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Abstract

In this paper, the spray development in an HSDI optical diesel engine was studied for low temperature combustion
conditions by employing an advanced injection strategy with an early pre-TDC pilot injection followed by an after-
TDC main injection. Heat release rates were calculated based on in-cylinder pressure. The spray development
process for the entire cycle was visualized by using a high speed digital video camera synchronized with a high re-
petition rate copper vapor laser. Combustion process was also visualized by imaging the natural flame luminosity.
From the experimental results, it is found that spray structure for the pilot injection is quite different from the main
injection. Due to lower ambient pressure and temperature for early Pre-TDC injection timings, liquid spray shows
highly dispersed structure with longer penetration. Depending on the pilot injection timing, fuel can penetrate into
the squish region for earlier injection timings. Due to small fuel quantity, fuel impingement is rarely seen from the
spray images. But for the main injection, much shorter liquid penetration is observed, which is resulted from the
high pressure and high temperature ambiance with the piston close to the TDC. Due to the interaction of the spray
jet with the piston bowl geometry, it is seen that fuel impingement occurs at the bowl lip, and this impingement
splits the fuel spray into two parts with one going up into the squish region and the other going down into the piston
bowl. This interesting observation was further confirmed by the combustion images with dual point ignition.

Introduction

Due to worldwide environmental concerns, the emission regulations have become more and more stringent. Ex-
haust emissions like oxides of nitrogen (NOx) and Particulate Matter (PM) must be reduced for diesel engines to
meet future emission standards. Clean combustion technology should be developed to help solve these problems.

Multiple injection strategies have been reported for simultaneous reduction of NOx and PM in DI diesel engines
[1-6]. Nehmer and Reitz [1] showed that pulsed injection might provide a method to reduce PM and allow for reduc-
tion of NOx from controlled pressure rise. The effectiveness of double, triple, and rate shaped injection strategies to
simultaneously reduce NOx and PM was also evaluated [2]. Numerical simulations were used to study the mechan-
ism of soot and NOXx reduction for multiple injection strategies [3]. Zhang [4] investigated the effect of a pilot injec-
tion on NOx, soot emissions, and combustion noise in a small diesel engine. Simultaneous reduction of NOx and
PM was obtained in an HSDI diesel engine by Chen [5]. Simultaneous reduction of combustion noise and emissions
was possible through minimizing the fuel quantity and advancing the pilot injection timing [6].

Combustion concepts like Homogeneous Charge Compression Ignition (HCCI) combustion have been shown to
be effective for NOx and PM reduction [7-10]. Due to the low volatility of diesel fuel, it is difficult to form a homo-
geneous charge for diesel engines. Because of the flexibility of the multiple injection strategies in controlling the
mixing and combustion processes, they have been employed in DI diesel engines for HCCI-like combustion modes.
Hashizume et al. [11] proposed a low soot solution, called MULCtiple stage Dlesel Combustion (MULDIC) for high-
er load operating conditions. A multi-pulse HCCI combustion study was done by Su et al.[12]. A study by Hasega-
wa and Yanagihara [13] employed two injections called UNIform BUIky combustion System (UNIBUS). A dual
mode operation was used in a Narrow-Angle Direct-Injection (NADI™) concept [14]. The engine is operated in
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HCCI combustion under partial loads and in conventional diesel combustion at full-load conditions. HCCI combus-
tion in a small-bore HSDI diesel engine was investigated by using early multiple short injection pulses during the
compression stroke [15]. Two-stage diesel fuel injection HCCI combustion was carried out by Kook and Bae [16]. A
large fuel fraction was injected very early before TDC. A second injection with a small amount of fuel was injected
near the compression TDC to ignite all the air-fuel mixtures. A study on smokeless rich combustion provided a wid-
er range for low sooting and low NOx combustion [17]. By reducing temperature, the low sooting and low NOXx
combustion range can be expanded to rich mixture. Low temperature combustion with charge heterogeneity can be
used to expand the low emission operating conditions to high-load regimes. Pickett [18] showed that mixing con-
trolled diesel combustion was possible at lower flame temperatures with minimal NOx formation. Multiple injection
strategies were applied in an optical HSDI diesel engine and results showed promising potential for implementing
low temperature combustion with simultaneous reduction of soot and NOx [19, 20].

