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EFFECTS OF PILOT INJECTION PARAMETERS ON LOW TEMPERATURE
COMBUSTION DIESEL ENGINES EQUIPPED WITH SOLENOID INJECTORS

FEATURING CONVENTIONAL AND RATE-SHAPED MAIN INJECTION

d’Ambrosio, S. , and Ferrari, A.”

Energy Department — Politecnico di Torino

C.so duca degli Abruzzi, 24, 10129, Torino, Italy.

ABSTRACT

The potential of pilot injection has been assessed on a low-temperature combustion diesel engine for automotive
applications, which was characterized by a reduced compression-ratio, high FGR rates and postponed main injection
timings. Dwell time sweeps have been carried out for pilot injections with distinct energizing times under different
representative steady-state working conditions of the medium load and speed area of the New European Driving Cycle.
The results of in-cylinder analyses of the pressure, heat-release rate, temperature and emissions are also presented.
Combustion noise has been shown to decrease significantly when the pilot injected mass increases, while it is scarcely
affected by the dwell time between the pilot and main injections. The HC, CO and fuel consumption trends, with
respect to both the pilot injection dwell time and mass, are in line with those of conventional combustion systems, and
in particular decreasing trends occur as the pilot injection energizing time is increased. Furthermore, a reduced
sensitivity of NO, emissions to both dwell time and pilot injected mass has been found, compared to conventional
combustion systems. Finally, it has been observed that soot emissions diminish as the energizing time is shortened, and
their dependence on dwell time is influenced to a great extent by the presence of local zones with reduced air-to-fuel
ratios within the cylinder. A combined analysis of the results of swirl sweeps and dwell time sweeps is here proposed as
a methodology for the detection of any possible interference between pilot combustion burned gases and the main
injected fuel.

The effect of pilot injection on engine performance and emissions has also been assessed in the presence of rate-shaped
main injections. These main injection profiles have been implemented with solenoid injectors by designing the injection
fusion between a pre injection shot, which is added after the pilot injection, and the main injection. This innovative
strategy shows benefits, with respect to combustion noise, although it still results in a reduced impact on NO, emissions.

Furthermore, the brake specific fuel consumption and soot levels generally become worse than in the case of the simple
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pilot-main injection schedules. The injection fusion strategy has a significant impact on the soot versus dwell time

dependence, which is influenced by the interference between the-main injection and pilot combustion.

Keywords: pilot injection; dwell time sweeps; switl sweeps; injection fusion.

Highlights:

- The influence of the principal pilot injection parameters is discussed for low—temperature combustion systems.
- Swirl-sweep and dwell-time sweep results are combined to analyze soot emissions.

- The pilot injection effects are investigated in injection profiles featuring rate-shaped main injections.

1. INTRODUCTION

Both the pilot injected quantity (g,i) and the dwell time (D7) between the pilot and main injections have been shown to
exert a significant influence on the trade-off between engine-out emissions, combustion noise (CN) and fuel
consumption in conventional diesel combustion systems at low to medium load and speed engine working conditions
[1-4].

Since a reduction in the premixed combustion portion of the main injection makes the highest flame temperatures of the
burned gases diminish, NO, emissions generally reduce in pilot-main schedules, compared to single-injection strategies
[5]. However, the pilot injection burns under premixed combustion conditions, and this constitutes an additional source
of NO, emissions. When large pilot injected quantities are applied, the increase in the NO, amount, due to pilot
combustion, can prevail over the decrease in the main combustion NOx emissions, due to the shortened ignition delay
and less intense premixed main combustion [6], and, as a consequence, NO, emissions can augment overall for the
strategy that implements the pilot shot. Furthermore, the earlier the pilot injection timing, which corresponds to a fixed
pilot injected mass, the lower the heat release rate (HRR) peak of the pilot injection, and thus the more moderate the
pilot combustion. This seems to suggest that an earlier pilot injection timing in conventional combustion systems limits
the generation of the NO, caused by pilot combustion [7], but aggravates the NO, emissions produced in the main
combustion.

Smoke emissions in pilot-main injections generally tend to increase at medium load and speed conditions, compared to
single injections. In fact, the pilot injection leads to an increase in the in-cylinder temperature and a decrease in the
oxygen concentration in the gases before the main injection has occurred, and both of these effects generally make the
smoke emissions, produced during the main combustion, grow [7-9]. In general, the quantity of the pilot injection

should be below a certain threshold (a general value of 4 mg can be prescribed) in order to contain the smoke amount



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

[10]. Soot emissions generally increase as the DT between the pilot and main injection is reduced [11]; this occurs for
the same reasons that lead to the increase in the soot emissions that is detected when a pilot shot is added to the main
injection. However, when the DT is very short, the main shot fuel is injected slightly before the burning of the pilot
injection, and as a result, a lower rise in the temperature of the in-cylinder charge occurs and the ignition delay of the
main injection tends to increase [12]. Furthermore, a small pilot injection, closely-coupled to the main injection
(DT<500 ps), can cause an increase in the velocity of the injector needle during the nozzle opening phase of the main
injection, and this contributes to spray atomization enhancement [13]. Both these events can significantly improve the
premixing phase of the main injected fuel with air and thus enable a reduction in the smoke emissions. On the other
hand, the possible interference between the pilot combustion event and the main injection, which is more likely to occur
for short DT values, can mask the benefits of both the increased ignition delay and the higher velocity of the needle at
the beginning of the main injection, and this major interference can lead to an augment in the soot emissions.

The brake specific fuel consumption (bsfc) in the medium load and speed area of the New European Driving Cycle
(NEDC) improves when a pilot injection is added to the main injection, and the improvement generally increases as the
dwell time is reduced, because the pilot and main combustions are linked smoothly, and this has the potential of
enhancing the combustion efficiency [14].

