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ABSTRACT

Future emission regulations for Internal Combustion Engines require increasingly stringent reductions of engine-out
emissions, especially NOx and particulate matter, together with the continuous improvement of engine efficiency. In
the current scenario, even though compression-ignited engines are still considered the most efficient and reliable
technology for automotive applications, the use of Diesel-like fuels has become a critical issue, since it is usually not
compatible with the required emissions reduction. A large amount of research and experimentation is being carried out
to investigate the combined use of compression-ignited engines and gasoline-like fuels, which proved to be very
promising, especially in case the fuel is directly-injected in the combustion chamber at high pressure. This work
investigates the combustion process occurring in a light-duty compression-ignited engine while directly injecting only
gasoline. A specific experimental setup has been designed to guarantee combustion stability over the whole operating
range, that is achieved controlling boost pressure and temperature together with all the injection parameters of the
multi-jet pattern. The analysis of the experimental data clearly highlights how the variation of the control parameters

affect the ignition process of small amounts of directly injected gasoline and the maximum achievable efficiency. In
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particular, the analysis of the sensitivity to the injection parameters allows identifying an ignition delay model and the

key control parameters that might be varied to guarantee a robust control of combustion phasing within the cycle.

1. INTRODUCTION

Compression-ignited engines are still considered the most efficient and reliable technology for road
transportation. However, due to the current emission regulations, which severely limit pollutant and
greenhouse emissions for internal combustion engines, the conventional use of this technology has
become critical [1,2]. As a matter of fact, compression-ignited engines are usually fueled directly injecting
Diesel at high pressure. This leads to a combustion process which is heterogeneous by nature, and
consequently characterized by the simultaneous production of particulate matter (PM) and nitrogen oxides

(NOx).

Over the past years, the need to increase the efficiency and minimize the environmental and health
impact of internal combustion engines spread a large amount of research in the field of Low Temperature
Combustions (LTC). These innovative combustion techniques overcome the main problems of Conventional
Diesel Combustion (CDC) through the auto-ignition of a lean homogeneous air-fuel mixture (usually
obtained through high ignition delays) and the use of gasoline-like fuels [3-5]. The best known LTC strategy
is probably the Homogeneous Charge Compression Ignition (HCCI), which occurs when a totally pre-mixed
air-fuel mixture is compressed to the point of auto-ignition. This combustion methodology proved to be

effective to increase the thermal efficiency and simultaneously reduce both NOx and PM [6-9].

Even though the HCCl methodology seems to be promising, its use is severely limited by the fact
that the Start of Combustion (SOC) is controlled by chemical kinetics, therefore the ignition delay of the air-
fuel mixture is very sensitive to in-cylinder thermal conditions. As a result, the control of the combustion
phasing is very difficult, mainly because slight temperature variations significantly modify the ignition delay,
and consequently the center of combustion, which is the key factor to maximize the efficiency and avoid

knock or misfire [10-12].



The discussed issues, characteristic of the HCCI process, can be mitigated partially modifying the
air-fuel mixture preparation. Many works demonstrate that a promising technique suitable to partially
overcome the limitations of HCCI combustion is the gasoline Partially Premixed Combustion (PPC), which
uses a sequence of injections to properly design the shape of the rate of heat released. In this approach,
the amount of fuel introduced with the first injection ignites as an HCCI combustion (high ignition delay
strongly dependent on the cylinder thermal conditions) and increase in-cylinder pressure and temperature.
Then, the following injections are activated in a very short time, due to the pressure and temperature

increase generated by the previous combustion [13].

Even though combustion stability can be improved with the use of a multi-injection strategy, the
optimization of the injection pattern and the optimal control of the combustion location within the cycle
remain critical. As a matter of fact, the SOC of the first injection still plays a fundamental role, because it
increases in-cylinder pressure and temperature, therefore defining the angular position at which the fuel
introduced with the second injection will auto-ignite. For this reason, the optimal angular location of the

first injection remains fundamental to properly control the entire combustion process.

To investigate the ignition mechanism of the first injection, this work analyzes how the combustion
process of a small amount of gasoline (injected in a compression-ignited engine) is affected by the variation
of the main control parameters and the environmental conditions. To do so, a 4-cylinder Diesel engine was
modified to be run with 3 cylinders fueled with Diesel (CDC) and one cylinder fueled with gasoline (single
injection of a small mass of fuel, comparable to the amount that would be injected in the first injection of a
multi-jet pattern). To provide gasoline at high pressure, an additional fuel system was set up, together with
a system for pressure control and injection management (only in one cylinder). Several experimental tests
were carried out to highlight the effects of the injection parameters on the combustion process and the
ignition delay of the injected gasoline. The identified correlations were finally used to experimentally

identify a model suitable to predict the ignition delay.



