the 800 to 1200 bar pressure range.
On the other hand, as the injection pressure continues
to increase from 1200 bar to 1400 bar and up to a very
high 1600 bar, this phase remains almost unchanged.
This is because the remaining high-pressure fuel in the
lower distribution chamber below the needle resists
the closing process, but as the injection pressure
continues to rise and the compressibility of the fuel in
the control chamber of the injector diminishes,
expediting the needle's closing process and
shortening the actual injection duration. Furthermore,
in the quasi-steady injection rate stage of the second-
split injection curves, it is noteworthy that the latter half
exhibits a higher rate than the first half, reflecting the
confinued surge in injection rate. This can be
explained by the turbulence level of the high-pressure
fuel flow atf the entfrance hole inside the nozzle not
only causing more vapor generation along the hole
axis but also promoting the collapse of vapor bubbles
before reaching the outlet. This reduction in flow
detachment helps increase the effective flow areaq,
resulting in a higher injection rate or in other words,
lower primary breakup capacity. This predicts an
increase in spray penetration [39].
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Figure 10 The influence of injection pressures on injection rate

3.6 Comparative Analysis of Injection Rate Profile
across 50%/50% and 70%/30% Strategies: Pressure
Effects and First-to-Second Injection Interactions

Figure 11 demonstrates the impact of fuel injection
pressures on the injection rate curve in the 50%/50%
injection strategy, with a constant dwell-time of 0.6 ms
and a back pressure of 50 bar. The results indicate that
applying the same injector energizing fime for both
injection events results in slightly greater variations in
pecak injection rate and actual duration during the
second split injection phase compared to the first. This
variation intensifies as fuel injection pressures increase,
particularly noticeable at specific injection pressures,
with a prominent example being 800 bar. In this
scenario, during the steady phase, the second split
injection achieves a rate of 28.1 mg/m:s, signifying a
3.8% increase compared to the first split injection.
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Figure 11 Comparative injection rate curves for the 50%/50%
injection strategy across a range of injection pressures

Overall, this difference averages around 4.9%
compared to the first split injection across all fuel
injection pressures. Analysis of the injection rate curve
indicates that the termination of the second split
injection phase is significantly more prolonged
compared to the first. This discrepancy may be
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attributed to a slower needle closing process,
conftributing fo an extended actual injection duration.
Remarkably, with injection pressure varying between
800 and 1600 bar, the second split injection shows a
4.1% to 13.7% longer actual duration than the first. The
rise in injection pressure leading to reduced effective
dwell-times, resulting in fluctuations in both the
maoximum injection rate and the actual injection
duratfion can be recognized as the primary cause. In
addition, the ending duration of the second split
injection increases steadily from the injection pressure
of 800 bar to 1600 bar. In contrast, with the 30%/70%
injection strategy, this interval only increases from 800
bar to 1200 bar, remaining nearly unchanged from
1200 bar to 1600 bar (as shown in Figure 10). This
suggests that with a short injector energizing time (0.7
ms in the 50%/50% strategy), the fuel bulk modulus in
the volume chamber had a negligible impact on the
needle closing process.

Po= 50 bar [=——P = 800bar
DT =0.6ms —P = 1000bar
60 ¢ =P = 1200bar
! =P = 1400bar
'g. - Ww&mﬁ" w |=—P = 1600bar
&1 [T M "M e A%y, '
g -‘F’( y M"r L\ P = 1600 bar
& 40 A \ // P = 1400 bar
= S "\ W
i N ) P = 1200 bar
S307 r‘“/m\\ Hx‘ o 1 '// P = 1000 bar
=] (A
z 2 ,l///l 800 bar
220 \ 4\ 1
g ‘v’ e 4y %6
2 ] N X
H / y
= 10 \’/
-~

0 0.5 1 1.5 2 2.5 3 35 4
Time after energizing (ms)
Figure 12 The impact of fuel injection pressures on the
injection rate characteristics under the 70%/30% injection
strategy

Figure 12 presents the injection rate profiles at
various injection pressures under the 70%/30% split
strategy, with a constant dwell-time of 0.6 ms and a
back pressure of 50 bar. The results indicate that,
among all injection strategies with the same dwell-
fime, only the 70%/30% injection strategy exhibits
overlapping injection rate curves between the two
injections when compared fo the 30%/70% and
50%/50% strategies. As shown in Figure 12, there is no
distinct separation between the injection intervals for
the first and second split injections. To be specific, in
the 30%/70% injection strategy, the actual dwell-time
ranges from approximately 0.41 ms to 0.48 ms. In the
50%/50% injection strategy, it varies from 0.07 ms to
0.31 ms across all injection pressures. Regarding actual
injection duratfion in this injection strategy, when
injection pressure is changed from 800 bar to 1600 bar,
the actual injection duration for two split injections
increases from 20% to 70% compared to the total
energizing injection time of 1.4 ms.

50
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Figure 13 Effects of the different injection strategies on the
injection rate under the injection pressure of 1000 bar and a
dwell-time of 0.6 ms

In Figure 13, it is evident that changing the injection
strategy does not influence the injection timing (i.e.,
the injection delay remains the same), but it
significantly affects the total injection quantity. The
overlapping profiles of the injection rate curves
suggest that during the heat absorption phase for
vaporization, the first and second split injections can
influence the ignition delay. This, in turn, changes the
combustion timing and impacts various stages of the
combustion process as well as the heat release rate.
In other words, the evolution of the injection rate
profile affects engine noise and the smoothness of
fransitions during sudden changes in load or speed,
while the fotfal injection quantity influences engine
power and emissions [40, 41].