Finally, pilot injections are also effective in decreasing combustion noise: reductions of up to 5-8 dB are generally
obtained in the CN value over the whole engine working area, even though the most obvious benefits are obtained at
low loads and at idle [15-17]. Combustion noise normally decreases if the pilot injected mass augments, whereas the
dependence of the CN on the pilot-main dwell time is more complex, because this trend is affected by the entity of the
pilot injected mass, even though a decrease is generally observed as the dwell time is reduced [17].

The effects of pilot, post and multiple injection strategies on engine performance and emissions have been studied
extensively at low to medium load and speed conditions in conventional diesel combustion modes with EGR fractions
of up to 10-20% [18-21] and complete parametric analyses have been performed on several injection variables of the
injection strategy [22]. In particular, the influence of the variations in the pilot injected quantity and the pilot-main
dwell time has been investigated in detail for standard diesel combustion systems [23, 24].

The implementation of sophisticated injection strategies to control the PCCI combustion mode is a more recent
challenge [25, 26]. Multiple injections are generally used in PCCI diesel engines to create a better air-fuel mixing
charge with lowest possible wall-wetting [27], but there are few analyses in the literature about the effect of multiple
injections on combustion noise and emissions in the presence of high EGR rates [25]. Multiple injections are usually
focused on the extension of the high-load limits of the PCCI mode working area or on the emissions and noise of the

PCCI engine [28]. The influence of an increase in the number of injection shots tends to be studied in general terms, and
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comprehensive analyses on the effects of some key-injection parameters, such as dwell times and fuel quantities
injected in each shot, on engine performance are rare and very recent. Furthermore, investigations on multiple injections
often refer to PCCI engines fueled with gasoline [29] or alternative fuels, such as propane [30] or DME [31]. In
particular, great attention is being paid to the effects of pilot injection on engine performance in low-temperature
combustion systems characterized by heavy EGR rates and fueled with diesel oil [8, 14, 32-34].

In the current research investigation, dwell time sweeps have been studied within the 400 us+1600 us range and at
different values of the pilot injected mass in pilot-main injection schedules, when high EGR rates are applied to a PCCI
engine fueled with diesel oil. Furthermore, an analysis of pilot injections with variable phasing and quantity in the PCCI
engine has also been performed for innovative injection schedules with a boot-like rate shaping of the main injection.
These sophisticated injection profiles have been implemented with direct-acting piezoelectric injectors, but there is a
lack of data in the literature about the effects of pilot injection timing and quantity on engine noise and emissions when
rate-shaped main injections, obtained by means of injection fusion techniques, are realized with solenoid injectors.

The experimental data, measured at a dynamometer cell, have been integrated with in-cylinder analyses, carried out
with a previously developed home-made combustion model [35], in order to improve the understanding of the main

physical phenomena.

2. EXPERIMENTAL FACILITIES AND ENGINE SET-UP.

The experimental tests have been carried out on the AVL dynamic test bed, installed at the Politecnico di Torino /ICE
laboratories [32, 36]. The test facility is equipped with a raw exhaust-gas analyzer, which is basically made up of three
analyzer trains. One of these trains has been used, in the present investigation, to measure the NO,., CO, CO,, THC and
O; levels in the engine-out gases. A second train has been employed to detect the CO, concentrations in the inlet

manifold, in order to be able to calculate the £GR mass fraction, which is defined as X, =i, /(1. +111,) and has

been evaluated according to a previously developed procedure [37]. The third train is usually applied to detect the NO,,
CO, CO,, THC and O:; levels downstream of the aftertreatment system, but these data have not been measured in the
present analysis since no aftertreatment device had been installed for the performed tests.

As far as the particulate matter (PM) measurement is concerned, the dynamic test bed is equipped with the following
instruments: AVL 4155 smokemeter, AVL 439 opacimeter and AVL SPC472 Smart Sampler. Finally, an ‘AVL KMA
4000 Methanol” measuring system continuously meters the engine fuel consumption over the 0.28-110 kg/h range with
a reading accuracy of 0.1% for diesel fuel.

The tested engine, the main features of which are reported in Table 1, is a Euro 5 engine, fueled with conventional

diesel oil, by means of hydraulically-actuated solenoid injectors of the latest generation. The twin-stage turbocharger is
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used to increase the full load bmep to 25 bar and engine transient performance, but it is not fully exploited in most of
the NEDC area or in the entire PCCI working zone that occurs at low load and speed conditions.

A high-frequency piezoelectric transducer has been installed on the engine cylinder head to measure the pressure time-
history of the gases in one of the cylinders, and another high-frequency piezoresistive transducer has been used to detect
the pressure levels in the inlet runner of the same cylinder in order to reference the in-cylinder pressure. An AVL 365C
crank-shaft driven encoder generates the time base for an automatic data-acquisition system, which is managed by 4VL
Indicom software, in order to allow both the online analysis of the indicated cycle and data storage operation for post-
processing with a three-zone combustion diagnostic tool. In this tool [35], the combustion chamber content is divided
into three zones: a fuel zone, an unburned gas zone (containing fresh-air, residual gas and EGR) and a burned gas zone,
obtained from a global stoichiometric combustion process. Ordinary differential mass and energy conservation
equations are applied to the three zones and are solved numerically, while the experimental in-cylinder pressure and
injected flow-rate time histories are provided as input data. The model allows the temperatures of the three zones to be
calculated as functions of the crank angle. Furthermore, thermal and prompt NO mechanisms are implemented in the
simulation code, according to the Zeldovich and Fenimore submodels, respectively. Soot formation is modeled [38] by
means of an expression that considers the mean air-fuel ratio over the combustion interval, whereas the soot oxidation

rate is modeled using an empirical formula, based on the temperature of the burned gas zone.