2. EXPERIMENTAL LAYOUT

This study was based on the experimental activity run on a modified 1.3-liter compression-ignited
turbocharged engine installed in a test cell. In its standard configuration, the engine under investigation is a
Common-Rail Multi-Jet Diesel engine, equipped with an injection system designed to operate at a
maximum pressure approximately equal to 1600 bar. The technical characteristics of this engine are

summarized in Table 1.

TABLE 1: ENGINE TECHNICAL CHARACTERISTICS

Displaced volume 1248 cc

Maximum Torqgue 200 Nm @ 1500 rpm
Maximum Power 70 KW @ 3800 rpm
Injection System Common Rail, Multi-
Bore 69.6 mm

Stroke 82 mm

Compression ratio 16.8:1

Number of Valves 4 per cylinder
Architecture L4

Firing Order 1-3-4-2

The standard injection system, mainly based on a rail connected to the solenoid injectors and a
high-pressure volumetric pump, was kept active and used to fuel three cylinders, while one cylinder

(cylinder 1) was fueled with gasoline at high pressure.

To provide gasoline at high pressure, an additional fuel system was designed and installed. It
consists in another volumetric pump, kept in motion by the crankshaft, and an additional high-pressure rail,
connected only to the injector of cylinder 1 (same solenoid injector already used for CDC operation). Figure

1 reports the installation of the additional high-pressure injection system in the engine.
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FIGURE 1: INSTALLATION OF THE ADDITIONAL HIGH-PRESSURE FUEL SYSTEM

The optimal management of gasoline injection has been obtained integrating the additional
hardware in the testing setup shown in Figure 2. To guarantee the proper control of gasoline pressure and
injected mass, which has to be completely flexible and independent from the mass of diesel injected in the
other cylinders, a specifically designed control strategy was implemented in a programmable Rapid Control
Prototyping system (RCP) based on a National Instruments cRio 9082. The new controller managed both
gasoline injection pressure and energizing time (ET), i.e. the injected mass. Gasoline pressure was real-time
controlled varying the duty of a PWM command provided to a by-pass solenoid valve, which was opened or
closed according to the difference between target and measured gasoline pressure. The proper
management of the injection command required the real-time knowledge of the crankshaft angular
position, which was calculated by the RCP system processing the signal coming from the standard
crankshaft speed sensor. Once the RCP determined the crank angle, it output the desired logical command
for the injector, characterized by start (SOI) and duration (ET) of the injection (respectively start and
duration of injector energizing). These quantities were communicated via CAN bus to the standard ECU,

which converted the logical commands into the electrical command for the injector of cylinder 1.



To achieve a good level of flexibility in the investigation of gasoline auto-ignition and understand
how the operating conditions affect the ignition delay of the mixture, it is necessary to have a good control
of the intake air conditions, i.e. boost temperature and pressure. Intake temperature was varied using a
controller that changed the mass flow of the liquid coolant introduced in the air cooler located after the
centrifugal compressor (the coolant mass flow was varied according the difference between target and
measured boost temperature). The boost pressure control was based on the indirect control of the exhaust
pressure, that can be performed changing the load of the three cylinders operated with diesel. To control
the load of these cylinders, the RCP communicated to the ECU (via CAN bus) both diesel energizing time
(ETp) and diesel start of injection (SOIp) overwriting (when necessary) the reference values. Once the
exhaust pressure reached a proper value, the position of the actuator that controlled the mass flow

through the turbine (variable geometry turbine) was finally adjusted to keep the boost pressure at its target

value.
RCP Indicating system
host PC host PC
7y 7y
Test bench
INCA < control system
ASAP 3 host PC
y Y
CAN 1
7y
—> RCP
—»  realtime Indicating Test btenICh
system control
o FPGA Y
JZ> A 'y /'Y
o
EcU || 5
(standard) :
@]
T 4 3 m
z
c g (@)
o c a2 (@]
=l o ()
| B m
= 9 Y
; E=] A Y . SN
£| 3| !
ol 3 Test Bed !
8 a : ENGINE/Turbocharger |
R i 1
! 1
1 > |
! |

