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ABSTRACT -This study is focussed on the investigation of spray characteristics from the high pressure gasoline injector
for the application of gasoline direct injection engine. For the analysis of spray structure of high pressure gasoline injector
the laser scattering method with a Nd-Yag laser and the Phase Doppler particle analyzer system were applied to observe
the spray development and the measurement of the droplet size and velocity of the spray, respectively. Also spatial
velocity distribution of the spray droplet was measured by use of the particle image velocity system. Experimental results
show that high pressure gasoline injector shapes the hollow-cone spray, and produce the upward ring shaped vortex on the
spray surface region. This upward ring shaped vortex promotes the secondary atomization of fuel droplets and contributes
to a uniform distribution of fuel droplets. Most of fuel droplets are distributed undgm3af the mean droplet size

(SMD) and the frequency distribution of the droplet size undepriSs over 95% at 7 MPa of injection pressure.
According to the experimental results of PIV system, the flow patterns of the droplets velocity distribution in spray region
are in good agreement with the spray macroscopic behaviors obtained from the visualization investigation.
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1. INTRODUCTION gasoline engine (Yoet al, 1997; lwamotcet al, 1997).

The spray evolution processes and characteristics in the
In recent years, the restriction on the exhaust emissiongirect injection gasoline engine based on experimental
from the automotive engines such as unburned hydrovisualization have been reported by many researchers
carbons (UHC), CO, and NOx becomes more stringent(Lee et al, 1997; Zhacet al, 1999; Leeet al, 2001).
In addition, the carbon dioxide (GOfrom the auto- The results of previous investigation by many resear-
motive engines is an important environmental problemchers were provided the detailed characteristics of fuel
because the exhaust emissions of the vehicles have apray but there are still much uncertainty about spray
effect on the increase of greenhouse gas. Gasoline direetolution and mixing behavior of the fuel spray in the
injection engine has great potential to reduce thesdirect injection gasoline engine.
hazardous exhaust emissions and to postpone the The objective of this paper was to investigate the spray
exhaustion of fossil fuel (Zhaet al, 1997). The spray evolution with respect to time, spray tip penetration,
characteristics of the direct injection engine such as thepray shapes, and upward counterpart vortex by the
mean drop size, spray tip penetration, velocities andambient air-entraining phenomenon of high-pressure
spray cone angle have influence upon the air-fuel mixinggasoline injector. In order to obtain the spray characteri-
rate, the distribution of mixture concentration and thestics of high-pressure gasoline injector, this study deals
wetting of cylinder liner and piston head. The spraywith the mean droplet size distribution, axial velocity of
characteristics and spray structure in the direct injectiordroplets, and the other spray characteristics.
engine have important role in the improvement of engine
performance and the reduction of emissions. Thus 2. EXPERIMENTAL APPARATUS AND PRO-
substantial understanding of global spray structure anCEDURES
quantitative characteristics of spray are decisive to
optimize the exhaust emission control of direct injectionFigure 1 shows the schematic diagram of high-pressure
injection and Phase Doppler particle analyzer (PDPA)
*Corresponding authoe-mail: cslee@hanyang.ac.kr systems. The high-pressure injection system consisted of
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Figure 1. Schematic diagram of high pressure injectiorgyyir| injector test points of PDPA measurements.
with PDPA system.

a fuel feeding pump, high-pressure pump, pressuréangential ports, was used. It was well known that these
regulator and piezoelectric pressure sensors. The higtangential ports give a higher angular velocity, thereby
pressure fuel pump and the pressure regulator with thereating an air-cored vortex. Thus the rotating liquid
piezoelectric pressure sensors were utilized to adjust fudlows through nozzle hole under both axial and radial
injection pressure, and injection timing was controlled byforces to emerge from the injector in the form of hollow
the signal controller. conical sheet. Figure 2 shows the hollow-cone spray
The PDPA system was used to measure the overapfroduced by the high-pressure swirl injector and test
droplet size, axial mean velocity, and particle distribu-points of PDPA measurements.
tion. The specifications of PDPA system were listed on The phase Doppler method can provide a good velocity
Table 1. information of liquid droplets but it is insufficient to
Spray visualization was also conducted by employinginvestigate velocity field overall spray regions simultane-
the laser light scattering method with a Nd-Yag laser andusly. This problem can be overcome by applying the
CCD camera. The fuel injection timing and injection PIV system to measure spatial distribution of droplet
duration signals are controlled by the computer systenvelocity.
and these signals are delivered to the injector via signal Figure 3 shows the schematic diagram of the PIV
controller and injection driver. For the synchronization of system and the specifications of PIV system are listed in
the injection signal, laser pulse and CCD camera, th@able 2. The cross-correlation technique from two
injection signal was used as an input signal to laser pulssequential images was utilized to remove the ambiguity
synchronizer and the frozen image of the fuel spray wasf velocity direction in the spray flow field. And the
captured onto the image grabber from the CCD camerterrogation section for obtaining one velocity vector
with 50 mm lens.