3. EFFECT OF THE PILOT INJECTION PARAMETERS ON LOW TEMPERATURE

COMBUSTION SYSTEMS

Figures 1-6 report the bsfc, CN and engine-out emission experimental data, plotted as functions of the dwell time
between the pilot and main injection shots in the 400 us<D7<1200 us range, for the »=2000 rpm and bmep=>5 bar
(2000x5) engine working condition. The lower limit of the dwell time was set at 400 us, because the pilot injection can
hydraulically interfere directly on the main injection dynamics and fusion phenomena can occur below this threshold
[9]. Three different quantities have been considered for the pilot injection in each graph, and each quantity corresponds
to a distinct value of the energizing time of the pilot injection (E7,;). The DT sweeps have been performed by
maintaining all the other engine parameters constant, with the exception of the main injection energizing time (E7mqin),
which is changed by the test bed control system in order to maintain the desired bmep.

Table 2 reports the main test conditions under which the DT sweeps have been carried out: the variations in MFBS50 are
within 1°CA during each DT sweep, and are therefore not significant. The electrical start angle of the pilot injection

(SOL,) is not reported because it was made to vary in the DT sweep tests. However, it can easily be calculated on the
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basis of the DT and the ET,; values (both expressed in us), according to the SOL,;=SOlin—6-10°n (ET,;+DT) formula,
where 7 is the engine speed (in rev/min) and SOl u.» (°CA ATDC) is the main injection start angle.

The adopted Xzgr is around 40%, that is, much higher than the values usually implemented in conventional diesel
combustion systems (20-25%) at medium load and speed conditions. Furthermore, SOI,.,» is postponed in the
implemented calibration and this condition, together with the application of a low compression ratio (&=16.3 in Table 1)
engine, is suitable for low-temperature combustion systems. As no aftertreatment device was installed to reduce engine-
out NO, emissions, the retarded main injection pulse is useful to decrease peak in-cylinder temperatures and inhibit NO,
formation.

The experimental in-cylinder pressure (p.) crankshaft angle based distributions and the model based heat release rate
traces, which refer to three combinations of DT and ET values (D7=400 us and E7,;=210 ps, DT=1200 ps and
ET,=210 ps and DT=1200 ps and ET,;=160 us, respectively) are reported in Figs. 7 and 8, together with the schematic
injected flow-rate.

The high brake specific fuel consumption shown in Fig. 1 can be attributed to the abovementioned postponed main
injection: in fact, a delayed SOI,..;» improves NO,, but leads to a deterioration of bsfc, due to the NO,-bsfc trade-off.
Brake specific fuel consumption generally becomes worse as the dwell time between the pilot and main injection is
increased. In fact, a reduced DT makes the overall combustion occur over a shorter time, and this determines a decrease
in bsfc. Furthermore, when either ¢, is increased (by enlarging E7,;) or DT is reduced, the pilot and main combustions
are linked more smoothly, or are at least closer (cf. Fig. 8), and this situation has been verified to induce a higher mean
temperature of the in-cylinder gases over the main combustion event, thus enhancing combustion efficiency.

The dependence of the combustion noise on both DT and g, has been outlined in Fig. 2. The results plotted with
respect to ET,; are in line with those reported in the literature for moderate EGR rates [8]: the higher the ET,i, i.e. gpi,
the lower the CN. On the other hand, the combustion noise reduces for increasing D7, and this result is consistent with
the model data given in Fig. 8, where it can be observed that the HRR peak that refers to the premixed phase of the main
combustion becomes more vigorous as DT reduces (cf. traces at E£7,;=210 ps to assess the effect of DT on CN and
traces at D7=1200 us to evaluate the influence of £7,; on CN). It is possible to note that the schematic injection rate
given in Fig. 8 starts at a higher 0 angle than the 0.5 °CA ATDC reported in Table 2. In fact, the angular position in
Table 2 refers to the start of the electrical command, whereas Fig. 8 shows the schematic injected flow-rate. The delay
between the command and the actuation is related to the injector nozzle opening delay, which is generally a function of
ET and the rail pressure level [39].

It can be observed, in Figs. 3 and 4, that the engine-out HC and CO emissions tend to increase as DT is augmented from

400 ps to 1200 ps; furthermore, the higher the value of ET,; , the lower the HC and CO emissions are in general. These
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data are in agreement with those reported in other works [14, 40], which refer to moderate EGR conditions in
conventional diesel combustion systems. If either the pilot injection quantity becomes lower or the pilot injection timing
occurs earlier, the occurrence of overmixing is more likely, and this causes an increase in the HC emissions. In other
words, when the DT is increased (the SOl is approximately 0.5°CA ATDC, cf. Table 2), the pilot fuel is injected into
an increasingly cooler environment, and this leads to an augment in the autoignition delay of the pilot injected fuel,
which in turn promotes an overmixing of the fuel with air. The augment in the autoignition delay of the pilot injected
fuel for increasing DT is confirmed from a combined analysis of the HRR traces and schematic injected flow-rates
shown in Fig. 8. Furthermore, if the pilot injected mass reduces, the HC and CO emissions increase, because of the
lower local equivalence ratio (¢) values pertaining to the pre-reactions of the pilot injected fuel. In particular, the CO
conversion rate deteriorates when DT is augmented and g,y reduces, in part because of the increase in the fuel
autoignition delay and in part due to a reduction in the highest in-cylinder gas temperature values [4]. However, it is
worth observing that the engine-out HC and CO emissions do not generally represent a major critical issue at medium
load and speed engine conditions, even for low temperature combustion systems, since the greatest number of
overmixing zones and the lowest in-cylinder temperatures are present at light loads and low speeds [8]. In particular, the
engine-out HC and CO emission levels shown in Figs. 3 and 4 can easily be controlled by means of the diesel oxidation

catalyst.