FIGURE 2: SCHEME OF THE EXPERIMENTAL SETUP USED TO INVESTIGATE GASOLINE PPC COMBUSTION



During the experimental tests, the signals coming from several standard and additional sensors
installed in the engine were acquired. The standard sensors can be monitored using INCA software and
ETAS hardware (connected to the ECU for engine control). In this work, the main additional sensors were 4
in-cylinder pressure sensors (AVL GH14P, one per cylinder), real-time acquired and processed by an
indicating system that sampled the cylinder pressure signals at high frequency (100 kHz) and real-time
calculated the main combustion indexes (center of combustion, indicated torque and pressure peak, all

communicated to the RCP via CAN bus).

The discussed experimental setup was used to investigate gasoline auto-ignition in the engine
under study, focusing the attention on the sensitivity of the ignition delay to the variation of several control

parameters, such as intake temperature, intake air pressure and fuel pressure.

3. ANALYSIS OF THE COMBUSTION PROCESS

Once the engine layout has been modified to inject gasoline at high pressure into cylinder 1, several
tests have been run to investigate how the variation of the main control parameters affect the gasoline
ignition process. As already mentioned, this work focused the attention on the auto-ignition mechanisms
which occur in gasoline PPC combustion, i.e. in the combustion process that follows a pattern with multiple
injections of gasoline. In PPC combustions, the most critical aspect to be managed is that the ignition delay
of the mass introduced with the first injection is strongly influenced by the cylinder thermal conditions.
Once the first injected mass has been burned, the ignition delay of the following injections is significantly
reduced by the increased pressure and temperature. As a result, the only way to keep the center of
combustion at a proper target value is to properly correct the SOI of the first injection in a way that

maintains reasonably stable its Start of Combustion.

With the prospect of setting up a model of the ignition delay (first injection), the analysis has been
focused on the behavior of small amounts of fuel, i.e. the ones used in Pilot injections. In this work, the

ignition of two different amounts of gasoline has been investigated: 2 and 4 mg/stroke. For each fuel mass,



the effect of three different fuel pressures has been investigated, i.e. 300, 500 and 700 bar. The most
critical aspect to be managed was the injection of gasoline, performed using the same solenoid injectors
used in the standard operating mode for diesel injection. Consequently, the standard injector map (stored
in the ECU) could not be used to accurately control the injected mass at the three investigated pressure
levels (the ET stored in the standard map is not correct when gasoline is injected). Therefore, to accurately
control the gasoline mass flow, gasoline consumption has been measured using a high accuracy flow meter
(FlowSonic LF), characterized by a measurement range compatible with the small mass flow rates

introduced inside cylinder 1 (the only cylinder in which gasoline is injected).

Each combination of gasoline mass and injection pressure has been tested with different
combinations of intake pressure and temperature: two levels of intake pressure (1450 and 1550 mbar, the
boost pressure is controlled real-time adjusting the position of the VGT actuator) and two levels of intake
temperature (20 and 75 °C, controlled using the air cooler installed in the middle between the compressor
and the intake manifold) have been investigated. During all the mentioned tests, several steady-state tests
have been run changing the SOI from 50 to 10 deg BTDC. The whole set of experimental tests has been
analyzed, the goal being to highlight the effect of each control parameter on heat release and ignition

delay.

3.1 Effect of the Injection Parameters on Heat Release and Ignition

The calculation of the heat released during the combustion process is a useful way to quantify the effects of
the ignition parameters on the ignition process. A commonly used approach for the calculation of the
energy released during the combustion process, based on the experimental measurement of in-cylinder
pressure, is reported in Eq. (1). Here, 8 is the crankshaft angle, y is the specific heat ratio, p and V are in-

cylinder pressure and volume respectively.

-t .y, v W
ROHR—y_1 |4 d9+y_1 P25 (1)



The rate of heat released (ROHR) does not take into consideration the losses due to heat transfers through
the walls and blow-by. This aspect was not negligible in this study, because when small amounts of fuel are
injected, the amount of heat exchanged through the crevices or the cylinder walls can be comparable to
the one which produces a pressure increase captured by the transducer. If the amount of (positive) energy
released during the combustion process is comparable to the negative contribution (blow-by and heat
transfer through the walls), it might be difficult to perform detailed studies of the ignition process, because

some of the phenomena of interest might be hidden by the losses.

