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Abstract: An experimental study was performed to explore the influence of dwell time on the
hydraulic interactions between injection events using pilot injection strategy, split injection strategy,
post injection strategy and a solenoid diesel injector. To do so, a sweep of dwell time from 0.55 up to
2 ms using all multiple injection strategies and levels of rail pressure, of 80, 100 and 120 MPa, and
single level of back pressure, of 5 MPa, was performed. The hydraulic interactions between injection
events were characterized through the second injection hydraulic delay and second injection mass in
an injection discharge curve indicator equipped with all the components required for its operation
and control. In order to define the operating conditions of the multiple injection strategies, to ensure
the same injected fuel mass in all cases, the characteristic curves of injection rate for the solenoid
diesel injector studied were obtained. The second injection hydraulic delay increases with dwell time
values in the range of 0.55–0.9 ms for all multiple injection strategies and levels of rail pressure tested.
Conversely, the second injection hydraulic delay decreases with dwell time values higher than 0.9 ms.
Moreover, the second hydraulic delay depends mainly on the dwell time and not on the injected fuel
mass during the first injection event. The second injection mass increases with dwell values less than
0.6 ms. By contrast, the second injection mass is not significantly affected by that of the first injection
at a dwell time higher than 0.6 ms.

Keywords: diesel injection; rate of injection; multiple injection strategies; hydraulic interactions

1. Introduction

NOx and soot emissions are the main pollutants from diesel engine, which are regu-
lated by emissions standards [1–3]. There are several ways to fulfil these regulations, such
as the use of alternative fuels [4–6], changes in the piston bowl geometry [7,8], increase in
injection pressure [9,10], and the use of multiple injection strategies such as pilot injection
strategy, post-injection strategy and split injection strategy, which consist of dividing the
injection into two pulses [11]. The duration between the two pulses is called dwell time
(DT) [12]. For instance, Ambrosio et al. [13], studied different injection strategies on the
performance and emissions of a low compression ratio Euro 5 diesel engine operated with
high EGR rates. They found that the experiment design of optimized triple and quadruple
injection strategies led to improved soot-NOx trade-offs, with respect to the pilot and
main injection strategy calibration. Chacko et al. [14], analysed the effect of injection
pressure and multiple-injection strategy on the performance, combustion, and emission
characteristics of a diesel- and biodiesel–diesel-blend-fueled CRDI engine and they also
observed that multiple injections reduce nitric oxide (NO) and soot emissions simultane-
ously. Similarity, How et al. [15] investigated the effects of biodiesel blends, fuel injection
timing and split injection schemes on the engine performance, emissions and combustion
characteristics of a medium-duty diesel engine, and concluded that multiple split injections
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is a practical strategy to simultaneously decrease the NOx and smoke emission when the
start of injection timing is fine-tuned and is an ideal alternative to operate with biodiesel
fuel. Mie et al. [16], investigated the influence of two pilot injections on combustion and
emissions using a single-cylinder turbocharged diesel engine. They observed that by
adjusting the fuel quantity in both pilot injections, it is possible to reduce the NOx and
soot emissions. Liang et al. [17], analysed the mixing process and its influence on the
combustion and emission characteristics under the pilot injection strategy and utilizing a
low-speed two-stroke diesel engine, and they also found that, adjusting the pilot injection’s
time, it is possible to reduce part of the NOx emissions.

