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Abstract

In direct injection (D.I.) Diesel engines, injection parameters have a significant influence on the spray evolution,
mixture preparation, combustion, and emission formation processes. It has been approved that decreasing nozzle
hole diameter and increasing injection pressure are the two effective approaches to improve the spray and combus-
tion characteristics. In the past research, the spray from a micro-hole nozzle (d = 0.08 mm) under an ultra-high in-
jection pressure (P;,; = 300 MPa) has been comprehensively studied. To correlate the results of the single-hole noz-
zle to the multi-hole one and to clarify the effects of spray-spray and spray-wall interactions on the entrainment and
vaporization processes, the present work focuses on the mixture formation process of a two-hole nozzle with a hole
diameter of 0.08 mm under different wall-impinging conditions. The laser absorption-scattering (LAS) technique
was employed to obtain the qualitative and quantitative information under various conditions. The evolution of both
the liquid and vapor phases fuel was recorded. An asymmetric image processing method was used to acquire the
data on the fuel vaporization and the projected vapor mass distribution. The experiments were carried out in a
quiescent constant-volume vessel. The test ambient conditions were the same as those at the start of injection in the
real engine. Firstly, the free spray and the flat-wall-impinging spray were investigated. Then, to simulate the en-
gine-like wall-impinging spray process, two kinds of two-dimensional (2-D) piston cavity shape walls, the shallow
dish type and the reentrant type, were designed according to the shape of the combustion chamber in the prototype
engine. The interactions between the spray and the flat wall, between the spray and the curved wall, and between
the sprays were discussed respectively. The results provide useful information for understanding the detailed evolu-
tion of Diesel sprays and for implementing the micro-hole nozzle and the ultra-high injection pressure in D.I. Diesel
engines.

Introduction

Exhaust emissions from the modern direct injection (D.I.) Diesel engines have been reduced significantly in re-
cent years, but the more stringent emission standards for particulate matters (PM) and nitrogen oxides (NOXx) require
further improvements on the mixture formation and combustion processes. A great deal of research work has been
conducted on improving the in-cylinder process by adjusting the parameters of the injection system. The rapid de-
velopment in the Diesel engine technology has resulted in a dramatic increase in the injection pressure and in a de-
crease in the nozzle hole diameter [1]. High pressure fuel injections have been found to be effective for improving
the Diesel engine performance and for reducing the PM emission [2-5]. The increased injection pressure is also
capable of enhancing the vaporization rate and the mixture preparation, thus resulting in a decrease in the ignition
delay [6]. At the same time, in various published experimental results, Diesel engine emissions are reduced greatly
by decreasing the nozzle hole diameter [7-10]. The combination of the ultra-high injection pressure and the micro-
hole nozzle has been proved to be effective for implementing the premixed compression ignition (PCI) combustion
concept in D.I. Diesel engines [11]. However, since there is a large discrepancy between the measured results using
the optical diagnostics and the predicated results using current predicative models [12], more experimental investi-
gations are required for a fundamental understanding of the governing mechanisms.

The authors have investigated the free and flat-wall-impinging sprays injected from a micro-hole nozzle (d =
0.08 mm) under an ultra-high injection pressure (P;,; = 300 MPa). A comprehensive description of the effects of the
increased injection pressure and the reduced nozzle hole diameter on the spray tip penetration, the ambient gas en-
trainment, and the fuel vaporization has been presented in the previous papers [13, 14]. In small-bore high-speed
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D.I. Diesel engines, information on the spray-spray and spray-wall interactions is critical both for improving the
design of the injection system and for developing the predictive models. Therefore, in this research work, the atten-
tion was focused on the spray from a two-hole nozzle impinging on the 2-D piston cavity shape walls. The objective
is to provide qualitative and quantitative information on the spray evolution and the fuel vaporization under different
impingement conditions using the laser absorption-scattering (LAS) technique.