3.1 Nitrogen oxide and soot emissions

The most critical engine-out emissions at medium load and speed engine conditions are the NO, and soot emissions.
Fig. 5 shows that the engine-out NO, emissions tend to reduce in the presence of high EGR rates, when either DT
increases significantly or ET,; diminishes considerably, and there is no discrepancy between these general trends and
those obtained from conventional combustion systems. In particular, as can be inferred from the in-cylinder NOx
crankshaft angle distributions shown in Figs. 9, the augment in the NO, emissions, when ET,; increases from 160 us to
210 ps at DT=1200 ps, is primarily caused by the increased contribution of the NO, emissions produced during pilot
combustion. This contribution to the NO, emissions is greater than the decrease that is generated during the main
combustion event, because of the shortened ignition delay of the main injected fuel (cf. cases E7,;=210 us and
ET,i=160 ps for DT=1200 ps in Fig. 8).

A comparison between the data given in Figs. 1 and 5 shows that there is trade-off between NO;x and bsfc with respect to
both ET,; and DT. In fact, the combustion mode of the engine at bmep=5 bar is similar to that of a conventional diesel
engine (pure PCCI usually works for low loads and the engine tends to switch from PCCI combustion to normal

combustion as the load increases) and therefore the usual trade-offs of the standard diesel engine (NO; vs. bsfc and also
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NO; vs. soot, cf. Figs. 5 and 6) can be observed. However, the NO, emissions in Fig. 5 show very low levels and
reduced sensitivity to DT and ET,;, compared to conventional combustion systems that work under moderate EGR rates
and with more advanced SOI,.in. The applied low-temperature combustion strategy in fact employs high EGR rates,
SOlyain around TDC, as well as a reduced compression ratio. All of these features contribute to the containment of the
burned gas temperatures and thus improve NO, emissions to a great extent. As a consequence, the sensitivity of NOx to
the pilot injection parameters is less significant.

The trend of the engine-out soot emissions, with respect to E7,; shown in Fig. 6, is also in line with the results that are
usually found in the literature for conventional diesel combustion systems: the higher the pilot injected quantity, the
higher the soot production. On the other hand, as can be seen in Fig. 6, the soot monotonically increases with the dwell
time within the 400 us<D7<1200 ps range, whereas a decrease in the soot, with respect to D7, is usually observed for
moderate EGR rates [34]. Furthermore, the increasing trend of the soot emissions, with respect to D7, is more
pronounced as E7),; increases from 160 ps to 210 ps. Similar results on the dependence of soot emissions on increasing
DT have recently been obtained in [14] for higher Xzgr values than 50% at low load and speed conditions, but in that
case the soot was shown to reduce with the pilot injected quantity at fixed DT, whereas this cannot be observed in
Fig. 6.

Figure 10 reports the soot emission crankshaft angle based in-cylinder distributions for the same combinations of the
ET,; and DT values shown in Fig. 9. The augment in £7,; at DT=1200 ps determines a significant increase in the soot
production rate during the main combustion, and this result is in line with those of conventional combustion systems.
As far as the effect of DT is concerned, the soot production rate is significantly higher at D7=1200 us than at D7=400
ps for the £7,;=210 ps case. In general, the main factors responsible for an increase in the soot production rate are: the
higher temperature of the gases during the soot growth phase, the presence of local zones with poor mixing of the fuel
with air, and direct interference between the hot flames of the pilot injection and the main injection. Fig. 11 shows that
the maximum burned gas temperatures during the main injection and combustion events are similar for the D7=400 ps
and DT=1200 ps cases at E7,;=210 ps (the maximum values are around 2280 K, that is, higher than the typical limit of
about 2225 K of the pure PCCI working mode at lower loads [28]). In fact, as can be seen in Fig. 10, the soot oxidation
rates, which depend on the burned gas temperature values, are almost the same for the two cases. Therefore, the burned
gas temperature cannot be responsible for the differences that occur in the soot production rates between the D7=400 ps
and D7=1200 us working conditions. Furthermore, the HRR trace in Fig. 8 shows that pilot combustion occurs
simultaneously with the main injection in the D7=400 ps case, whereas this does not happen for D7=1200 ps.

Therefore, no interference takes place between the hot flames of the pilot combustion and the main injection at
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DT=1200 us. In addition, since soot production is higher for the DT=1200 ps case, no impingement of the main
injection on the pilot hot flames is feasible for D7=400 us, because such a remarkable interference would have a
dramatic effect on the soot production at D7=400 ps. In fact, the concomitance of the pilot combustion HRR and the
main injected flow-rate is a necessary but not sufficient condition to prove the impingement of the main injected fuel on
the pilot flames. Finally, the closer proximity of the pilot shot to the main injection for the D7=400 us case could, in
principle, decrease the mean oxygen concentration around the nozzle at the start of the main injection, but even this
would not justify the higher soot level observed in Fig. 10 for DT=1200 us, or the more general tendency of the soot
shown in Fig.6, which increases as DT grows.

