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Abstract

Multiple injection strategies have contributed to the improvement of thermal
processes in Internal Combustion Engines. On this matter, the correct perfor-
mance of the injector is a critical factor in the implementation of these tech-
niques, as changes in the behavior of the injector could affect the injection de-
velopment, altering the combustion process and heat transformation efficiency.
Thus, the present study analyzes the development of multiple injection events
in a diesel injector aged due to partial obstruction of the holes of the nozzle. To
this end, a multi-hole piezoelectric injector was employed, in which the aging of
the injector is evaluated through momentum flux measurements for each hole.
Afterwards, rate of injection tests with pilot and post injection strategies are
performed, and the results are compared to the injection events made by the
same injector before aging. The results provided by the momentum flux ex-
periments confirmed the partial obstruction of two holes. Furthermore, rate of
injection comparisons showed that the injector had a lower steady-state rate of
injection after aging and required a longer time to end the injection. These phe-
nomena affected the multiple injection events, as the extended time required to
end the injection reduced the hydraulic dwell time between pilot/post injection
and the main injection. Furthermore, for short dwell times, this phenomenon

led to the unification of the main and post injection, resulting in a large single
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injection. Hence, not only an increase in fuel consumption would appear, but
the thermal benefits of implementing the post injection would be lost.

Keywords: Aging, diesel injection, rate of injection, multiple injections

1. Introduction

Due to strict environmental and fuel economy standards set in recent legis-
lations [I], researchers have been motivated to find a continuous development
of multiple areas of the internal combustion engine. Regarding the diesel injec-
tion process, multiple injection strategies are one of the numerous techniques
implemented in modern diesel engines to reduce its emissions [2]. Among multi-
ple injection techniques, pilot injections have been found to reduce combustion
noise and nitrogen oxides (NO,) emissions [2H4]. In general terms, pilot injec-
tions decrease the ignition delay of the main pulse, by enhancing conditions for
its combustion. As a result, the amount of fuel burned in the premixed phase
is reduced, which leads to a reduction in the combustion peak temperature [2],
determinant for the formation of NO,, [Bl[6]. Regarding post injection strategies,
literature work widely refers to this technique as a tool for the reduction of soot
exhaust emissions [7], 8]. Specifically, a post injection introduces momentum in
the latter phase of combustion, which also enhances mixing within the cylinder
bowl and the oxidation of soot formed by the main injection [9] [10].

Nevertheless, to fully achieve the mentioned improvements from multiple
injection techniques, the proper hydraulic response of the injector is crucial,
as these techniques largely rely on the correct injection timing and temporal
space between injections (dwell time), as well as the amount of fuel injected.
Zheng et al. [I1] studied the influence of the pulses intervals on combustion and
emissions of blended fuels under high EGR (46%), finding that increasing the
pilot-main interval resulted in a reduction of the smoke emissions but increased
the carbon monoxide (CO) and total hydrocarbons (HC) emissions, whereas

NO, emissions first decreased and then increased with increasing dwell times.
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On the other hand, they found that increasing the main-post interval reduced
the peak of post heat release rate and NO, emissions whereas CO and total
HC emissions deteriorated, and smoke emissions first increased and then de-
clined with increasing dwell times. Furthermore, Yoon et al. [12] analyzed the
diesel particulate filter regeneration with a post injection at low and medium
load. They found relevant to tune both the timing and number of pulses to
achieve proper exhaust temperatures with an acceptable compromise in terms
of unburned HC and CO emissions. Moreover, Liu et al. [I3] investigated the
optimal pilot injection strategy under gasoline compression ignition in a diesel
engine and found that the use of optimized pilot injection, in terms of dwell
time and mass injected, constantly achieved lower pressure rise rate and soot
emissions than the single injection baseline.