Experimental Apparatus and Conditions

Figure 1 shows the experimental set-up of both the injection and LAS systems. A manually operated piston
screw pump, high pressure generator (High Pressure Equipment Co., Model 37-5.75-60), was employed to generate
an ultra-high injection pressure up to 300 MPa. A Diesel injector, electronically controlled by an injector driver,
was specially designed to meet the requirement for ultra-high injection pressures. The second harmonic (visible
light, 532 nm) and the fourth harmonic (ultraviolet (UV) light, 266 nm) of an Nd:YAG laser (Continuum NY61-10)
were selected as the incident lights. The two beams were initially coaxial and were separated into a Visible beam
and a UV beam by a dichroic mirror. The separated beams were expanded and made coaxial again. Then the beams
were directed to a fuel spray. After being attenuated by the spray, the beams were separated and focused to two
CCD cameras (Hamamatsu Photonics, C4880). A pulse generator (Stanford Inc., DG535) was used to synchronize
the Nd:YAG laser, the CCD cameras, and the injection system. For all of the spray types, the asymmetric image
processing method was adopted to acquire the information on the fuel vaporization and the vapor fuel mass distribu-
tions per unit projected area. The detailed principles of the LAS system, the image processing method, and the mea-
surement accuracy analysis were described in the previous papers [15-17].
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Figure 1. Experimental set-up of injection and LAS systems
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Table 1. Experimental conditions

Ambient Gas Density (kg/m’) 11 (-20 deg. ATDC)
Ambient Gas Pressure (MPa)
/Temperature (K) 261797
Test Fuel 1,3-Dimethylnaphthalene
Spray Type Free | Flat Wall Impinging | 2-D Wall Impinging
Nozzle Hole Diameter (mm) 0.16 0.08
Nozzle Type Single-Hole Single-Hole | Two-Hole

Injection Pressure (MPa) 100 300

Injection Duration (ms) 2.2 1.3

Injection Quantity (mg) 15.47 3.87 | 7.74
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The experimental conditions are summarized in Table 1. Dimethylnaphthalene (DMN), a test fuel of the LAS
technique, was used as the simulator for Diesel fuel. Measurements were made of the three types of sprays includ-
ing the free, flat-wall-impinging, and 2-D piston cavity shape wall impinging sprays. The conventional nozzle with
a hole diameter of 0.16 mm and the objective nozzle with a hole diameter of 0.08 mm were tested. The attention
was focused on the micro-hole nozzle under the ultra-high injection pressure. For the micro-hole nozzle, both of the
single- and two-hole were investigated. Figure 2 shows the configuration of the two-hole nozzle. The hole diame-
ter was 0.08 mm. The length of the nozzle hole was 1.2 mm. The included angle between the axes of two cylindric-
al holes was 23.7 deg, which is the same as that in a multi-hole nozzle. For the free and flat wall impinging sprays
the optical path is normal to the cross-sectional plane shown in Fig. 2. For the 2-D piston cavity shape wall imping-
ing sprays, to exactly simulate the impingement points of a multi-hole nozzle, the two-hole nozzle was mounted
with an offset angle of 51 deg. Figure 3 schematically shows the shallow dish and reentrant piston cavity shapes
and the impingement points at the timing of -20 deg. ATDC. The ambient conditions of the experiments in the con-
stant-volume vessel were the same as those at this timing in the prototype engine. Since in a multi-hole nozzle there
were 18 micro-holes that were arranged in a zigzag shape, two spray umbrella angles, 120 and 150 deg, were inves-
tigated to clarify the effect of the impingement point.
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Figure 2. Nozzle tip configuration  Figure 3. Piston cavity shapes and impingement points at -20 deg. ATDC

Results and Discussion
Effect of Interactions between Spray and Flat Wall

The measured ratio of the fuel vapor mass to the total injected fuel mass at various timings was plotted against
the time after the start of injection (SOI) in Fig. 4. For the 0.16 mm nozzle, the data close to the end of injection
cannot be acquired because the long spray tip penetration exceeds the window range limit of the constant volume
vessel. The fuel vaporization was characterized by the ratio of fuel vapor mass to the total injected fuel mass
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Figure 4. Ratio of fuel vapor to total injected fuel versus time after SOI for free and flat-wall-impinging sprays
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(M,/M)). Comparison of Figs. 4(a) and 4(b) shows that the fuel vaporization was intensified significantly with in-
creasing the injection pressure and with decreasing the nozzle hole diameter. The 0.08 mm nozzle has a much high-
er value of M,/M; at the initial stage of the injection duration when compared with the 0.16 mm nozzle. The vertical
lines in Fig. 4 stand for the impingement timings under different conditions. It is clearly shown that, for all test cas-
es, M,/M; decreases slightly after the wall impingement. After a while, M,/M, was reduced by about 35% for the
0.16 mm nozzle, whereas it was only reduced by about 25% for the 0.08 mm nozzle. This might be caused by the
less fuel film formed on the wall surface and the stronger secondary breakup after the wall impingement for the
spray from the 0.08 mm nozzle under 300 MPa. It is worth noting that M,/M, was reduced by more than 50% for
two-hole nozzle. The spray-spray interactions after the wall impingement may account for this phenomenon and
will be discussed in the later section.