Figure 12 reports the engine-out soot emissions as a function of the swirl actuator position (Sw) at 2000x5, for D7=1200
ps and ET7,;=190 us (the higher the swirl actuator position, expressed as a percentage of the closure of the swirl valve,
the higher the swirl ratio). An oscillating pattern of the soot emissions, with respect to Sw, can be observed; in
particular, a significant augment in the soot emissions can be observed when Sw passes from 40% to 50%, whereas the
soot decreases for an increasing swirl actuator position for lower Sw values than 40% or higher Sw values than 50%. On
one hand, the soot should reduce monotonically as the value of the swirl ratio increases because turbulence improves
the air-fuel mixing. On the other hand, when the swirl ratio is changed under a fixed DT, local inhomogeneity of the
composition can occur within the cylinder, due to the interference between the burned gas clouds of the pilot
combustion and the main injection fuel spray. The burned gas spots, which originate from pilot combustion, rotate, due
to the swirl motion, and the fuel plumes, which are injected through the 7 injection holes during the main injection, can
impinge on them. When DT is fixed, a change in Sw modifies the rotational velocity of the pilot combustion burned
gases, and this alters their possible direct interaction with the main injection fuel spray, thus producing the oscillating
behaviour of the soot emissions, with respect to Sw, that can be observed in Fig. 12. The main cause of the increase in
the soot emissions, with respect to DT, could therefore be ascribed to the interaction between the burned gas clouds
pertaining to the pilot combustion and the main injection fuel plumes. The DT sweeps, the results of which are plotted
in Figs. 1-11, refer to Sw=41%; the interference between the burned gases and the main injected fuel could be relatively
high at DT=1200 ps, E7,; = 190 ps and Sw=41% and it could increase when either DT reduces from 1200 ps to 1000 ps
at fixed Sw=41% and ET,; = 190 ps (cf. Fig. 6) or Sw rises from 41% to 50% at fixed D7=1200 ps and E7,; = 190 ps
(cf. Fig. 12). A higher Sw implies that a smaller time interval is required for the burned gas clouds to cover a certain
rotation angle, whereas a lower DT leads to a reduced time interval between the pilot and main injection events. As a
consequence, in order to reach the same effect on the degree of interference between the pilot combustion burned gas

clouds and the fuel plumes pertaining to the main injection, either the rotational motion of the burned gas clouds
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originating from the pilot combustion need to be accelerated or the DT needs to be reduced. Engine-out soot emissions
decrease as the swirl actuation position increases beyond 50% by increasing as the Sw value increases, and the same
result is reached when DT is progressively reduced below 1000 ps. In conclusion, the soot emission trends shown in
Figs. 6 and 12 are both consistent with the proposed physical explanation.

The remarkable interaction phenomena between pilot combustion and the main injection, which leads to increased soot
emissions, were investigated and described by means of numerical simulations in [17], even though, in that case, the
fuel plumes of the main injection impinged directly on the pilot hot flames and the situation was therefore more critical.
It is worth observing that the presence, in the burning zones of the main injected fuel, of relatively high equivalent
ratios, which are induced by the increasing interference between the pilot combustion burned gas clouds and the main
injection fuel plumes as DT grows, can concur to determine the slight decrease in the NO, emissions with respect to DT
which is observed in Fig. 5 (NO. are only produced for smaller local ¢ than 1.5). In other words, the proposed
explanation for the increase in the soot emissions with respect to DT is also consistent with the NO, emission results
given in Fig. 5.

Figures 13 and 14 report NOx and soot as functions of DT for ET,;=170 ps, ET,;=200 pus and E7,;=230 ps in the
bmep=8 bar and n=2500 rpm case. Table 3 reports the values of the most important engine parameters, which were
maintained constant during the considered DT sweeps (the MFB50 variations were within 1°CA). The NO;x and soot
trends, with respect to both DT and ET,;, generally confirm those at bmep=>5 bar and n=2000 rpm. The NOy emissions
are very low for the considered working condition, and the presence of a weak trade-off between NO. and soot is
observed with respect to DT. Furthermore, the soot generally increases with DT and this behaviour can still be attributed
to inhomogeneity in the combustion chamber, with the presence of spots of burned gases derived from the pilot
combustion event, which interfere with the main injection fuel spray. The pattern of the engine-out soot emissions, with
respect to the swirl ratio, was verified to be oscillating for the £7,;=230 us case, and complete consistency was again

found between this soot versus the Sw diagram and the corresponding DT sweep pattern in Fig. 14.

4. RATE-SHAPED MAIN INJECTIONS BY MEANS OF INJECTION FUSION IN

SOLENOID COMMON RAIL INJECTORS

An innovative type of injection schedule is represented in Fig. 15, with reference to an experimental test performed at
the hydraulic test rig with the same solenoid Common Rail injectors installed on the engine. When the pilot injection is
sufficiently close to the main shot, the electrical current signal related to ET .. starts before the needle has closed the
nozzle during the pilot-injection, which, in these conditions, is referred to as pre-injection. As a consequence, injection

fusion occurs [39], and the pre and main shots give rise to a rate-shaped single injection event. When an additional pilot
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shot is added before the pre and main joined injections, this fusion strategy is here referred to as pmM, whereas the
simple pilot-main strategy, the effects of which were analyzed in the previous section, is indicated with the pM
acronym.

The fusion of the pre and main shots reproduces a pattern that is similar to that of boot shaped main injections, which
are typical of direct-acting piezoelectric injectors [41], even though the injection fusion strategy applied to the solenoid
injectors leads to less flexibility. Boot injection is usually performed in the medium-to-high load zone of the NEDC area
of conventional combustion systems in order to reduce the amount of fuel that is mixed with air during the early
injection process. The autoignition of premixed fuel and air is therefore greatly reduced [42] and, as a consequence, the
maximum rates of heat release are limited, thus determining combustion noise reductions of up to 3-4 dBA [11, 43].
Furthermore, boot injection usually induces a remarkable reduction in engine-out NO, emissions, without a huge
detriment to soot formation and fuel consumption in most cases [44, 45].

The innovative rate-shaped injection that is shown in Fig. 15 has been applied in an attempt to achieve similar benefits
in solenoid injectors to those resulting from the application of boot shaped injection profiles in piezoelectric injectors.
Table 4 reports the engine conditions under which the D7, sweeps have been performed for a pmM injection schedule;
DT, has been fixed at 100 ps in order to guarantee the presence of injection fusion events between the pre and main
shots in all of the examined working conditions. The ET,; value is equal to 205 ps at 1500x5 (g,~2 mm?), while
ET,=180 ps at 2000x5 and ET,;=166 pus at 2500x8 (¢,7~1 mm? in both cases). Furthermore, SOl.i» and ETin have
been adjusted during each DT, sweep in order to maintain the same MFB50, which is reported in Table 4, and the same

bmep, respectively.