2 T T T
w1 ]
<
S 0
g -1
S ROHR
o~ Motored ROHR

3t ]

1 1 Il
-50 0 50 100

Crankshaft Angle [deg]

— 2 T T T

Y

D

2

=2

==

Q

&0

2

2 Vaporization

U L

1
-50 0 50 100
Crankshaft Angle [deg]

FIGURE 3: GROSS ROHR CALCULATION FOR A TEST RUN AT 2000 rpm, BOOST PRESSURE EQUAL TO 1550

mbar, INTAKE TEMPERATURE EQUAL TO 75°C AND pRail = 300 bar (4 mg/stroke).

To automatically compensate the mentioned negative contributions, each ROHR trace calculated from the
pressure measurements (through Eq. (1)), acquired during the experimental activity, has been corrected
removing the heat release trace calculated during a motored test (no fuel injected) run in the same
condition of rotational speed, intake pressure and temperature. This procedure was applicable because it
was possible to keep the boost pressure at its target value also when the injection was deactivated in

cylinder 1 (this is done using the three cylinders fueled with diesel). Figure 3 demonstrates that the



discussed procedure is suitable to compensate the effects of the losses, returning the gross ROHR [14]
released during the combustion process. In addition, it is interesting to notice that the gross ROHR in Figure
3 shows a negative and a positive region. The negative part corresponds to the vaporization stage (negative
because the fuel receives heat), while the positive part is the combustion stage (positive because the fuel

releases heat).

-
T

[=1
5]

Gross ROHR [J/deg|

.

05T

l Vaporizationspeed variation

-50 40 -30  -20 10 o 10 20 30 40 50 60

— —so1=10°BTDC| Crankshaft Angle [deg]

— — 801=12°BTDC
501 =14 BTDC

— — 801=16"BTDC

30 — — s01=18°BTDC T T T T T —
501 =20 BTDC -

——s01=22 "BTDC
—— 501 =24 "BTDC
——S01 =26 "BTOC
20 501 =28 "BTDC
——501=30"BTOC
——— 501 =32 *BTOC
i 201 =34 *BTDC
—— 501 =36 *BTDC
10 | |—-—-801=38 "BTDC
—-—-50I =40 "BTOC

501 =42 *BTDC
51 |—-—-sol=44BTDC
—-—-801 =48 "BTDC
o4 501 =50 "BTDC | = . . . .
50 40 30 20 -0 0 0 20 30 40 50 60
Crankshaft Angle [deg]

25

CIHR [J]

,’/ s -
/ / r
S s -

FIGURE 4: GROSS ROHR AND CHR VARIATIONS DURING A SOI SWEEP (2000 rpm, 4 mg/stroke, BOOST

PRESSURE 1550 mbar, INTAKE TEMPERATURE 75°C AND RAIL PRESSURE 300 bar).

The use of the calculated gross release was fundamental to properly analyze the effects of intake
conditions, injection pressure and SOl variation on the vaporization and combustion stage (for each amount
of fuel injected). Given an investigated steady-state condition, the first aspect to be noticed is that SOI
variation has a remarkable impact on both vaporization and combustion phase. To clarify this

consideration, Figure 4 reports the result of the SOI sweep performed injecting 4 mg/stroke, keeping boost



pressure at 1550 mbar, intake temperature at 75°C and rail pressure at 300 bar. As it can be observed, to
obtain a good efficiency of the combustion stage, i.e. a high Cumulated Heat Release (CHR) (which is
calculated as the cumulated sum of the positive ROHR region), it is necessary to select the optimal SOI
(nearly 26 deg BTDC in this case). It is easy to notice that SOI also influenced the vaporization phase, since
the vaporization speed (represented by the minimum values of the negative ROHR portion) is slow for very
advanced injections (high SOI), reaches its maximum at intermediate SOl values and decreases again when
a retarded SOI (near the TDC) is applied. This result is obviously due to the different average temperatures
experienced by the fuel mass during its vaporization (given the injected mass, faster vaporizations

correspond to higher temperatures).