To show the impingement process clearly, the optical thickness images of the liquid and vapor phases acquired
by the LAS technique are shown in Fig. 5. The right two columns show the flat-wall-impinging sprays at the im-
pingement timings. The left two columns are the free sprays at the corresponding timings. It is obvious that the
spray spreading angle is increased for 0.08 mm and 300 MPa. It means more ambient gas is entrained into the spray
plume, thus resulting faster atomization and vaporization. After the spray tip impinging on the wall surface, the wall
jet penetration is also increased. The ultra-high injection pressure enhances the spray-wall interaction and intensi-
fies the mixing after the impingement. The data on the two-hole nozzle in Fig. 5(c) show that there are almost no
interactions between the two spray plumes at the free spray region. This is the reason why the fuel vaporization
processes shown in Fig. 4(b) are similar for two cases of free sprays. The difference between the single- and two-
hole nozzles during the initial stage might be caused by the different internal flow and primary breakup mechanism,
which will be justified by further experimental and numerical investigations and is out of the scope of this paper.
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Figure 5. Optical thickness images of liquid and vapor phases at impingement timings

Effect of Interactions between Spray and Curved Wall

Figure 6 shows the measured ratio of the fuel vapor mass to the total injected fuel mass versus the time after
SOI for 2-D piston cavity shape wall impinging sprays. Note that the effect of the wall shape on the fuel vaporiza-
tion is unpronounced for the test conditions with an umbrella angle of 150 deg. For 120 deg, however, the influence
becomes significant, which can be explained by examining Figs. 6 and 7. When the umbrella angle of 150 deg was
adopted, the impingement point was located close to the edge of the piston cavity. After the wall impingement, the
major portion of the spray flows out of the cavity for the shallow dish type wall, and it flows to the nozzle tip region
for the reentrant type wall. The comparable projected areas at the end of injection shown in Figs. 7(a) and 7(b) in-
dicate the similar development speed for these two conditions, which accounts for the similar fuel vaporization.
When the umbrella angle of 120 deg was adopted, the impingement point was translated to the bottom of the cavity
where the curvature becomes larger. Therefore, the spray development is confined by the wall and the entrainment
process is inhibited significantly. This is the reason why M,/M; has the smallest value for 0.08 mm, 120 deg, and
reentrant type wall.
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Figure 6. Ratio of fuel vapor to total injected fuel versus time after SOI for 2-D piston cavity shape wall impinging sprays
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Figure 7. Vapor mass distributions per unit projected area at end of injection

Effect of Spray-Spray Interactions

As discussed above, the weak spray-spray interactions for free sprays result in the similar fuel vaporization
process for the single- and two-hole nozzles. For the flat-wall-impinging spray from the two-hole nozzle, the de-
crease in M,/M;is the largest. By examining the spray images, it is found that the two spray plumes interact to each
other after the wall impingement. At the end of injection the central region has the highest liquid fuel concentration.
It means that, although the initial droplet size is very small for the 0.08 mm nozzle, some droplets interact and coa-
lescent after the wall impingement. Consequently, the fuel vaporization rate decreases. This spray-spray interaction
also occurs for 2-D piston cavity shape wall impinging sprays. As shown in Fig. 8, although there are obvious dif-
ference between the flat-wall-impinging and 2-D wall impinging sprays during the initial stage of the injection dura-
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tion, M,/M; achieves the similar value at the
end of injection. It is of interest to note that
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Figure 8. Ratio of fuel vapor to total injected fuel versus time after

Main conclusions SOI for sprays from single- and two-hole nozzles

are summarized as follows:

1.

For the sprays from single-hole nozzles, the effect of the wall impingement on the fuel vaporization decrease as
the injection pressure increases and the nozzle hole diameter decreases. For the sprays from a two-hole nozzle,
the spray-spray interactions after the wall impingement results in a further decrease in the fuel vaporization.
This might be caused by the droplets coalescence during the interaction between two spray plumes.

For the sprays from single-hole nozzles impinging on the curved wall surface, the impingement point and the
curvature are critical for the fuel vaporization process. The larger curvature at the impingement point causes
more fuel flows out of the cavity, thus resulting in stronger gas entrainment and higher fuel vaporization.

For the sprays from the two-hole nozzle impinging on the curved wall surface, the spray-spray interactions after
the wall impingement compromise the effects of the impingement point and the wall shape on the fuel vaporiza-
tion.
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