The mentioned studies serve to depict the importance of having precise in-
jection timings in multiple injection strategies. Consequently, variations of the
hydraulic performance of an injector have become a matter of interest, including
alterations due to the aging of the injector [14]. In particular, several authors
have underlined variations in the injection process due to the presence of de-
posits in the outlet orifices, which could appear due to the nozzle geometry,
fuel composition, high temperatures or manufacturing defects [15]. Winterbone
et al. [I6] reported a non-uniform spray distribution and lower steady rate of
injection (1), due to a reduction in the flow area of the nozzle as the fouling
appeared. Moreover, Richards et al. [T7] found a shortening of the lift-off length
and spray penetration, because of the additional heat transferred from the de-
posits to the outlet fuel. This phenomenon resulted in shorter ignition delays
and low-quality mixing processes, increasing exhaust emissions.

Moreover, Hofmann et al. [14] analyzed the influence of worn nozzles in the
injection rate. To this end, three injectors with different outlet orifices diameter
were employed: the worn nozzle was compared to a nozzle with larger outlet
orifices (simulating cavitation effects), and to a nozzle with smaller orifices (em-
ulating deposits presence) and the results showed that the worn nozzle had sim-

ilar maximum injection rate than the injector with smaller orifices. The authors
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attributed this phenomenon to nozzle constriction due to fouling. Additionally,
deposits can appear inside the body of the injector [I8] as well, which could re-
strict the hydraulic flow and affect the engine power and fuel consumption [19].
Furthermore, fouling near the injector needle has been observed, producing a
needle sticking phenomenon which would result in slower hydraulic responses
to the electric pulse sent to the injector [20], or preventing the injector from
opening at low injection pressures [21].

Therefore, aging of the diesel injector due to the presence of deposits could
deteriorate its hydraulic behavior, affecting the multiple injection strategies.
On this matter, previous works related to aging mainly focused on its effects
on a single injection. Additionally, many of the mentioned investigations have
employed an already fouled injector and compared it with other injectors with
different nozzle geometry. In contrast, this work focuses on the performance of
the same multi-hole diesel injector before and after aging, comparing the rate of
injection (ROI) at the beginning of its lifetime, to the injection rate provided by
the injector after aging. Thus, differences in the hydraulic response of the same
injector before and after aging were analyzed. Additionally, the experiments
were done employing multiple injection pulses, focusing on the aging effects on
pilot and post injection strategies. In the following sections, the equipment used
within the measurements is described. Then, the results obtained are detailed

and discussed. Finally, the main conclusions of the work are drawn.

2. Materials and methods

In the current section, a description of the equipment and methods used
throughout the experiments is done. These measurements were made at two
stages of the lifetime of the injector: once when it was brand new, and another
after 1400 hours of use, with an injection frequency of 0.25 Hz. Furthermore,
all of the injection cycles made with the injector throughout its lifetime were
done employing commercially available diesel fuel (EN590), and inside the CMT

facilities. Thus, the aging process and injection boundary conditions the injector
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Nomenclature
Acyy Effective area IRDCI Injection rate discharge curve
Ao Theoretical outlet area indicator
BP Back Pressure M Steady momentum flux
coO Carbon monoxide m Steady rate of injection
Cum Momentum flux coefficient NO, Nitrogen oxides
Ca Area coefficient pf Density of the fuel
Cq Discharge coefficient AP Pinj — Prack
HC Hydrocarbons Pouck Back pressure
DT Dwell time L.
Pipj Injection pressure
EOE End of energizing L
ROI Rate of injection
EOI End of injection
SOE Start of energizing
ET Energizing time
SOI Start of injection
HD Hydraulic delay

went through are known. Specifically, the injector was employed in a high
pressure and high temperature test rig. Within this test rig, the combustion
chamber operated at temperatures ranging from 800 K to 1100 K and pressures
up to 20 MPa, simulating real engine conditions. This test is rig thoughtfully
detailed by Payri et al. [22].