The results reported in Figure 4 clarify the importance of the optimal SOl selection to guarantee a
reasonable combustion efficiency for the small amounts of gasoline injected (with the prospect of using it
as first injection of a multi-injection pattern), but the effect of this quantity has to be combined with the
effects due to the variation of the other control parameters. As an example, Figure 5 shows that even if SOI
was kept at a constant value (26 deg BTDC) the measured gross ROHR varied with the variation of the
intake conditions. With high boost pressure and temperature, the efficiency of the combustion process was
significantly higher (a diffusive combustion portion followed the first pre-mixed peak). When pressure or
temperature were reduced, the combustion efficiency dropped (and the diffusive combustion portion
disappears), probably because combustion propagation was slower and, consequently, the injected fuel
had more time to propagate within the combustion chamber. As a result, the flame was quenched when it
reached these too lean regions. This result suggests that, with the perspective of a multiple injection
pattern, the first injection should be performed in operating conditions that guarantee good combustion
stability and efficiency, i.e. the ones in which the first pre-mixed combustion is able to further propagate
within the combustion chamber. To do so, a minimum level of intake pressure and temperature needs to

be guaranteed (when possible), together with the proper choice of the injection phase.
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INJECTING 4 mg/stroke AT 300 bar AND CHANGING THE INTAKE CONDITIONS (PRESSURE AND

TEMPERATURE).

The comparison of similar tests performed at different injection pressures highlights also the effect of this
parameter on the combustion process. Figure 6 reports a comparison between three tests in which SOl and
intake conditions have been kept approximately constant while varying only the injection pressure. As it
can be observed, the pressure increase significantly accelerated the vaporization process, which resulted in
more negative peaks of the calculated gross ROHR (higher fuel pressures guarantee a better air-fuel mixing

and smaller fuel drops).

Another aspect to be noticed is that faster vaporization and better jet penetration also affected combustion
efficiency (by varying the quality of the local air-fuel mixture). In this case, when the fuel pressure was
increased, the diffusive combustion portion disappeared because the better air-fuel mixing accelerated the
formation of ultra-lean regions in which the combustion process did not propagate. On the contrary, all the
gross ROHR traces showed similar premixed portions, located in different angular position according to

injection pressure. Given a fixed SOI, the first part of the combustion process was anticipated when the



injection pressure was increased, which means that higher pressures reduced the ignition delay of the air-

fuel mixture.
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mg/stroke AND CHANGING THE FUEL PRESSURE (INTAKE CONDITIONS ARE KEPT APPROXIMATELY

CONSTANT).

All the above discussed comparisons show some of the main effects caused by the injection parameters’
variation on ignition and combustion. As already discussed, one of the most critical aspects to be managed
in PPC combustions is the prediction of combustion location, since the ignition process is strongly affected
by slight variations of the control parameters. Therefore, based on the discussed experimental acquisitions,
the following section focuses the attention on the analysis of the ignition delay, the goal being to set up a
model suitable to compensate the variations of the injection parameters and correct SOI to keep nearly

constant the start of the combustion process.



3.2 Identification of an Ignition Delay Model

Given a fuel, the auto-ignition delay (calculated as the time interval between SOI and SOC) is significantly
affected by the local quality of the air-fuel mixture and the average pressure and temperature experienced
by the injected fuel [14]. The analysis of the experimental data acquired from cylinder 1 can be used to

model and summarize these dependencies.

To practically calculate the ignition delay from the gross ROHR waveforms, it has been computed as the
time corresponding to the angular distance between SOI and the position in which the gross ROHR

overcomes a fixed threshold, equal to 0.2 J/deg in this study.

If both intake conditions and fuel pressure are fixed, the ignition delay is mainly influenced by the injection
phasing, because SOl variation changes the average cylinder pressure and temperature at which the fuel is
exposed before its auto-ignition. If intake temperature and pressure are varied (together with SOI), also the
ignition delay corresponding to one specific SOI will be varied, since the average pressure and temperature
experience by the injected fuel will be modified. To clarify this consideration, Figure 7 reports the ignition
delay sensitivity to simultaneous variations of SOI, intake pressure and temperature (test run injecting 4
mg/stroke at 300 bar). As expected, the minimum ignition delay was obtained during the sweep run at

higher pressure and temperature.
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FIGURE 7: SOl SWEEPS RUN AT 2000 rpm, INJECTING 4 mg/stroke AND CHANGING THE INTAKE

CONDITIONS (PRESSURE AND TEMPERATURE).

Even though a SOl retard usually reduces the ignition delay (motored pressure and temperature are
increased), it is interesting to notice that for very retarded SOl values (lower than 15 deg BTDC in this work)
the ignition delay tends to increase again. This is because part of the time interval between SOl and SOC

occurs after the TDC, i.e. during the expansion stroke.

