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Abstract

Combination of GDi and ethanol has been widely studied in the automotive industry because it is able to improve
fuel economy as well as emission. In a GDi engine, the spray behavior is critically related to the mixture formation,
and the injection strategy must be well optimized to draw the engine’s whole potential. A multi-hole injector has
been found to be more suitable for a spray or wall guided GDi engine because it offers advantages of stable spray
pattern and flexibility in spray plume targeting. This research employed high-speed Schlieren and Mie scattering
visualization of sprays utilizing a pressurized chamber and an Optical Accessible Engine (OAE) to understand the
spray behavior with various injection strategies and ambient conditions. Schlieren provided an effective technique
for vapor phase visualization, and the effect of flash boiling was observed at the ambient condition of high tempera-
ture and low pressure. Once flash boiling occurred, it resulted in plume collapse and affected the spray targeting of
the multi-hole injector significantly. The effect of ethanol content on the spray structure was also discussed. Earlier
initiation of evaporation for gasoline fuel and resultant spray collapse was observed. Occurrence of flash boiling of
the ethanol spray showed strong dependence on the fuel temperature due to its constant boiling point. OAE testing
revealed that too early injection counteracted the tumble motion. The injection at the middle of the intake stroke
increased the dynamic ratio and the turbulent energy at the point of ignition. Numerical simulations of the spray and
mixing were carried out and the results were studied to support the experimental data.
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Introduction

Gasoline Direct injection (GDi) engine has been
widely studied to meet the ever-tightening emission
standards and the fuel economy regulation. GDi is cha-
racterized by enhanced power and better fuel economy,
improved transient response and cold-start capability.
In a side-mounted GDi engine, the injector is mounted
on the cylinder wall and injects fuel directly into the
combustion chamber. A GDi engine realizes less pump-
ing loss and higher compression ratio, and better volu-
metric efficiency comparing to a Port Fuel Injection
(PFI) engine. Detail of GDi engine was discussed in the
reference [1]. It is known that a turbo charged direct
injection (DI) engine is supposed to run well with etha-
nol fuel because of its anti-knock characteristics [2-4].

In a GDi engine, the spray behavior is critically re-
lated to the mixture formation, and the injection strate-
gy must be well optimized to draw the engine’s whole
potential. Although swirl injectors had been widely
studied for GDi engines [5], a multi-hole injector has
been found to be more suitable for a spray or wall
guided GDi engine because it offers advantages of sta-
ble spray pattern and flexibility in spray plume target-
ing [6, 7]. Especially, independency of spray cone angle
on the ambient pressure is preferred for DI operation
[8]. A multi-hole injector has been identified as a suita-
ble solution and subject to intensive development by
many fuel system and engine OEMs in recent years [9-
11]. Since a GDi engine injects fuel at the compression
stroke when it runs in the stratified mode, piston wet-
ting and emission of unburned hydrocarbon and soot
are the issues that need to be solved [12].

The Schlieren method is one of the most effective
techniques to visualize non-homogeneous transparent
flow fields, such as vapor phase of sprays. Using the
Schlieren technique, it is able to visualize the change of
the refraction indexes and density gradient in the object
caused by material and temperature difference [13, 14].

Many studies have been done in numerical simula-
tion of spray development and mixture formation for
better understanding of the phenomena [15-18]. In
spray simulation, spray breakup is a critical event and
studies have been conducted to model the discrete
phase of sprays. In this article, the spray behavior was
predicted by a commercial code CONVERGE to sup-
port the experimental data.

In this study, high-speed spray visualization utiliz-
ing a pressurized chamber and an Optical Accessible
Engine (OAE) was performed to understand the spray
behavior with various injection strategies and ambient
conditions. The effect of ethanol content on the spray
structure was also discussed. Numerical simulations of
the spray and mixing were carried out and the results
were studied with the experimental data.

Experimental Setup

The high-speed visualization of spray was per-
formed to characterize the spray structures in typical
fuel injection conditions for GDi engines. The testing
utilized a high-speed digital camera which speed was
set to 8312 frame per second. The experiment consisted
of the chamber testing and the optical accessible engine
(OAE) testing.