2.1. Fuel delivery system

Initially, fuel is retrieved from a tank and sent through a purger to separate
the air, followed by a filter to remove particles and impurities contained in the
fuel. Then, the required combustible goes inside a CP3 pump, where its pressure
is raised to the desired injection pressure and then sent to the common-rail,
where it is contained. Thus, a relatively large volume of diesel at high pressure
is available to deliver whenever it is requested. On the other hand, the excess
of fuel coming out of the pump is sent back to the purger along with the excess
fuel returning from the common rail. Before getting to the purger, the diesel

fuel is directed through a heat exchanger, where its temperature is controlled.
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The injector used throughout the experiments was the latest iteration of
the commercially available piezo common-rail (PCR) type 5 from Continental
[23]. It has six holes in the nozzle and can manage up to 250 MPa of injection
pressure. The main characteristics of the injector, at its new state, are presented
in A nozzle with high k-factor [24] was selected given that increasing the
conicity, significantly suppresses cavitation appearance inside the nozzle orifices

[25] 26]. The geometry of the injector was provided by the manufacturer.

Table 1: Nozzle geometry.

Parameter Value Units
Number of holes 6 -
Avg. holes diameter (D,)  90.1 um
Avg. height angle 75 degrees
Avg. k-factor 5.3 -
Nominal flow rate 313  mLmin !
Degree of hydro-erosion 7.7 %

* At 10 MPa of injection pressure.

2.2. Test rigs
2.2.1. Momentum Flux Test Rig

Momentum flux measurements were done to assess the status of the outlet
orifices of the injector, as this technique allowed the study of each hole of the
nozzle individually. In [Figure 1] part of the equipment used is shown. High
pressure fuel is delivered to the injector, which is located on top of the test rig
chamber, immersed in circulating coolant (ethylene glycol at 30 % pumped at a
rate of 60 L/min), in order to take its temperature up to 363 K. This proceeding
is essential, as the performance of a piezoelectric injector greatly depends on its
working temperature [27]. Furthermore, the nozzle of the injector reaches the
chamber, in which the spray of interest is faced with a pressure sensor. This
pressure sensor is mounted on the sensor holder and employed to measure the

impact force of the spray during the injection.
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Figure 1: Momentum flux test rig schematic diagram.

Additionally, spacers are used to separate the sensor from the nozzle tip at

a convenient distance.To do so, an equilibrium was found in which the sensor
was kept close enough to ensure the entire jet was obtained, and far enough to
avoid interference from the neighbor jets [25]. Also, the chamber pressure was

s controlled through valves connected to a pressurized nitrogen tank. Moreover,

the holder is selected so that the sensor is aligned perpendicularly to the spray,
as depicted in

2.2.2. Injection Rate Discharge Curve Indicator

Injection rate measurements were done with an injection rate discharge curve

o indicator (IRDCI), applying the Bosch long-tube methodology [28]. In[Figure 3|



135

140

145

150

Published as: Applied Thermal Engineering, vol. 181, no. August, p. 115891, 2020. DOI:
10.1016/j.applthermaleng.2020.115891.

Sensor

Inclination Holder

Angle

Figure 2: Sensor alignment in the momentum flux test rig.

a schematic diagram is illustrated. When fuel is injected into the measurement
tube, a pressure wave is generated. The fast-response pressure sensor, a piezo-
electric transducer, captures the pressure variation caused by the injection event.
From the signal, it is possible to calculate the instantaneous mass flow rate, as
explained by Salvador et al. [29].

Afterward, the wave travels at the speed of sound through the long tube that
goes around the device, up to the release volume where it is dampened. Then,
the fuel enters through a filter into the equalizing piston, which is pressurized
on the other side by nitrogen set at the desired discharge pressure, sealing the
outlet. Once the fuel-side sets the piston in equilibrium, any additional mass
injected induces a pressure increase. In consequence, the piston moves, which
unseals the exit, and lets a small amount of mass out of the IRDCI, equivalent
to the mass injected. This mass is deposited into a downstream scale, and
a mass flow rate measurement is obtained for comparison purposes [29]. The
same refrigerating system detailed in the momentum flux section was employed

to control the operating temperature of the injector.