The potential of multiple-injection strategies to reduce emissions is the main reason
why several works have focused first on analyzing the injection process under multiple
injection strategies. For example, Payri et al. [18], evaluated the hydraulic interactions
between close-coupled injection events using a one-dimensional model of a solenoid fuel
injector under pilot injection strategy employing DT values from 0.4 to 2.5 ms. They
observed that the mass of the second injection is significantly affected by the first injection
conditions at mid-to-low DT conditions, with deviations in the second injection mass up to
16% compared to a single injection strategy. They also observed that, when running the
injector at the critical dwell time, the opening slope of the needle lift profile is generally
faster for the second injection event. Busch S. and Miles P.C. [19], analysed the injection
rates under pilot-main injection strategy using three DT values: 1.2, 0.4, and 0.1 ms and
a solenoid diesel injector, and have also concluded that, with a pilot and main injection
strategy, changing the dwell time has a dramatic effect on the shape of the main injection
event, including the maximum rate of injection. Similarity, Ferrari A. and Zhang T. [20],
investigated the effect of dwell time on the injection rate utilizing a hydraulic rig in
solenoid diesel injectors and pilot injection strategy and post-injection strategy and DT
values from 0.125 ms to 0.8 ms. They found that the injected quantity is barely influenced
by DT, in which the cycle-to-cycle dispersion in the overall value of injected mass is low.
Aljohani et al. [21], analysed the effective start and end of injection timings, injection
rate shape, dwell time, and total fuel quantity utilizing various single- and split-injection
strategies, a solenoid diesel injector and DT values from 0.4 up to 2 ms. They found that
decreasing the dwell time by a factor of 10 usually leads to an increase in the amount of
fuel injected in the second short by a factor of 2 for the tested injector. Furthermore, they
found that the injector hydraulic delay becomes shorter as the dwell interval is reduced.

As most studies reported in the literature analysed the effect of dwell time on the
hydraulic interactions between injection events under pilot injection strategy and post
injection strategy and employing DT values from 0.4 ms to 2.5 ms. In addition, not many
studies have focused on analyzing the effect of dwell time on the interactions of first- and
second-injection hydraulic delays under pilot injection strategy, split injection strategy and
post-injection strategy. The present work aims to address the influence of dwell time on
the hydraulic interactions between injection events using multiple-injection strategies and
a solenoid diesel injector.

2. Methodology
2.1. Experimental Equipment

Mass flow rate measurements were performed with an injection rate discharge curve
indicator (IRDCI), which is based on the Bosch or long tube method [22]. Figure 1 shows
the schematic of injection rate discharge curve indicator, with all the components required
for its operation and control. The experimental facility is mainly composed of an IAV
model IA-N-050-050 injection discharge curve indicator, IAV model A-00036-03-00 injection
analyzer electronic unit, diesel common-rail injection system with a seven-orifice solenoid
injector, Genotec model 00499 pressure controller, Genotec model 01497 solenoid injector
power amplifier. The mass flow rate measurements are acquired and processed by means
of an IAV injection analyzer software.
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Figure 1. Schematic setup of the experimental equipment.

2.2. Experiments

As was mentioned in the introduction section, the present work aims to explore
the influence of dwell time on the hydraulic interactions between injection events using
multiple injection strategies and a solenoid diesel injector.To do so, the energizing times
(ET) required in each one of the multiple injection strategies are defined, and the levels
of rail pressure (prail of 80, 100 and 120 MPa), and single level of back pressure (pback of
5 MPa), to ensure the same injected fuel mass (110 mg) in all cases. In order to do this, a
sweep of energizing time from 0.5 up to 2.7 ms using a single injection and prail levels of
80, 100, and 120 MPa, and pback level of 5 MPa was performed. From each tested operating
conditions, 100 repetitions of the mass flow rate measurement were acquired and processed
by means of IAV injection analyzer software, as previously described. Figure 2 shows
the temporal evolutions of average value mass flow rate obtained from 100 repetitions.
Moreover, a region marked with two discontinuous vertical lines is also shown in the figure,
indicating the stationary stage of mass flow rate measurement when using an energizing
time of 2.7 ms.

Figure 3 shows the evolution of the average value of mass flow rate obtained from
stationary stage marked in Figure 2, versus the square root of the pressure drop, when
utilizing prail levels of 80, 100, and 120 MPa and an energizing time of 2.7 ms.