5. EFFECT OF THE PILOT SHOT ON RATE-SHAPED MAIN INJECTIONS AND LOW-

TEMPERATURE COMBUSTION

Figure 16 reports CN as a function of DT, for the engine points considered in Table 4. As can be inferred, the effects of
DT, on CN continue to be almost the same as in Fig. 2 for the 2000x5 and 2500x8 cases. In particular, the combustion
noise reduces as DTy, increases in the 400 us< DT7,; <1600 ps range for 2000x5 and 2500x8, whereas it remains almost
constant as DTy, varies for 1500x5. The CN levels for 2000x5 shown in Fig. 16 are generally 2-3 dBA lower than the
ones reported in Fig. 2 for a similar £7,; value. Furthermore, almost the same difference can be observed between the
CN data for pmM, plotted with filled round symbols in Fig. 16, and the corresponding data at 2500x8 for the standard
pilot-main (pM) injection schedule with similar ET; (cf. data with empty circle symbols). These reductions in the CN
levels, compared to the pM strategy, can be ascribed to the rate-shaped main injection. However, the benefits of this

feature are slightly underestimated in the comparisons, since the E7,; of the pM strategy is always slightly higher than
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the corresponding value pertaining to the pmM strategy (the higher the £7,; in Fig.2, the lower the CN). Furthermore,
the presence of the rate-shaped main injection makes the impact of D7,; on the combustion noise marginal, as can be
seen in Fig. 16, since the variations in CN with DT,; are lower than 1 dBA along each DT,; sweep that has been
considered.

Figure 17 shows that bsfc generally remains almost constant when passing from D7,;=400 us to D7,;=1600 ps for the
three considered engine points tested with the pmM strategy. However, the values of bsfc for pmM at 2000x5 are
roughly 2-3% higher than those for £7,;=190 pus shown in Fig. 1 (pM strategy), although the penalty estimation should
take into account that, in Fig.17, E7,;=180 ps instead of 190 ps and that, in Fig. 1, bsfc tends to increase when E7);
reduces. This means that 2-3% is probably an overestimation of the bsfc penalty due to injection fusion. In fact, the
deterioration of bsfc at 2500x8 for the pmM strategy, compared to the pM injection schedule (cf. data with empty circle
symbols in Fig. 17), is less than 1% for almost the same E7);.

The general slight deterioration of bsfc for the pmM strategy, compared to the pM schedule, is a consequence of the
lengthening of the overall injection event, due to the rate-shaped main injection. The (EOI.in—SOI,;) angular intervals
that correspond to a certain D7, in the pmM strategies at 2000x5 and 2500x8 have in fact been verified to generally be
slightly higher than the corresponding values, measured under the same dwell time, in the pM cases at 2000x5 and
2500x8, respectively. Furthermore, MFB50 is about 1.5°CA higher at 2000x5 for the pmM calibration than for the pM
one, and a delayed combustion on its own makes bsfc worse (the differences in MFB50 between the two strategies are
instead lower than 0.7°CA at 2500x8). All these circumstances explain the general slight increase in bsfc that occurs for
the pmM injection schedule at the examined working conditions.

Finally, the trends of the engine-out CO and HC emissions with respect to DT,; have been verified to be the same for
the pmM calibration as those shown in Figs. 3 and 4 for the pM calibration, that is, the HC and CO emissions increase
with respect to DT, in the 400 pus <DT,;<1500 ps range. Furthermore, the levels of these emissions for the pmM
strategy at 2000x 5 and 2500x8 are almost the same as those for the pM strategy applied at the same key points and for

similar £7); values.

5.1 Nitrogen oxide and soot emissions

The soot emissions shown in Fig. 18 are generally higher than the corresponding ones shown in Fig. 6 (E7,;=190 ps
case) and Fig. 14 (ET,;=170 ps case). Furthermore, as can be observed in Fig. 18, the soot generally tends to reduce as
DT, is increased for the 2000x5 and 2500x8 engine working conditions, and these trends are not in line with those

shown in Figs. 6 and 14 for the pM strategy.
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Figures 19-21 report the in-cylinder analyses, conducted at D7,;=400 us, DT,;=1000 us and DT7,;=1500 ps, for the
2000x5 key point and the pmM injection schedule. The soot production rate is maximum and minimum att D7,;=400 ps
and DT,;=1500 ps, respectively, whereas it shows an intermediate value at D7,;=1000 ps (cf. Fig. 21). The burned gas
temperatures reach the highest values earlier as DT,; increases (cf. Fig. 20), and the rate of the HRR rise during the
main combustion is minimum for the D7,;=400 us case (cf. Fig. 19). If the pilot shot is closer to the main injection, the
mean oxygen concentration decreases in a zone around the nozzle at the start of the main injection, and this could
explain the lower d(HRR)/d@8 values in the 365°CA<0<375°C4 interval for the DT,;=400 us case. The decrease in the
mean oxygen concentration around the nozzle, as DT),; reduces, tends to increase the soot production to 8x376°C4, and
this result is in agreement with the data shown in Fig. 18. Finally, there is no simultaneity between the HRR trace
pertaining to the pilot combustion and the injection rate for the D7,;=1000 us and D7,;=1500 us conditions in Fig 19,
whereas some concomitance could be is present in the DT7,;=400 us case. However, the soot deteriorates in almost the
same way in Fig. 18, when DT,; is reduced from DT,;=1500 ps to D7,;=1000 ps and then from DT,;=1000 ps to
DT,;=400 ps at 2000x5. This seems to suggest that the main injection does not impinge on the pilot flames in the
DT,;=400 ps case.