In this experiments, proto-type high pressure swirl

injector, which has 0.6 mm diameter single hole with four High pr.
fuel pump

AL motor

L ormputer -
Pr. transducer

Pr. regulator Signal
h LT E———

Table 1. Specifications of PDPA system.

Wave length 514.5 nm, 488 nm Fuel tank _ :
Laser beam diameter 1.4 mm & feed pump njecter. - Injection driver F32% ) Laser pulse
Fringe spacing 3.21m, 3.090um I'FI: synchronizer
Fringe number 36 Md Y AG laser
Beam waist diameter  116.978n, 110.954um ﬁ m_‘
Focal length 250/500 mm for transmitter _ B

250 mm for receiver PIV camers Computer
Collection angle 30

Figure 3. Schematic diagram of PIV system.




SPRAY STRUCTURE OF HIGH PRESSURE GASOLINE INJECTOR 167

Table 2. Specifications of PIV system.

Laser source Nd:YAG (Q-switched)
Wave length 532 nm

Laser power 12 mJ

Beam thickness ~1.0 mm

PIV camera 1,028 1,028 pixels
Frame interval 4isec

Interrogation section 64 64 pixels

(with 50% overlap)

was 64x 64 pixels with 50% overlap region.
3. RESULTS AND DISCUSSIONS

3.1. Development of Global Spray

Figure 4 and 5 show the spray development of high-
pressure gasoline injector at the various elapsed time
after injection under 5 and 7 MPa injection pressures
respectively. As shown in these figures, it could be
observed obviously that this injector produces a hollow-
cone spray, in which most of the droplets are
concentrated at the outer edge of a conical spray patter
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Figure 5. Spray developments of high-pressure gasoline
injector at 7 MPa of injection pressure.

This is due to the centrifugal force by angular momentun-

generated at tangential ports in the nozzle. At 0.8 mse
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Figure 4. Spray developments of high-pressure gasolin
injector at 5 MPa of injection pressure.

c
after injection, the upward ring shaped vortex on the

spray surface region, which is headed opposite direction
to the main spray, was beginning to shape because of
pressure difference due to the relative velocity between
the spray and ambient gas. As noted by éteal (Zhao

et al, 1999) the increase in injection pressure has played
an important role in the increase of upward ring shaped
vortex on spray outer surface. As the time increased, the
upward ring shaped vortex on the hollow-cone spray is

more increased in accordance with the elapsed time. In
the case of cross-section view, the hollow-cone shape
appears in the early injection stages but this spray pattern
is changed to solid-cone spray pattern at later stages
because the upward ring shaped vortex introduces
droplets into the spray inner side as shown in these
figures. It is thus estimated that this upward spray vortex

contributed to a uniform distribution of fuel droplets.

3.2. Atomization Characteristics

Figure 6 indicates the radial distributions of Sauter mean
diameter (SMD) at 20, 40 and 60 mm downstream from
nozzle tip at 7MPa of injection pressure. In this figure,
SMD is the mean diameter of droplets, which is defined
as the ratio of volume to surface area of the total sample
droplets.

e As the radial distance increases, the SMD also
increases rapidly at the 20 mm downstream, reaches its
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Figure 6. Spray developments of high-pressure gasolin

injector at 7 MPa of injection pressure. Figure 7. Radial distribution of axial mean velocity a

different axial distance.

highest value of 28.gm at 14 mm radial position from

the central axis of injection nozzle and then decrease oo |Hs: el * _
steeply. At 40 mm downstream, the radial distributions of ' : ! T s e
mean drop size are similar to the distribution at 20 mm
downstream but the highest value of SMD is measure(z
25.9 um at 20 mm radial position from central axis of
injection. The results of SMD measurement are similar tcxz
the results of previous studies by Leteal (2001) and
and Zhaocet al. (1999). These trends represent that fuel
spray is developed in the hollow-cone shape and large.,
droplets are concentrated on the outer edge of a conlc.
spray pattern as illustrated in the spray visualization. ; 6

Comparing to the radial direction at 20 mm, 40 mm %
downstream, the SMD at 60 mm downstream show the
uniform distribution. This is caused by the effect of | |
secondary atomization resulted from upward ring shaper  -an <30 0 H) il
vortex. Thus, it is confirmed that upward ring shaped Radial distamce {mm)
vortex has an important role in fuel atomization and
uniform distribution of droplets.