From Figure 3, it can be observed that the mass flow rate linearly increases with the
square root of the pressure drop. Therefore, the absense of cavitation phenomenon under
the tested operating conditions can be concluded. This behaviour was also observed by
other authors [18,23] when they analysed the influence of cavitation in common-rail diesel
nozzle on the mass flow rate. After that, the injected fuel mass corresponding to each one
of the tested operating conditions was determined, from integration of the area under the
temporal evolution of mass flow rate measurement shown in Figure 2. Figure 4 shows
the evolution of the injected fuel mass versus energizing time, for prail levels of 80, 100,
and 120 MPa and single pback level of 5 MPa. It can be seen, in Figure 4, that in all prail
levels, there is a non-linear behaviour of injected fuel mass in the range of energizing time
of 0.5–0.9 ms. On the other hand, there is a lineal behaviour of injected fuel mass in an
energizing time range of 0.9–2.7 ms. This behaviour can be attributed to the needle lift, more
specifically, at ET ≤ 0.9 ms, the needle does not reach full lift; in this condition, the injected
fuel mass mainly depends on the needle dynamics. While, at ET > 0.9 ms, the needle
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does full lift, in this condition, the injected fuel mass mainly depends on the energizing
time. This behaviour was also observed by Ferrari et al. [24], when they performed a
hydraulic characterization of a solenoid diesel injector. In addition, fitting curves for
injected fuel mass values are also shown in Figure 4. These fittings were performed in the
operation zone, where the injected fuel mass depends on the energizing time. This purpose
of these fits is to define the operating conditions of the multiple injection strategies, to
ensure the same injected fuel mass in all cases. In Table 1, the defined operating conditions
are described.

Figure 2. Temporal evolution of mass flow rate measurement, for different energizing times using a single injection and
prail levels of (a) 80 MPa, (b) 100 MPa and (c) 120 MPa, and a single level of pback of 5 MPa.

Figure 3. Mass flow rate versus the square root of the pressure drop.
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Figure 4. Evolution of the injected fuel mass versus energizing time, for prail levels and pback
level tested.

Table 1. Operating conditions used in the experiments.

Parameter Value

prail 80, 100, 120 [MPa]

pback 5 [MPa]

Pilot injection strategy

Pilot injection: prail = 80 MPa: 1.473 ms; prail = 100 MPa:
1.227 ms; prail = 120 MPa: 1.084 ms.
Dwell time: From 0.55 up to 2.0 ms.
Main injection: prail = 80 MPa: 2.601 ms; prail = 100 MPa:
2.177 ms; prail = 120 MPa: 1.911 ms.
Injected fuel mass: 40 mg + 70 mg.

Split injection strategy

First injection: prail = 80 MPa: 2.037 ms; prail = 100 MPa:
1.702 ms; prail = 120 MPa: 1.497 ms.
Dwell time: From 0.55 up to 2.0 ms.
Second injection: prail = 80 MPa: 2.037 ms; prail = 100 MPa:
1.702 ms; Prail = 120 MPa: 1.497 ms.
Injected fuel mass: 55 mg + 55 mg.

Post injection strategy

Main injection: prail = 80 MPa: 2.601 ms; prail = 100 MPa:
2.177 ms; prail = 120 MPa: 1.911 ms.
Dwell time: From 0.55 up to 2.0 ms
Post injection: prail = 80 MPa: 1.473 ms; prail = 100 MPa:
1.227 ms; prail = 120 MPa: 1.084 ms.
Injected fuel mass: 70 mg + 40 mg.

Figure 5 shows an example of mass flow rate measurement, along with an injection
pulse obtained under multiple injection strategies using a prail level of 100 MPa, a pback
level of 5 MPa, and dwell time of 1 ms. Moreover, the hydraulic delay of first and second
injections is also shown in Figure 5a.
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Figure 5. Examples of measurements of mass flow rate along with injection pulse obtained under multiple injection
strategies: (a) pilot injection strategy, (b) split injection strategy, and (c) post injection strategy.

Once defined schematically, the first and second injection hydraulic delays shown
in Figure 5, in Figure 6 demonstrate the evolution of the first injection hydraulic delay
versus injection pressure when utilizing all tested multiple-injection strategies and injection
pressure levels.