Liquid fuel distribution visualization in engine cylinder provides useful information on the evolution of diesel
spray evaporation and fuel droplet dispersion. Mie-scattering technique is a commonly used method for liquid phase
visualization [21-24]. Combustion visualization gives a qualitative feel for the effects of differing injection strate-
gies. Imaging of the natural flame luminosity from the combustion event through the use of an optical engine has
been a technique that has garnered widespread use [25-31]. These works identified ignition locations, flame temper-
atures, evidence of flame wall interaction and late cycle events such as soot oxidation.

This work is to study the spray development and combustion characteristics under low temperature combustion
mode with a multiple injection strategy. The entire cycle spray and combustion events are visualized. The characte-
ristics of sprays under early pilot injection timing and late main injection timing will be analyzed and discussed.

Table 1. Specifications of the single cylinder DIATA research engine conditions

Bore 70 mm

Stroke 78mm

Displacement/Cylinder 300 cc

Compression Ratio 19.5:1

Swirl Ratio 2.5

Valves/Cylinder 4

Intake Valve Diameter 24 mm

Exhaust Valve Diameter | 21 mm

Maximum Valve Lift 7.30/ 7.67 mm (Intake/ Exhaust)
Intake Valve Opening 13 CAD ATDC (at 1 mm valve lift)
Intake Valve Closing 20 CAD ABDC (at 1 mm valve lift)
Exhaust Valve Opening 33 CAD BBDC (at 1 mm valve lift)
Exhaust Valve Closing 18 CAD BTDC (at 1 mm valve lift)

Optical Engine and Facility

A single-cylinder DIATA research engine supplied by Ford Motor Company was modified into the optical en-
gine used for the current experimentation. Key aspects of the DIATA engine are listed in Table 1. The design is sim-
ilar to the drop-liner design employed at Sandia National Labs in Livermore, CA. Optical access to the combustion
chamber is attained from the side through a window just below the head, or from below through the fused silica pis-
ton top. The optical engine design maintains the geometry of the ports and combustion chamber of the original met-
al engine. A complete description of the optical engine and setup can be found in previous publications [19-20, 32-
35]. A Bosch common-rail fuel injection system is used on the research engine, and is capable of rail pressures up
to 1350 bar. The fuel injector used in this system is a valve-covered-orifice injector with six 0.124 mm holes placed
symmetrically in the nozzle tip. The spray cone angle is 150 degrees. The injector is fitted with a needle lift sensor
that allows the monitoring of the needle operation throughout injection. A Phantom v7.0 high-speed digital video
camera was used to visualize the spray and combustion. A Copper-Vapor laser synched with the camera was used to
illuminate the liquid fuel during the injection videos. National Instruments LabView version 6.0 was used as the
data acquisition and timing software for the engine. An optical shaft encoder with 0.25 crank angle resolution was
used to provide the time basis on which all data acquisition timing systems were operated. The engine temperatures
and pressures were monitored through the use of a multifunction data acquisition board. The necessary timing in-
volved in running the engine and cameras was performed through 16 32-bit counter/timers.

Engine Operating Conditions
The engine speed remained constant throughout experimentation at 1500 RPM. The injection pressure was 1000
bar. In each cycle, two injections were injected. Pilot injection fuel quantities of 0.8 mm?® and 1.3 mm?® were se-
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lected. Pilot injection timings were set at —-30 CAD ATDC and —40 CAD ATDC. The main injection timings were
retarded to obtain low temperature combustion modes for these conditions. The main injection pulse duration was
adjusted to match the load to be nominal 5.0 bar IMEP. Fuel used in these experiments was a low-sulfur European
Diesel fuel. Due to the extensive optical access provided by the optical DIATA engine, 3-D like imaging was feasi-
ble [19-20, 33-35]. The high-speed video camera was operated by setting the resolution at 512X256 to capture the
spray and combustion images from the side window and the bottom of the optical piston. The operating frame rate is
12000 frames per second. This frame rate corresponds to 0.75 CAD between two sequential images at 1500 rpm.

Table 2. Summary of engine operating conditions
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Figure 1 (a)The in-cylinder pressure in kPa; (b) needle-lift data in arbituary units; (c) heat release rate in J/deg;
(d) amplified heat release rate for the pilot injection in J/deg.