3.7 Effects of Injection Pressures on Injection Quantity
under Various Injection Strategies

Figure 14 presents a comparison of fuel quantities
injected at pressures between 800 and 1600 bar,
keeping the back pressure fixed at 50 bar and the
dwell-time at 0.6 ms, under the same total injection
period. Both single injection and split injection
strategies with ratfios of 30%/70%, 50%/50%, and
70%/30% are evaluated. The results clearly show that,
despite consistent total injection energizing tfimes
across all strategies, there is a significant disparity in
mass. Among injection strategies, at 800 bar of
injection pressure as a reference point, the single-shot
strategy achieves the highest injection mass by 61.9
mg, while the 50%/50% strategy records the lowest at
29.6 mg, with the 70%/30% and 30%/70% strategies
displaying similar injection quantities. This variation
results from the longer difference (At) between actual
injection length and energizing injection fime in the
single-injection strategy compared to the split
injection strategy. Moreover, boosting the pressure
from 800 fto 1600 bar proporfionally improves the
effectiveness of the single-shot injection strategy.
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Figure 14 The comparison of injection quantity under various
injection strategies and injection pressures

Notably, significantly higher injection quantities are
observed in the 70%/30% injection strategy compared
to the single injection strategy, particularly noticeable
in the second split injection. This can be explained by
the prolonged duration of the first split injection, which
increases turbulence levels at the enfrance hole
alongside the pressure wave generation during the
first  split injection, increasing flow velocity.
Consequently, this leads to higher injection rates, as
observed in Figure 13. Under conditions of the same
injection pressure (800 bar to 1200 bar) for the
50%/50% injection strategy, the results reveal that the
injection quantity is lower than that of the 30%/70%
injection strategy. However, as the injection pressure
rises from 1400 bar to 1600 bar, there is a clear frend
towards higher fuel injection mass. Also, within this
strategy, the 27d shot injection mass consistently
surpasses the first, especially evident at 1600 bar,
where it exceeds the first by 29.08%. Based on the
above analysis, the 30%/70% or 50%/50% split injection
strategies, characterized by a smaller initial fuel
quantity compared with the 70%/30% strategy.
resulting in shorter ignition delay and a reduced
premixed-combustion phase, are considered opfimal
for engine operatfion under low- to medium-load
conditions. These sfrategies may help reduce
combustion noise, decrease NOx emissions, and
improve combustion stability [23]. In contrast, the
single injection strategy is more suitable for high-load
conditions, where a large fuel quantity must be
delivered within a short duration, although it generally
leads to higher emissions and increased combustion
noise. Under high-load and low-speed conditions, the
70%/30% split injection strategy may be considered, as
it provides increased injected fuel mass and a longer
actual injection durafion compared with a single
injection. Moreover, the split injection characteristic in
this strategy helps control the heat release rate,
preventing excessively rapid combustion, thereby
reducing peak cylinder pressure and NOx emissions
due to a more uniform combustion temperature
distribution.

4.0 CONCLUSION

The conclusions of this study are based on an
experimental investigation of the injection dynamics
of a six-hole solenoid diesel injector operated at
various dwell times and injection pressures under both
single and split injection strategies in a Zeuch
chamber. In the single injection strategy, a slower fuel
pressure response at the needle tip delays the
equilibrium between fuel compression and injector
spring forces, producing distinct injection rate profiles.
Trapezoidal and friangular shapes are observed at ETs
of 0.42 ms and 0.7 ms, respectively, while longer
energizing times of 0.98 ms and 1.4 ms allow full needle
lift, resulting in a clearly trapezoidal profile. For the split
injection strategy, during the second injection event,
the quasi-steady stage injection rate decreases from
40.1 mg/ms to a minimum of 38.5 mg/ms at a DT of 1.0
ms, before increasing again to 40 mg/ms. This
indicates that a 1.0 ms dwell time may be unsuitable
under high-speed and high-load conditions, where
sufficient fuel delivery within a short duration is critical
to maintaining optfimal combustion. Very short dwell
fimes, such as 0.2 ms, lead to the merging of the two
injection events, increasing the fotal injected fuel by
approximately 21.1% compared with a 0.6 ms dwell
time, where the two injection profiles are clearly
separated. This highlights the importance of dwell-
fime selection in confroling fuel distribution,
combustion behavior, and engine operation during
fransient load and speed conditions to ensure stable
combustion control. The 30%/70% or 50%/50% split
injection strategies are considered optimal for low- to
medium-load conditions, as they reduce combustion
noise, lower NOx emissions, and improve overall
combustion stability. In contrast, the single injection
strategy is more suitable for high-load operatfion,
where rapid delivery of a large fuel quantity is
required. The 70%/30% split injection strategy, on the
other hand, enhances heat absorption, induces a
cooling effect, and moderates the spray temperature,
helping to control the peak cylinder pressure and the
heat release rate during combustion, making it
suitable for high-load and low-speed conditions.
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