2.3. Data Post-Processing
A high-speed acquisition system was utilized to record the signals provided
by the sensors during the injection process, both for injection rate and momen-

tum flux measurements. For multiple injections events, the main injection was
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Figure 3: Injection Rate Discharge Curve Indicator schematic diagram.

decoupled from the pilot/post injection in order to measure the mass quantity

injected in each event, as depicted in As the signal values were much

higher than noise, it was possible to detect the start and end of each injection,

calculating the rising and falling edge of each curve. Thus, the injection time

155 limits were established, and the mass injected in each event was determined by

integrating both curves between the limits, and the total mass by adding these
values.

To eliminate measuring errors and uncertainties, 50 cycles of each test point

were made and averaged into a final signal. Then, the signal is corrected to
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account for the cumulative phenomenon [30]. Finally, shot-to-shot dispersion
is evaluated through the relative standard deviation of the total injected mass,
injection duration and stabilized injection rate, which was below 2% for every

condition tested.

— Avg. signal — Main inj. Post inj.
o5t Pinj = 200 MPa
BP = 6 MPa
DT =650 us
27-3
20}
o
2 \
& 15} /\
© |
Q2 @ !
= 1ol E ||
S = ot _ ! |
= S <>
T |E ||
S |
5r2 |
= Main mass = 27.1 mg |
Post mass = 3.0 mg l
0 } Total mass = 30.1 mg

0 0.5 1 1.5 2 25 3
Time after SOE [ms]

Figure 4: Decoupling of two injection pulses. The labeling 27-3 refers to the nominal strategy

of 27 mg and 3 mg for the injected mass of main and post pulses respectively.

2.4. Test Matrix

Boundary conditions such as injection pressure, chamber density, and tem-
perature, were selected using guidelines from the Engine Combustion Network
(ECN) [31]. The amount of fuel per injection was elected using baseline points
from a 1.6-liter engine, with an injected mass per cycle of 50 mg, equipped
with 100 um - 8-orifice injector. Quantities were scaled and rounded to the
90 um - 6-orifice injector used, which resulted in an injected mass per cycle of

30 mg. Then, electrical pulses duration were adjusted for each multiple injec-

10



175

Published as: Applied Thermal Engineering, vol. 181, no. August, p. 115891, 2020. DOI:
10.1016/j.applthermaleng.2020.115891.

tion boundary condition to reach the targeted mass quantity of 30 mg between
the pilot/post and main injection. These adjustments were established dur-
ing the first campaign of measurements, and the same electrical signals were
employed in the experiments done after aging, in order to compare the per-
formance between each stage. Three fuel distribution schemes were analyzed:
single, pilot-main, and main-post injection. For each multiple injection strategy,
four different dwell times were tested.

Injection conditions employed throughout the experiments are depicted in

o [Table 2| and [Table 3] A reduced test matrix was employed to assess the status

185

of the injector, in the momentum flux measurements. Commercially available

diesel (EN590) was employed.

Table 2: Test plan for the momentum flux campaign.

Parameter Value Units
Injection pressure 100 - 200 MPa
Back pressure 5 MPa
Ambient gas Nitrogen -
Operating temperature (Injector) 363 K
Injection frequency 1 Hz
Cycles per test point 50 -

3. Results and discussions

The following section describes the results seen throughout the experiments.
First, momentum flux measurements, taken to assess the status of the injector,
are presented. Then, single injection measurements are detailed, which serve to
observe more clearly the main differences before and after aging. Finally, the

effects these phenomena have on multiple injection strategies are discussed.

11



190

195

200

Published as: Applied Thermal Engineering, vol. 181, no. August, p. 115891, 2020. DOI:
10.1016/j.applthermaleng.2020.115891.

Table 3: Test plan for the rate of injection campaign.