Results and Discussion
IN-CYLINDER PRESSURE AND HEAT RELEASE ANALYSIS

The in-cylinder pressure, needle lift, and heat release rate for the 4 cases are shown in Figs. 1(a)-1(c). Ignition
delay for the main injection is seen to be shorter for high pilot fuel quantity. Earlier pilot injection timing leads to
lower TDC pressure before main injection due to incomplete combustion for earlier pilot injection timing with a too
lean air-fuel mixture. Later main injection timing results in a soft combustion mode with lower pressure increasing
rates. The needle lift data for these cases are shown in Fig. 1(b). Based on the needle lift, it is seen that higher pilot
fuel quantity leads to a slightly longer injection duration. The main injection duration for Cases 1-4 is about 8.25
CAD and the difference among the four cases is less than 0.25 CAD. The heat release rate curves are shown in Fig.
1(c). Amplified heat release rate curves for the pilot injections are shown in Fig. 1(d) to clearly illustrate the heat
release pattern. Similar to the observations in in-cylinder pressure data, higher pilot fuel quantity leads to shorter
ignition delays. Because of later injection timing, the ignition delay is longer for the even-number cases than the odd
number cases. A premixed-combustion-dominated heat release pattern is seen for all of the cases in the main injec-
tion. Retarded injection timing leads to wider heat release rate curves and lower heat release rate peak value.

For the pilot injection, although the heat release rate value is small, two-stage low temperature reaction pattern
is seen for all of the 4 cases. Referring to the needle lift data for the pilot injection, the heat release starts later than
the end of injection especially for earlier pilot injection timing cases. There is enough time for the fuel to mix with
air. However, the heat release starting timing difference is less than the injection timing difference for the two pilot
injection timings, which indicates that the low temperature combustion requires a certain ambient temperature to
initiate the cool flame. Cool flame heat release occurs earlier for earlier pilot injection timing. However, the influ-
ence of fuel quantity on the cool flame occurring timing is rarely seen, showing that the overall equivalence ratio on
the cool flame has relatively less effect than that of the ambient temperature [36]. Ambient temperature plays an
important role in determining the start of cool flame. But higher pilot fuel quantity does lead to stronger two-stage
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heat release. The dwell time between the cool flame and the second stage heat release is longer for earlier injection
timing cases. The second-stage heat release is weaker for earlier pilot injection timing and lower fuel quantity,
which leads to lower TDC in-cylinder temperature and pressure.

SPRAY DEVELOPMENT

The liquid spray developments of the pilot injection for Cases 1-4 are shown in Fig. 2. Due to the optical distor-
tion of the optical piston, quantitative analysis is very difficult and only qualitative observations are presented in the
paper. Fuel comes out of the nozzle hole at about 1.25~1.5 CAD ASOIl. The injection is completed between
3.75~4.50 CAD ASOI. First spray image shows great asymmetry for the six jets. Later spray jets, however, are more
symmetrical. The spray cone angle is wider for early injection timing cases, namely Cases 1 and 3, than later injec-
tion timing cases, say Cases 2 and 4. Longer spray penetration is seen for early injection timing cases. The reason
for this might be due to a lower ambient air pressure and temperature. Lower ambient pressure and density make the
spray tip penetrate further. At the same time, lower ambient temperature reduces the spray evaporation rate with
longer spray development time. Another observation is that for earlier injection timing cases spray tips are seen in
the squish region over the piston top. But for later first injection timing cases, no apparent liquid fuel is seen in
squish region. Little spray impingement is seen for all the conditions. Slightly stronger Mie-scattering signal is seen
for higher first fuel quantity cases near the end of injection.