Figure 22 reports the soot emissions as a function of Sw for the 1500x5, 2000x5 and 2500x8 engine points;
DT,=100 ps in all of the cases, while DT7,;=400 pus for 1500x5, D7,~=1590 us for 2000x5 and D7,;=1550 ps for
2500x8. As can be inferred, oscillating behaviour of the soot emissions occurs, with respect to Sw, for the 2000x5 and
2500x8 cases, while the soot emissions decrease monotonically, with respect to Sw, for the 1500x5 engine point. This
means that an appreciable interference between the pilot injection burned gas clouds and the main injection fuel plumes
is likely to occur in the tests at 2000x5 and 2500x8, and this phenomenon affects the soot emissions to a great extent,
whereas such an interference is probably negligible for the tests at 1500x5. In the latter case, the soot in fact decreases
monotonically with respect to Sw, in line with the basic theories on the effects of the swirl-ratio on particulate matter.
Furthermore, the soot values at 1500x5 shown in Fig. 18 are significantly lower than those at 2000x5, probably in part
due to the absence of the impingement of the main injected fuel on the burned gases of the pilot combustion. On the
other hand, the augment in the maximum values of soot emission at 2500x8, compared to the maximum values at
1500x5 and 2000x35, is also due to the increased bmep value.

In Figs. 16-21, with reference to the pmM strategy, the swirl actuator position is equal to 40% for the tests at 2000x5,
while Sw=45% for the tests at 1500x5 and Sw=35% for those at 2500x8, as indicated in Table 4. The Sw values, which
are used in the D7, sweeps at 2000x5 and 2500x8, refer to the minimum soot values of the swirl sweep diagrams in

Fig. 22. The soot emissions increase when Sw passes from 40% to 60% at 2000x5 or from 35% to 55% at 2500x8. On



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

the other hand, the soot emissions are shown to increase in Fig. 18, when D7,; diminishes from 1500 ps to 400 ps at
2000x5 or when DT,; diminishes from 1500 us to 500 us at 2500x8. Furthermore, the soot again decreases at 2500x8
for Sw>55% in Fig. 22 and for D7,;<500 us in Fig. 18.

The trends of the soot for the 2000x5 and 2500x8 working conditions, with respect to D7,; in Fig. 18, are therefore
consistent with those of the soot with respect to Sw in Fig. 22, if impingement of the fuel plumes of the main injection
on the burned gases of the pilot combustion occurs. When reference is made to Sw=40% and DT,;= 1590 pus at 2000x5
or to Sw=35% and DT,; = 1550 us at 2500x8, either an increase in Sw (burned gas rotates more quickly) or a decrease
in DTy (pilot injection occurs closer to the main injection) could lead to a more intense interference between the pilot
combustion burned gases and the main injected fuel, thus increasing the soot emissions.

Figure 23 reports the engine-out NO, emissions versus D7,; for 1500x5, 2000x5 and 2500x8. The influence of DT, is
marginal, and is even weaker than the influence of DT in Figs. 5 and 13; the in-cylinder analyses on NO, emissions
conducted at 2000x5 in Fig. 24 show a slight improvement in the D7,;=400 ps case. In general, the NO, emission
levels in Fig. 23 do not change significantly compared to those of the pM strategy (cf. Figs. 5 and 13). NO, emissions
are mainly produced in diesel engines because of the high local temperatures, and the introduction of the rate-shaped
main injection is in fact aimed at lowering the maximum burned gas temperature. Nevertheless, the presence of low
temperature combustion, featuring high EGR rates and postponed MFBS50, applied to a low-compression ratio engine
(each of these features induces a diminution in the maximum burned gas temperature), and the reduced time interval of
the initial phase of the main injection during which the needle lift remains stationary at partial lift (the injection scheme
in Fig. 15 leads to poor flexibility in the management of the flow-rate shaping), seem to make the benefits of the rate-
shaped main injection on the engine-out NO, emissions ineffective. The improvement that occurs for the D7,;=400 us
case (Fig.24) could be due to the higher local equivalence ratios in the main combustion zone, caused by the

interference of the main injected fuel with the pilot combustion burned gases.

6. CONCLUSIONS.

An experimental investigation has been carried out at a dynamometer cell on a low-compression ratio diesel engine,
fueled with diesel oil and managed through the adoption of a low-temperature combustion strategy, in order to assess
the influence of pilot injection on engine-out pollutant emissions and performance. The tests have been conducted at
medium load and engine speed conditions by implementing a pM injection schedule characterized by the presence of
high EGR rates and postponed SOl angles, according to a late partial PCCI strategy.

The benefits of an innovative pmM strategy featuring a rate-shaped main injection, which was obtained by designing an

injection fusion event between a so-called pre injection (performed after the pilot shot) and a main injection, have been
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investigated for the considered low-temperature combustion engine. The proposed injection rate shaping technique
should represent the response of the solenoid injector technology to the boot injection that is used in piezoelectric
injectors.

The main achievements of the experimental activity, which were interpreted with the support of a three zone
combustion diagnostic tool, are outlined in a synoptic way as follows:

«  for the pM strategy, the dependence of the engine-out emissions, combustion noise and brake specific fuel
consumption on the dwell time and injected quantity of the pilot injection is generally in line with the results of
conventional combustion systems. HC and CO emissions increase as DT grows and decrease for increasing gpi ; the
same trends are generally observed for brake specific fuel consumption. The combustion noise also reduces as gpi
grows, but the dependence of CN on DT is the opposite to the dependence which is usually observed in conventional
combustion systems, that is, CN has been found to reduce for increasing DT values. This discrepancy has been proved
to be related to the delayed SOI,..in angles, which induce a higher peak value of HRR for the main injection premixed
combustion as DT reduces at fixed E7,;, and thus determine a monotonically decreasing trend of CN with respect to
DT. Finally, NO, emissions increase when ¢,; grows and slightly-decrease as DT is enlarged;

e ET,; should be increased for the pM strategy in order to reduce CN, HC, CO and bsfc. The engine-out NOy
emissions generally take on low values, due to the low temperature combustion strategy;