Bearing in mind the above considerations, the analysis of the ignition delay has been performed trying to
correlate this quantity with an evaluation of the in-cylinder pressure and temperature experienced by the
fuel mass after its injection. The temperature estimation can be performed combining the effects of a
polytopic compression with the contribution provided by the hot residual gases trapped inside the cylinder
after the previous cycle [15]. To do so, the cylinder pressure measured in correspondence of the Exhaust

Valve Opening (EVO) can be used to calculate the corresponding temperature (Tgy ) through Eq. (2).
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Then, the measurement of the average exhaust pressure (P,,y) can be used to determine the volumetric

fraction of residual gases trapped inside the cylinder (Vo,gr), it yields:

|
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Voregr =

Here, V. is the volume of the combustion chamber and V; is the displaced volume. The calculated
quantities (Tgyo and Vo,ggr) can be used to estimate the average charge temperature in correspondence of

the intake valve closure (T;y ) through Eq. (4):

T _ TmanMmairQ+TEVOV%EGRMtot ()
vc —
MairQ+V%EGRMtot

Finally, considering compression as polytropic allows determining the temperature in correspondence of

the start of injection through Eq. (5).

Vive\Y 1
Tsor = Tiye (ﬁ) (5)

The calculated Tsp; provides information about the thermal conditions of the cylinder when the injection

starts. Consequently, it is reasonable to expect that this quantity will be correlated with the ignition delay



of the air-gasoline mixture. As it can be observed in Figure 8, the correlation between Tg,; and the ignition
delay exists (the ignition delay usually decreases when the estimated temperature increases), but the level
of correlation between the 2 quantities is very poor. As a matter of fact, the SOl sweeps performed with

different intake conditions (boost pressure equal to 1450 or 1550 mbar and boost temperature equal to 20
or 75 °C, respectively “Tcold” and “Thot”) show different trends, and these trends are not always coherent

(no stable correspondence between temperature and delay).

In addition, the delays corresponding to the highest estimated temperatures tend to decrease with respect
to the ones which correspond to lower temperatures. This is because the ignition delay is not only
influenced by the temperature in correspondence of the SOI, but from the average temperature

experienced from the fuel in the time interval between SOl and SOC.
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FIGURE 8: CORRELATION BETWEEN Tg,; AND IGNITION DELAY FOR TESTS RUN AT 2000 rpm, 300 bar,

INJECTING 4 mg/stroke AND CHANGING THE INTAKE CONDITIONS (PRESSURE AND TEMPERATURE).

To overcome the discussed limitations, the temperature calculation has been modified to calculate the
average temperature experienced by the fuel between SOl and SOC. The new estimated temperature Tjgy

has been calculated through Eq. (6).
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Furthermore, the same approach has also been used to estimate the average pressure in the angular range

(Bso1 — Bs0c), starting from the pressure Py, measured by the cylinder pressure sensor in

correspondence of the IVC, it yields:

Y
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Once P,y and Ty have been calculated, it is possible to plot the ignition delay as a function of both
guantities. As it can be observed in Figure 9, the new quantities capture all the main effects due to the
simultaneous variations of intake conditions (pressure and temperature) and injection phasing. This is valid
for all the experimental tests run at constant amount of gasoline injected and constant fuel pressure. In
particular, the experimental results reported in Figure 9 have been properly fitted using the polynomial
correlation reported in Eq. (8), which quantifies, for the engine under study, how the variation of P;;y and

TN affects the ignition delay (7;gy 4, in ms) of 4 mg of gasoline directly injected at 300 bar.

TIGN_4 = T300_4 - 00086 - TIGN - 0026 - PIGN + 000032 - TIGN " PIGN + 00036 " PIGNZ - 469 -
107% - Tygn - Pign® — 1.74- 1075 - Pygp® (7)

Here, T3¢9 4 is a constant value approximately equal to 8.22.
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FIGURE 9: CORRELATION BETWEEN Ty;y, Py AND IGNITION DELAY FOR TESTS RUN AT 2000 rpm, 300 bar,

INJECTING 4 mg/stroke AND CHANGING THE INTAKE CONDITIONS (PRESSURE AND TEMPERATURE).