Radial distributions of axial mean velocity at 20 mm,
40 mm and 60 mm downstream from nozzle tip were
shown in Figure 7. Radial distributions of axial mean ;g
velocity have similar aspects to radial distributions of o oL = 20mm, SMD = 28.24m
SMD. It was found that the larger droplets at the uppel r :9\ ) ’ S

0

40

e from nozzle tip {mm )

Figure 8. SMD and vector field of high pressure gasoline
injector.

—o—1.=4 MD =259
spray region flow along the out side of spray coneg o—L=40mm,S$ >okm
because of upward ring vortex on the spray cone surface —0—L = 60mm, SMD = 23.2xm

According to the result of mean velocity, the downward & | d o\
velocity at inner side is higher than that of outer side dueg d NS
to the upward ring shaped vortex. e 10 © A\ \
Figure 8 show the droplets velocity and SMD distri- I o
bution, which were measured by PDPA system. At \
upstream of spray, large droplets with high velocity are 0}
flows to the downstream and this large momentum is T T T 0 w0 e w0
disappeared at downstream, which is due to upward rin Diameter of droplet (1m)

shaped vortex as discussed above.
It is clear that the upward ring shaped vortex promotesFigure 9. Frequency distribution of diameter of high
the secondary atomization of fuel droplets and contri-pressure gasoline injector.
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butes to a uniform distribution of fuel droplets at 3.3. Spatial Velocity Distribution

downstream. Figure 10 shows the droplets velocity fields of high
Figure 9 indicates the frequency distribution of diameterpressure gasoline injector including vorticity fields at

of high pressure gasoline injector. The droplets size fredifferent moments after injection under 5 MPa of injec-

guency under 2pm is over 95% at 7 MPa of injection tion pressure and 1msec of injection duration.

pressure, which means this type of fuel injector delivers a The vorticity field is a fundamental characteristics of

well-atomized spray and degrades unburned hydrocarborturbulence and potentially useful in understanding the

mixing enhancement between liquid droplets and ambient
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Figure 10. Spray velocity and vorticity fields at diffaren Figure 11. Spray velocity and vorticity fields at differen
moments after injection (P=5 MPa). moments after injection (P= 7 MPa).
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gas. Two-dimensional vorticity field was obtained from shaped vortex promotes the secondary atomization of
velocity field by use of vorticity equation of L2-uly). fuel droplets and contributes to a uniform distribution of

Each of these results is averaged from 25 instantanduel droplets.
ous velocity fields at every moment after injection At (2) PDPA measurements indicate that SMD from the
early injection stage of 1.0 msec after injection, thetested proto-type injector are measured under 31 mm and
velocity components of liquid droplets are measured tadroplet size frequency under 25 mm is over 95% at 7
be vertically symmetric and higher velocities are locatedViPa of injection pressure, which means this injector
on the outer edge of spray. These results present the flodelivers a well-atomized spray and degrades unburned
characteristics of hollow-cone spray pattern very wellhydrocarbon.
and show the good agreement with spray visualization(3) PIV results present the flow characteristics of hollow-
illustrated in Figures 4 and 5. As the time after injectioncone spray pattern very well and show the good agreement
elapses, the velocity field has a tendency to be uniform atvith spray visualization. But the needle bouncing
downstream because of the effect of upward ring shapegdhenomena come to view at the end stage of injection
vortex and the faded injection pressure. In addition, it ispredicted a harmful effect on liquid droplet evaporation
can be seen that the needle bouncing phenomerend mixture control.
becomes visible in this figure. (4) In order to apply high pressure gasoline injector to

PIV results at 1.4 msec after injection. In the case othe direct injected gasoline engine, it is estimated that the
7MPa of injection, the measured spatial velocity fieldsdesign of fuel injector should be optimized accordingly to
and vorticity fields have a similar tendency to the case ofeduce the emission of unburned hydrocarbon.

5 MPa of injection pressure as shown in Figure 11.
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