»  the pmM strategy leads to an improvement in combustion noise, compared to the pM strategy, but also to a
deterioration of both the soot emissions and the brake specific fuel consumption. These outcomes are in line with the
results on boot-shaped injection profiles in diesel engines fueled with piezoelectric injectors. However, no benefits of
the pmM strategy have been found for the NO, emissions, as usually occurs for boot injection in conventional
combustion systems;

. the engine-out NO, emissions generally show reduced sensitivity to the pilot injection DT and do not improve
when rate-shaped main injections, realized by means of injection fusion, are implemented. This can be ascribed to the
low-compression ratio diesel engine that was used, which was managed with a low-temperature combustion strategy
and employed postponed SO/yui» and high EGR rates. Each of these engine design characteristics generates a reduction
in NO, emissions, which become less sensitive to the adopted multiple injection strategy;

. the soot emissions decreased for both the pM and pmM strategies, when g,; was reduced, but all of the other
parameters were kept fixed. The dependence of the soot emissions on pilot injection timing generally seems to depend
on a fluid dynamics interference between pilot combustion and the main (or pre-main) injected fuel. The burned gas
clouds that originate from the pilot combustion rotate, due to the swirl motion, and the fuel plumes, which are injected

through the injection holes during the main injection, can impinge on them. When the dwell time is varied, the degree of
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intensity of this interference between the burned gas spots and the main injection is altered, and this determines a
change in the soot emissions, which can either become worse or improve with the variations in the pilot injection
timing;

. a coupled analysis of the dependence of soot emissions on dwell time and Sw is recommended in order to obtain a
better understanding of the reasons behind soot production, especially in the presence of high EGR rates. When the soot
emissions decrease monotonically with respect to Sw, no remarkable interference phenomena occur between the burned
gases of the pilot combustion and the main (or pre-main) injected fuel hot flames (this was the situation at the 1500x5
engine point). On the other hand, if soot emission oscillations are detected with respect to Sw (these were verified to
exist at the 2000x5 and 2500x8 engine points), the main injected fuel impinges on either the hot flames or on the burned
gases of the pilot combustion, and the intensity of this fluid dynamical interference changes when the pilot injection
timing or Sw is changed. The dependence of soot emissions on dwell time is always physically consistent with the
dependence of soot emissions on swirl ratio, if interference between the main injected fuel and burned gases from the

pilot combustion is assumed.

7. NOMENCLATURE.

bmep brake mean effective pressure

bsfc brake specific fuel consumption

CA crank angle (degree)

CN combustion noise

DT dwell time between the pilot and main injection shot
DTpy dwell time between the pilot and pre injection shots

DTp,e dwell time between the pre and main injection shots
ECU electronic control unit

EGR exhaust gas recirculation

EOvain electrical end of the electrical command for the main injection

HC unburned hydrocarbons
HRR heat release rate
m fresh-air mass flow-rate

Mpep exhaust gas mass flow-rate
MFB50 angle at which 50% of the combustion mixture has burned

n engine speed
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NEDC New European Driving Cycle
NOx nitrogen oxides

PCCI Premixed Charge Compression Ignition

Peyi in-cylinder pressure

pm pilot and main injection strategy

pmM pilot and pre-main injection strategy (with injection fusion)
Prail nominal rail pressure level

qPill volume of fuel injected in the pilot injection
SOIvain electrical start of the main injection

SOIp; electrical start of the pilot injection

Sw swirl actuator position

T burned gas temperature

TDC top dead center

XEGr mass fraction of exhaust gas recirculation

£ engine compression ratio

1) equivalence ratio

o crankshaft angle in the simulations
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Engine type 2.0L Euro 5
Displacement 1956 cm?
Bore x stroke 83.0 mm x 90.4 mm
Compression ratio 16.3
Valves per cylinder 4
Tutechargr | it vl e

Common Rail
2000 bar solenoidal
with 7 injection holes

71 kW/1 — 205 Nm/1
Short-route cooled EGR

Fuel injection system

Specific power and torque

EGR system type

Throttle Valve

Intake Manifold

43|00D Y53

Exhaust Manifold

High-pressure U
wastegate

Intercooler

Automatic
High-pressure ———— [~ SN Flap
turbine .
High-pressure
compressor

Low-pressure
Compressor

Low-pressure
wastegate

Air Box

Low-pressure
Turbine

Exhaust Pipe

Table 1. Main specifications and schematic of the tested engine.
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Quantity Value 615
SOlyuin [°CA ATDC] 0.5
Xegr [%] 40.7
Sw [%] 41
pRai;[bar] 750
Boost [bar] 1.35
Global ¢ [-] 0.63
MFB50 [°CA ATDC] 18.0

Table 2: main parameters of the pilot-main calibration for the DT
sweeps conducted at the 2000x5 engine point.

Quantity Value
SOIyuin [°CA ATDC] -3.5
Xear [%0] 293
Sw [%] 35
pRai;[bar] 1200
Boost [bar] 1.92
Global ¢ [-] 0.65
MFB50 [°CA ATDC] 17.0

Table 3: main parameters of the pilot-main calibration for the DT sweeps
conducted at the 2500x8 engine point.

Quantity Value at Value at Value at
1500x5 2000x5 2500x8
SOlyin [°CA ATDC] -0.5 3 -2.5
ETpi [us] 205 180 166
DT, [ps] 100 100 100
Xegr [%0] 41 39 29.5
Sw [%] 45 40 35
Praibar] 775 650 1000
Boost [bar] 1.15 1.35 1.95
Global ¢ [-] 0.67 0.63 0.63
MFB50 [°CA ATDC] 12.5 19.5 17.5

Table 4: main variables of the pmM calibration for the DTpi sweeps conducted at
different engine points.
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