Similar correlations (as the one reported in Figure 9) can be obtained for all the investigated levels of rail
pressures. As clearly visible in Figure 10, the main effect of a rail pressure increase is the reduction of the
ignition delay, mainly due to the acceleration of the vaporization process already discussed in Figure 6.
When the injection pressure is varied, the shape of the curves reported in Figure 10 remains nearly
constant. For this reason, to easily quantify the impact of the injection pressure, the experimental results
obtained with a rail pressure of 500 and 700 bar have been fitted using curves with the same shape
reported in Eq. (8) and varying the constant coefficient (73 4 for the tests run injecting gasoline at 300
bar) to minimize the Root Mean Squared Error (RMSE) between measured and modeled ignition delay. This
procedure led to the identification of 750 4 and 77¢¢ 4, respectively equal to 7.95 and 7.68. Using the
discussed model, for the 3 investigated levels of rail pressure, the RMSE between measured and modeled

ignition delay remained always lower that 0.037 ms.
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FIGURE 10: CORRELATION BETWEEN Ty, Py AND IGNITION DELAY FOR TESTS RUN AT 2000 rpm,
INJECTING 4 mg/stroke (ALL THE RAIL PRESSURES) WHILE CHANGING THE INTAKE CONDITIONS (PRESSURE

AND TEMPERATURE).

Similar considerations are valid for the tests run injecting 2 mg/stroke, which also show a very strong
correlation between T;y, Pigy and the ignition delay. The reduction of the injected mass leads to a
variation of the ignition delay (with respect to the injection of 4 mg/stroke), but the overall trends are
similar to the ones summarized in Figure 9 and 10. For the investigated engine/layout, Eq. (9) quantifies
how the variation of Pj;y and T}y affects the ignition delay (7;5y 2, in ms) of 2 mg of gasoline directly

injected at 300 bar.

TIGN_Z = T300_2 - 00024 " TIGN - 023 " PIGN + 38 " 10_5 " TIGN " PIGN + 0005 " P]GNZ - 178 " 10_6 "
Tign * Pron® — 2.84-107° - Pigp° (9)

Here, T3¢ » is a constant value approximately equal to 6.35. To properly fit the ignition delay of the tests
run with a rail pressure nearly equal to 500 and 700 bar, the constant value reported in Eq. (9) has been

reduced to 6.12 (7509 ) and 6.01 (77¢0 ) respectively.



CONCLUSION

This work analyzes the ignition mechanisms of small gasoline quantities directly injected in a compression
ignited engine, the goal being to define a methodology suitable to model the ignition delay of the fuel. The
obtained results show the existence of a strong correlation between the ignition delay of the fuel and the
in-cylinder temperature and pressure experienced by the air-fuel charge. In particular, fixed the fuel
injection pressure, it is possible to accurately model the variations of the ignition delay through the
variations of average pressure and temperature in the angular range between start of injection (SOI) and
start of combustion (SOC). In case of injection pressure variations, the identified model needs to be
adjusted (mainly through a constant offset) to compensate the main effects of rail pressure variations on
the ignition delay, such as the acceleration of fuel vaporization due to an increase of the injection pressure
(higher rail pressures generate smaller fuel drops, which need less time to vaporize and, consequently, to
ignite). Since the fuel quantities investigated in this paper are the ones normally used in the first injection
of a multi-jet pattern for gasoline PPC combustion, the identified correlations could be used to set-up a
real-time ignition delay model aimed at automatically compensating the effects of the variations of control
parameters and intake conditions. This could be done correcting the start of gasoline injection in a way that

keeps reasonably constant the start of combustion.



NOMENCLATURE

Acronyms
BTDC Before the top dead center
CAN Controller area network
CDC Conventional diesel combustion
CHR Cumulated heat release
ECU Electronic control unit
EVO Exhaust valve opening
ET Energizing time
HCCI Homogeneous charge compression ignition
LTC Low temperature combustion
PM Particulate matter
PPC Partially premixed combustion
RCP Rapid control prototyping
RMSE Root mean squared error
ROHR Rate of heat release
SOC Start of combustion
SOl Start of injection