Parameter Value Units
Injection pressure 100 - 200 MPa
Back pressure 3-6 MPa
Operating temperature (Injector) 363 K
Pilot/post dwell times 200 - 350 - 500 - 650 us
Pilot/post inj. quantity 1-3 mg
Main inj. quantity 29-27 mg
Total mass per multiple inj. 30 mg
Injection frequency 1 Hz
Cycles per test point 50 -

8.1. Momentum flux measurements

depicts momentum flux curves for each outlet hole of the injector
at its new state (left plots) and after aging (right plots). All the holes have
similar steady-state momentum flux values (M) before aging, whereas holes 2
and 4 notably reduced their values after aging. Moreover, the geometrical di-
ameters before aging of the orifices (provided by the manufacturer) are detailed
in All of them have similar values, being the maximum variation found
between holes 2 and 3 with a 2.4 pm difference (representing a 2.6% variation
only). Then, similar momentum flux curves were expected between orifices for
the same boundary conditions, as seen on the subplots before aging of
Thus, the considerable variations observed in the steady momentum flux after
aging were not proportional to the differences between the diameters of the
holes.

Moreover, [Table 4| contains momentum coefficient (Cps) values after aging,
which were calculated by the [25]:
M M
= ’ = (1)
Mipeor 2A0AP
Where A, represents the theoretical outlet area of the orifice and AP the

Cum

12
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Figure 5: Momentum flux measurement for each hole of the injector before and after aging.
BP: 5 MPa, ET: 1.5 ms.

difference between the injection pressure and the back pressure. This coeffi-
cient compares the experimental steady momentum flux with the theoretical
value, which considers the total availability of the orifice area. Moreover, this
coefficient is directly correlated to the area coefficient (Cps x C,) [25], which
evaluates the effective area (A.ss) being employed, in comparison to the total

theoretical area available [25]:

_ Acys
C, = A (2)

Thus, the momentum coefficient serves as a qualitative measurement of the

13
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Table 4: Piezoelectric injector diameters before aging and momentum coefficient after aging.

Hole Diameter [pum] Cwm

1 90,1 0,74
2 89,3 0,39
3 91,7 0,74
4 89,7 0,60
5 89,6 0,75
6 89,9 0,73
Average 90,3 0,74

amount of area being used in each orifice. As holes 1, 3, 5, and 6 had similar
results before and after aging, their values were averaged and served as reference
values (last row of . Regarding the momentum coefficient, hole 2 had
a value of 0.39, which represented 47% less than the reference value (0.74).
Furthermore, hole 4 (0.60) saw its value reduced by 19%, when compared to the
reference value. Then, a considerable decrease in momentum coefficient values
was perceived in holes 2 and 4.

These variations in momentum flux curves were attributed to the presence of
deposits in those holes. In this sense, the existence of deposits would reduce the
available area and obstruct the path of the fuel throughout the orifice, reducing

the effective outlet flow.

3.2. Rate of injection measurements

8.2.1. Single injection

depicts the rate of injection at two stages of the lifetime of the
injector: at its new and at its aged state. It can be seen that, for the same
boundary conditions, the injector had a longer injection duration once it aged.
Specifically, the injection started at the same moment, but the injector took a
longer time to end the injection after aging. Furthermore, the injector developed

a lower steady-state injection rate flow as well.

14
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The extended duration phenomenon led to an increase in the injected mass,
whereas the lower steady injection rate caused its reduction. For each injection
event, the predominant phenomenon depended on the boundary conditions,
which could lead to higher or lower injected mass after aging. For instance, in

235 the lower injection rate had a predominant effect, leading to a 6.2%
decrease of the injected mass after aging. These phenomena were continuously
observed throughout the measurements campaign and will be discussed in detail

in the following sections.

20 r T .
Pinj = 100 MPa
ET=15ms —— Status = New
Inj. mass (New) = 42.05 mg | -— Status = Aged
15 | Inj. mass (Aged) = 39.41 mg
%)
2
c
RS
©
2 10}
£
5
i)
©
o
5 L
0

0 05 1 15 2 25 3 35 4 45
Time after SOE [ms]

Figure 6: Rate of injection measurement before and after aging.