Case 4
Figure 2 Mie-scattering spray images for the pilot injection of Cases 1-4

The second injection Mie-scattering images for the 4 cases are shown in Fig. 3. For Case 1, the fuel comes out
of the nozzle hole between 0.75~1.5 CAD ASOI and injection completes at about 7.5 CAD ASOI. The six fuel jets
are quite symmetrical for the whole injection event. Fuel impingement is seen on the bowl wall from the side win-
dow. From the bottom of the piston, the spray penetration is close to the maximum length and stays until the end of
injection. At the end of fuel injection, no early combustion flame is observed for this case, which shows a highly
premixed combustion occurs for Case 1. The spray development for Case 3 is quite similar to Case 1. But for Case
3, because higher first injection fuel quantity leads to a higher ambient temperature, the fuel penetration and wall
impingement for Case 3 is seen slightly less than Case 1 as shown in the Mie-scattering images during the late injec-
tion stages. Another obvious difference is that early flame occurs earlier for Case 3 than Case 1 due to shorter igni-
tion delay under higher ambient temperature. For Case 2, spray comes out of the nozzle hole at about 0.5~1.25 CAD
ASOI and completes at about 7.25 CAD ATDC with very close injection duration to Case 1. Spray developments
show similar observation to Case 1. Strong fuel impingement is seen for Case 2 with signal slightly higher than Case
1, which is due to later injection timing with less ambient density. Due to the later injection timing, the spray axis is
more likely to intercept with the piston bowl lip. Some fuel goes into the squish region after impinging on the bowl
lip as shown in the spray image at 17.00 CAD ATDC. This observation is more apparent when looking at the spray
video. The fuel impingement on the bow! lip benefits the air-fuel mixing process and, consequently, a dual-region
ignition pattern is found in the combustion flame under similar second injection timing. One ignition region is in the
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bowl region near the bowl wall and the other is over the piston top in the squish region. This dual-region ignition
results in a faster combustion process at the early stage. For Case 4, compared with Case 2, the injection duration is
similar. Spray penetration and fuel impingement are seen shorter and weaker than Case 2 due to higher ambient
temperature. The fuel impingement on the wall is obviously less different for Case 4 than Case 2.

Case3 éase 4
Figure 3 Mie-scattering spray images for the main injection of Cases 1-4

\TDC 12 TOC TDC

Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4
Figure 4 Combustion images for the 4 cases at two stages: early flame stage (left) and strong flame stage (right)

COMBUSTION IMAGES

The combustion images are shown in top row in Fig. 4 at a timing near the end of main injection. High luminos-
ity indicates that there are more flame spray overlap indicating some liquid fuel is injected into early flames for
some cases. An earlier pilot injection timing and small pilot fuel quantity have similar effects to high injection pres-
sure. For Case 1, the early flame is so weak and it shows a typical premixed charge combustion mode. The early
flame of Case 2 shows interesting observation with dual ignition locations, namely in the piston bowl! (from the side
window image) and in the squish region (from the bottom-viewed image). This can be explained by the fuel jet inte-
raction with the bowl lip as discussed in the spray development section. A less spray and flame overlap time results
in less fuel thermal cracking and less soot formation. Different from the conventional diesel combustion, the early
flame combusts in a colder environment with less highly luminous flame for the low temperature combustion mod-
es. The combustion images at the bottom show strong flame during the combustion process. At these crank angles,
flame is mostly confined in the bowl region. Pilot injection timing and injection fuel quantity play minor roles in
affecting the flame luminosity. Higher pilot fuel quantity leads to more luminous flame with more soot formation.
The main injection timing also plays an important role in soot formation. Even though the pilot injection timing is
earlier for the odd-number cases, the main injection timing is also earlier compared with the even-number cases.
Therefore, a slightly stronger flame is found for the odd-number cases at these crank angles.

Conclusion

In this paper, the spray and combustion development in an HSDI optical diesel engine was studied for low tem-
perature combustion conditions by employing an advanced injection strategy with an early pre-TDC pilot injection
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followed by an after-TDC main injection. Heat release rates were calculated based on in-cylinder pressure. The
spray development process for the entire cycle was visualized by using a high speed camera synchronized with a
copper vapor laser. Combustion process was also visualized by imaging the natural flame luminosity. Spray struc-
ture for the pilot injection is quite different from the main injection. Due to lower ambient pressure and temperature
for early Pre-TDC injection timings, liquid spray shows highly dispersed structure with longer penetration. Depend-
ing on the pilot injection timing, fuel can penetrate into the squish region for earlier injection timings. Due to small
fuel quantity, fuel impingement is rarely seen from the spray images. But for the main injection, shorter liquid pene-
tration is observed. Due to the interaction of the spray jet with the piston bowl geometry, fuel impingement occurs at
the bowl lip for certain cases, and this impingement splits the spray into two parts with one going up into the squish
region and the other going down into the piston bowl. This leads to a dual-point ignition process in the followed
combustion event. This interesting observation of dual point ignition is further confirmed by the combustion images.
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