Symbols



Tign

T300.2

T500_2

T700.2

T300_4

T500_4

T700_4

ET,

Mot

pRail

PEVO

P exh

PSOI

PIGN

sol,

Specific heat ratio

In-cylinder pressure

In-cylinder volume

Crankshaft angle

Ignition delay

Ignition delay offset for 2 mg and pRail=300 bar

Ignition delay offset for 2 mg and pRail=500 bar

Ignition delay offset for 2 mg and pRail=700 bar

Ignition delay offset for 4 mg and pRail=300 bar

Ignition delay offset for 4 mg and pRail=500 bar

Ignition delay offset for 4 mg and pRail=700 bar

Diesel energizing time

Total mass trapped in the cylinder

Rail pressure

Pressure at the exhaust valve opening

Exhaust pressure

Pressure at the start of injection

Average pressure during the ignition delay

Universal gas constant

Diesel start of injection



TIGN

TE Vo

TSOI

VSOI

Vosecr

Average temperature during the ignition delay

Temperature at the exhaust valve opening

Temperature at start of injection

Volume at the start of injection

Volumetric fraction of residual gases

Volume of the combustion chamber

Displaced volume

Volume at the exhaust valve opening
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APPENDIX A. UNCERTANTIES

Further information about the additional sensors used by the authors to measure:

1. In-cylinder pressure: necessary to determine ignition delay (through the calculation of the gross rate off
heat release), Ti;y and Pigy-

TABLE 2: TECHNICAL CHARACTERISTICS OF THE IN-CYLINDER PRESSURE SENSORS

Sensor Name AVL GH14P
Measuring range 0-250 bar
Overload 300 bar
Sensitivity 15 pC/bar
Linearity <+0.3%
Calibrated ranges 0...80 bar
fa) 1CN haew
Natural frequency 115 kHz

2. Fuel consumption: necessary to control the amount of fuel injected (2 or 4 mg/stroke at different rail

pressures).
TABLE 3: TECHNICAL CHARACTERISTICS OF THE FUEL FLOW METER

Sensor Name Flowsonic LF
Repeatability +/- 0.15% of reading
Uncertainty +/- 0.5% of reading
Measurement flow range | 8-4000 ml/min
Measurement rate 2.2 kHz
Fluid temperature range -20°Cto +120°C
Ambient temperature -40°C to +120°C
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Installation of the additional high-pressure fuel system.

Scheme of the experimental setup used to investigate gasoline PPC
combustion

Gross ROHR calculation for a test run at 2000 rpm, boost pressure equal
to 1550 mbar, intake temperature equal to 75°C and pRail = 300 bar (4
mg/stroke).

Gross ROHR and CHR variations during a SOl sweep (2000 rpm, 4
mg/stroke, boost pressure 1550 mbar, intake temperature 75°C and rail
pressure 300 bar).

ROHR and CHR traces for 3 tests run at 2000 rpm, SOI equal to 26 deg
BTDC, all run injecting 4 mg/stroke at 300 bar and changing the intake
conditions (pressure and temperature).

ROHR traces for 3 tests run at 2000 rpm, SOl equal to 26 deg BTDC, all run
injecting 4 mg/stroke and changing the fuel pressure (intake conditions
are kept approximately constant).

SOl sweeps run at 2000 rpm, injecting 4 mg/stroke and changing the intake
conditions (pressure and temperature).

Correlations between Tg,; and ignition delay for tests run at 2000 rpm,
300 bar, injecting 4 mg/stroke and changing the intake conditions

(pressure and temperature).



Fig. 9

Fig. 10

Correlation between Tj;y, Pigy and ignition delay for tests run at 2000
rpm, 300 bar, injecting 4 mg/stroke and changing the intake conditions
(pressure and temperature).

Correlation between Tj;y, Pigy and ignition delay for tests run at 2000

rpm, injecting 4 mg/stroke (all the rail pressures) while changing the intake

conditions (pressure and temperature).



Table Caption List

Engine technical characteristics

Displaced volume

1248 cc

Maximum Torque

200 Nm @ 1500 rpm

Maximum Power

70 KW @ 3800 rpm

Injection System

Common Rail, Multi-

Bore 69.6 mm
Stroke 82 mm
Compression ratio 16.8:1
Number of Valves 4 per cylinder
Architecture L4

Firing Order 1-3-4-2

Technical characteristics of the in-cylinder pressure sensors

Sensor Name AVL GH14P
Measuring range 0-250 bar
Overload 300 bar
Sensitivity 15 pC/bar
Linearity <+0.3%
Calibrated ranges 0...80 bar

a] AN hae

Natural frequency

115 kHz

Technical characteristics of the fuel flow meter

Sensor Name

Flowsonic LF

Repeatability

+/- 0.15% of reading

Uncertainty

+/- 0.5% of reading

Measurement flow range | 8-4000 ml/min
Measurement rate 2.2 kHz

Fluid temperature range -20°C to +120°C
Ambient temperature -40°Cto +120°C