Figure 6. Evolution of the first injection hydraulic delay versus injection pressure, when utilizing the multiple injection
strategies: (a) pilot injection strategy, (b) split injection strategy, and (c) post injection strategy.
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From Figure 6, it can be observed that the first injection hydraulic delay decreases
with the injection pressure and approximately in the same magnitude order as the pilot
injection strategy, split injection strategy and post-injection strategy. This behaviour was
also observed by Aljohani et al. [21], previously cited in the “Introduction” section. The
second injection hydraulic delay will be analysed in the forthcoming section.

3. Results and Discussion
3.1. Effect of Dwell Time on the Second Injection Hydraulic Delay

Figure 7 shows the second injection hydraulic delay versus dwell time for different
dwell times when utilizing the multiple injection strategies and prail level of 80, 100, and
120 MPa and single pback level of 5 MPa.

Figure 7. Second injection hydraulic delay versus dwell time, for different dwell times when using the multiple injection
strategies: (a) pilot injection strategy, (b) split injection strategy, and (c) post-injection strategy.

From Figure 7, it can be observed that the second injection hydraulic delay values
display a growing trend in the range of 0.55 ≤ DT ≤ 0.9 ms for all multiple-injection
strategies and prail levels tested. More specifically, if the attention is focused on the prail
level of 80 MPa, the second injection hydraulic delay values are 0.26 ms and 0.43 ms for
dwell time of 0.55 ms and 0.9 ms, respectively, when utilizing the pilot injection strategy.
The second injection hydraulic delay values are 0.25 ms and 0.43 ms for dwell time of
0.55 ms and 0.9 ms, respectively, when using the split injection strategy. Finally, the
second injection hydraulic delay values are 0.27 ms and 0.45 ms for dwell time of 0.55 ms
and 0.9 ms, respectively, when utilizing the post-injection strategy. Therefore, it can be
concluded that the second hydraulic delay depends mainly on the dwell time and not
on the injected fuel mass during the first injection event. On the other hand, the second
injection hydraulic delay values show a decreasing trend at DT values higher than 0.9 ms.
This behaviour is observed in all multiple injection strategies and prail levels tested. The
second injection hydraulic delay is minimum at DT = 0.55 ms for all multiple injection
strategies and prail levels, as it is influenced by pressure waves propagation generated



Energies 2021, 14, 3087 8 of 11

within the injector sac and control volume [18,25] during the first injection event. As the DT
values increase in the range of 0.55–0.9 ms, the pressure waves propagation decrease as the
needle dynamic effect is reduced, leading to an increase in the second injection hydraulic
delay. Finally, the second injection hydraulic delay decreases with DT values higher than
0.9 ms due to the influence of pressure waves reflected downstream of the diesel nozzle.

3.2. Effect of Dwell Time on the Second Injection Mass

Figure 8a shows the evolution of the second injected fuel mass versus dwell time,
for different dwell times when using the pilot injection strategy and prail levels and pback
level tested. In Figure 8b, the same information is presented, but now the values of second
injected fuel mass have been normalized by the corresponding value of injected fuel mass
in the single injection.

Figure 8. (a) Evolution of the second injected fuel mass versus dwell time when utilizing the pilot injection strategy.
(b) The value of second injected fuel mass have been normalized by the corresponding value of injected fuel mass in the
single injection.

From Figure 8a, it can be observed that the second injected fuel mass increases with
DT values less than 0.6 ms, while, at DT = 0.55 ms, the values of second injected fuel mass
are higher than that of the injected fuel mass in the single injection, and the increasing
percentages of second injected fuel mass are about 8.3%, 4.1%, and 3.3% for prail levels
of 80 MPa, 100 MPa, and 120 MPa, respectively. The second injected fuel mass is not
significantly affected by a first injection at DT values higher than 0.6 ms. Payri et al. [18]
suggested that this behaviour can be explained by the pressure dynamics inside the injector,
mostly on the needle seat region.