The reduction in steady flow after aging is also reflected in the discharge

20 coefficient (Cy) [32] values depicted in For every condition tested,
a decrease of the coefficient value after aging can be observed due to losses in
the efficiency of the flow delivery of the injector. For each status, the averaged
discharge coefficient value was calculated as the mean of the coefficients obtained

from every boundary condition measured. The discharge coefficient of each test

15
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point was calculated by the [24):

m m

C = =
¢ Miheor 2AonAP

In which p; represents the density of the fuel for each test condition.

1.1 T r
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Figure 7: Discharge coefficient values for each status.

The partial obstruction of the nozzle orifices (evaluated in the previous sec-
tion) was pointed out as a possible explanation of the variations observed after
aging. Specifically, the appearance of deposits would reduce the effective out-
let area of the fuel, restricting the flow exiting through the outlet holes. As a
consequence, the effective steady-state injection rate would decrease, as seen in

g O

Furthermore, the existence of fouling could also explain the difference seen
in the injection duration. In this sense, obstructions would not affect the start
of injection given that, due to the needle dynamics, the injector is less sensible

to the presence of fouling in the nozzle, and more to the control volume status

[33]. Specifically, if the control volume performs correctly, the upwards needle

16
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movement would be unaltered, diesel fuel would flow to the nozzle at the same
rate after start of energizing and start of injection should not be affected, as
depicted in On the other hand, the outlet holes state could affect
the end of injection (EOI) after the end of energizing (EOE), as a nozzle with
obstructed holes would have a lower discharge coefficient [25], as observed in
Consequently, the fuel would take a longer time evacuating the sac,
increasing the sac pressure throughout the descend of the needle. As the force
pushing the needle downwards remains constant in value, the needle will require
a longer time to complete its path, seal the outlet holes, and end the injection.

Additionally, the appearance of deposits in the control volume holes was con-
sidered as another possible cause of the variations seen in the injection duration
after aging, as changes in the effective area of the inlet or outlet orifice of the
control volume have an important effect in the injection process [33]. Specif-
ically, the presence of deposits in the inlet orifice would decrease its effective
diameter, restricting the combustible flowing into the control volume. Thus, a
longer time would be required to fill the volume and regain the pressure needed

to push the needle downwards, extending the EOI, as depicted in

3.2.2. Pilot-main injections

In a pilot-main injection is depicted for the new and aged status
of the injector, employing the same electrical signal and boundary conditions
between statuses. It can be seen that the steady-state injection rate value is
lower after aging, which is attributed to the obstructed holes in the nozzle, as
explained in the previous section. Furthermore, each injection started at the
same time for both statuses but took a longer time to end after aging. This
difference was particularly noticeable in the main injection, which was longer
and steadier than the pilot injection.

This trend was observed through all the pilot-main conditions analyzed and
could be related to the events occurring inside the injector: when the piezo-
stack is energized for a small period (pilot/post injection), a transient behavior

is predominant, as the injection does not or barely reaches a steady-state flow

17
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Figure 8: Pilot injection strategy for both statuses.

status. Thus, there is not enough time for the needle to complete its upwards
movement and establish a steady flow, as the control volume is quickly re-filled
and pressurized, stopping the needle. Then, the end of injection would be faster:
as the needle is closer to the sac and the pressure difference between the control
volume and the sac did not fully develop, the shorter route downwards to seal
the sac is completed rapidly. Thus, the effects produced by the presence of
deposits in the outlet holes are diminished. However, if the ET is long enough
for a steady injection flow to establish (as in the main injection), the effects
of deposits appearance in the nozzle become predominant. A broader view of
these events is depicted in It is observed that the pilot injection was
not greatly affected by the injector status after aging.

18
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Figure 9: Pilot injection for multiple hydraulic dwell times.

Furthermore, |[Figure 10| shows the percentage variation of the injected mass

30 in comparison with the targeted mass of 30 mg, for every pilot-main condition

tested. As previously noted, the target was to inject 30 mg in each multiple

injection event, in 1-29 or 3-27 proportions. The electrical signal required to

reach this goal was determined during the new status measurements and em-

ployed after aging as well, to study these variations. The percentage variation

ws for every DT is shown before and after aging. Additionally, the numeric mass
variation value after aging is written in each subplot.