Figure 9a shows the evolution of the second injected fuel mass versus dwell time for
different dwell times when using the split injection strategy and prail level of 80, 100, and
120 MPa and single pback level of 5 MPa. In Figure 9b, as in the previous case, the values of
the second injected fuel mass have been normalized by the corresponding value of injected
fuel mass in the single injection.

From Figure 9b, as in the previous case, it can be observed that the second injected
fuel mass increases with DT values less than 0.6 ms, while, at DT= 0.55 ms, the values of
the second injected fuel mass are higher than that of the injected fuel mass in the single
injection, and the increasing percentages of second injected fuel mass are about 12%, 9.2%,
and 8.9% for prail levels of 80 MPa, 100 MPa, and 120 MPa, respectively. The second injected
fuel mass is not significantly affected by that of the first injection at DT values higher than
0.6 ms.
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Figure 9. (a) Evolution of the second injected fuel mass versus dwell time when using the split injection strategy. (b) The
value of second injected fuel mass were normalized by the corresponding value of injected fuel mass in the single injection.

Figure 10a shows the evolution of the second injected fuel mass versus dwell time, for
different dwell times when utilizing the post injection strategy and prail levels and pback
level tested. Whilst, in Figure 10b, as in the previous cases, the values of second injected
fuel mass have been normalized by the corresponding value of injected fuel mass in the
single injection.

Figure 10. (a) Evolution of the second injected fuel mass versus dwell time when using the post-injection strategy. (b) The
value of second injected fuel mass were normalized by the corresponding value of injected fuel mass in the single injection.

From Figure 10b, as in the previous cases, it can be observed that the second injected
fuel mass increases with DT values less than 0.6 ms, where at DT = 0.55 ms, the values
of second injected fuel mass are higher than that of the injected fuel mass in the single
injection, and the increasing percentages of second injected fuel mass are about 14.8%, 8.2%,
and 10% for prail levels of 80 MPa, 100 MPa, and 120 MPa, respectively. The second injected
fuel mass is not significantly affected by a first injection at DT values higher than 0.6 ms.
Moreover, from Figures 8–10, it can be observed that the second injected fuel mass has an
oscillatory behaviour in the range of DT of 0.6–2 ms, where, at DT = 1.25 ms, the value of
the second injected fuel mass is maximal. This behaviour can be attributed to the influence
of pressure waves reflected downstream of the diesel nozzle.

4. Conclusions

The effect of dwell time on the second injection hydraulic delay and second injected
fuel mass was analyzed. To do so, the pilot injection strategy, split injection strategy, post-
injection strategy and a solenoid diesel injector were employed. Moreover, in all multiple
injection strategies and operating conditions studied, the same fuel mass was injected.
More specifically, in the pilot injection strategy: 40 mg + 70 mg, split injection strategy:
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55 mg + 55 mg, and post-injection strategy: 70 mg + 40 mg. The main conclusions of the
study will be summarized as follows.

The second injection hydraulic delay increases with DT values in the range of
0.55–0.9 ms for all multiple injection strategies and prail levels tested. Conversely, the
second injection hydraulic delay decreases with DT values higher than 0.9 ms. Moreover,
the second hydraulic delay depends mainly on the dwell time and not on the injected fuel
mass during the first injection event.

As an additional conclusion, it can be highlighted that, in all multiple injection strate-
gies and prail levels tested, the second injected fuel mass increases with DT values less than
0.6 ms. By contrast, the second injected fuel mass is not significantly affected by that of
the first injection at DT values higher than 0.6 ms. In addition, the increasing percentages
of second injected fuel mass for the post-injection strategy are higher than those of the
split injection strategy and pilot injection strategy. This behaviour can be explained by the
quantity injected fuel mass during the first injection event.
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Abbreviations
The following abbreviations are used in this manuscript:

DT Dwell time
ET Energizing time
ṁ Mass flow rate
p Pressure
SOP Start of pulse
SOI Start of Injection
Subscripts
back Volume where the fuel is injected
f Fuel
rail Common-rail
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