As the signals were conditioned during the new status, the injections made

at this stage had no variation regarding the targeted mass. On the other hand,

pilot-main injections made after aging suffered some variations, generally lower
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Figure 10: Percentage variation of the injected mass, regarding the targeted mass of 30 mg.

s than 6%. In this sense, the lower steady injection rate results in a reduction of
the injected mass, whereas the extended injection duration increases it. Thus, a
balance is made in which an effect will be more or less predominant, depending
on the boundary conditions. For instance, an increase of the injection pressure
would extend the closing HD [34], increasing the injected mass quantity, as

us  seen in It can also be observed that the same effect is produced by

reducing the back pressure.
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3.2.8. Main-post injections

In [Figure 11l a main-post injection event for both statuses of the injector
is shown, maintaining the boundary conditions. It can be seen that, for the
same electrical pulse, the aged injector is not able to separate the main and

post injection, resulting in a unique and large injection.
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Figure 11: Post injection strategy for both statuses.

This behavior was continually seen for every main-post injection after aging
with a dwell time of 200 us, as seen, for instance, in Curves with
650us and 300us of dwell time have been omitted, allowing more viewing clarity
on the post injection zone without losing insights on the phenomena observed.

As previously discussed, the variations in behavior after aging mainly affects

the duration of the larger and steadier injections. Thus, the pilot (short and
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Figure 12: Post injection strategy for multiple hydraulic dwell times.

transient) injection did not affect the start of the following main injection, as
depicted in However, in post injection strategies the extended dura-
tion of the preceding main injection could have a considerable impact on the
post injection event: if the dwell time between the main and post injection is
short enough, the extended time required by the injector after aging to end the
injection could overlap with the start of the post injection. In other words, the
electrical pulse of the post injection could be sent before the needle develops its
downwards movement to end the main injection, resulting in a unique injection
with a larger closing HD.

Furthermore, the union of the main and post injections affects the quantity

of fuel injected. Specifically, fuel was continuously injected from the start of the
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main to the end of the post injection, rather than stopping between injections.
Thus, not only the benefits of the post injection are lost, but an increase in fuel
consumption would appear. summarizes the percentage variation of
the injected mass for every condition studied, in comparison with the targeted

mass of 30 mg.
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Figure 13: Percentage variation of the injected mass, in comparison with the targeted mass

of 30 mg.

It can be seen that the mass variation is generally higher for post injection
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strategies, as they are more sensitive to increased main injection duration. Fur-
thermore, it is depicted that the union of main and post injection produces a
considerable increase in the total injected mass, as seen for the DT of 200 us.
This effect is intensified with larger injection pressures, as this increase also

extends the closing HD [34].

4. Summary and conclusions

This study analyzes the influence of aging of a diesel injector on multiple
injection strategies. To do so, injection rate measurements were done at two
stages of the injector’s lifetime: once when it was brand new, and another one
after aging, following 1400 hours of use with an injection frequency of 0.25 Hz
within a test rig capable of emulating real engine conditions of temperature and

pressure. From the obtained results, the following main conclusions are drawn:

— The status of the injector was assessed with momentum flux measure-
ments, which confirmed the partial obstruction of two outlet orifices of

the nozzle.

— Injection rate measurements showed that, for the same electric pulse, the
steady-state rate of injection was lower and longer after aging, affecting

the total fuel mass injected.

— The extension of the injection duration after aging was more significant

when the injection was longer and reached a stabilized state.

— The partial obstruction of the nozzle orifices was pointed out as a possible

explanation of the variations observed in the injection rate after aging.

— The extended duration of the main injection could overlap with the start
of the post injection, resulting in a single injection. Hence, not only an
increase in fuel consumption would appear, but the thermal benefits of

implementing the post injection would be lost.
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