Fig. 1 shows the experimental setup for the cham-
ber testing. During the chamber testing, the GDi injec-
tor was fixed at the top of the test chamber which has
two large windows facing each other. The chamber can
be pressurized up to 3bar by the compressed air, which
can be heated up to 210°C by transmitting through a
circulation heater to imitate typical engine in-cylinder
conditions. At the time of injection, two valves located
at the upstream and the downstream of the chamber
were closed to produce quiescent ambient. Every time
injection took place, the chamber was purged by the
fresh air. The fuel temperature was controlled by a wa-
ter jacket surrounding the injector which was capable to
maintain the injector temperature between 25-80°C. The
fuel was pressurized by the compressed nitrogen at
10MPa. An injection signal was generated at the signal
generator and transmitted to both the injector driver and
the high-speed digital camera in order to synchronize
the camera trigger to the injection.
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Figure 1. Experimental setup for the chamber testing.

The Schlieren setup is shown in Fig. 2. The light
source was a regular projection lamp. The light coming
from the source passed the pin hole, which was placed
on the focal length of the first magnifying lens. The
parallel light proceeded through the chamber, where the
light refraction occurred, and reached the second mag-
nifying lens. On the focal point of the lens, there was a
knife edge placed to cut the refracted beam. Then the
beam came into the high-speed camera, which has a
resolution of 512x512 pixels (76mmx76mm).



Fin Hole L High-speed Table 2. Specifications of the tested injectors.
I Camera
Light J N Hole Diameter 0.23 0.263 0.104 0.255x1
Sourc L Knife Edge [mm] xNumber %6 x6 x6 0.259x5
Magnifying Lens of Holes
Figure 2. Schlieren visualization setup. Hole Length 031 03 0.23 0.28
OAE testing can produce more realistic and dy- [mm]
namic in-cylinder condition. The bore and the stroke of
the OAE were 86mm and 108mm respectively. The Averaged /D 1.36 114 221 11
OAE was motored by a dynamometer at 1000RPM. A )
cylinder head taken from a production GDi engine (GM Fsltatlc '\fﬁ?\ls 159 205 4.00 17.86
OW Wi -

Ecotec 2.0L) was fixed on the top of the OAE. The in-
take and exhaust ports were open to the air. The spark
plug was replaced by an in-cylinder pressure transduc-
er. An aluminum-alloy piston reciprocated inside the
quartz liner which was designed for a full-stroke optical
access for the side view. The piston had two piston
rings and one piston rider made by filled PTFE for bet-
ter sealing without using lubricants. The OAE was
equipped with crank angle degree (CAD) and top dead
center (TDC) sensors. The signals were sent to a com-
puter and Labview controlled the injection timing and
duration as well as the camera trigger. The fuel was
pressurized by the compressed at 10MPa.

Table 1. Fuel properties of E100, E50, and EO.

E100 E50 EO

Density 789 764 739
[kg/m~3]
Lower Heating Value 26.8 34.7 43.1
(LHV) [MJ/kg]
Latent Heat of Vapo- 904 380-500
rization [kJ/kg]
Boiling Temperature 78.4 25-215
[°C]
Research Octane 129 91
Niimber

Three types of fuels were tested to examine the in-
fluence of ethanol content on the spray structure, which
were 100% pure ethanol (E100), RON-91 gasoline
(EQ), and the mixture of two in 50% of volume ratio
(E50). The specifications of the fuels are listed in Table
1. The differentiating properties of ethanol are its lower
LHV and higher latent heat of vaporization. Since etha-
nol is a single component fuel, it has a constant boiling

Heptane [g/s]

point of 78.4°C at the standard state. Therefore the dis-
tillation curve of E100 is nearly flat and very different
from gasoline’s. The basic fuel was ethanol for this
research, otherwise specified.

Four injectors in total were tested in the experi-
ment. Injector A was a production DI injector and
treated as default. The other three injectors were proto-
type. The specifications are summarized in Table 2. All
injectors had different hole geometry, mass flow rate,
and spray targeting.

Simulations of a multi-hole spray in the spray chamber
and OAE were carried out with CONVERGE, a com-
mercial 3 dimensions CFD software. The engine geo-
metry was imported form CAD design. Although the
basic grid size was 8mm, the automatic mesh refine-
ment, such as embedded refine and Adaptive Mesh Re-
fine (AMR), was turned on to make the finest mesh size
0.5mm at the injector tip area. The calculation time step
was set to 1pus. KH-RT model [19] was chosen for the
breakup model, which is a two step model of Kelvin-
Helmholtz (KH) for the primary breakup and Rayleigh-
Taylor (RT) for the secondary breakup. The collision
and coalescence of droplets was simulated by the No
Time Counter (NTC) method [20]. The rapid distortion
Reynolds Averaged Navier-Stokes k-¢ model [21] was
used for the turbulent model.

Results and Discussions

The Schlieren visualization result with Injector A
was compared with two other imaging techniques for
better understanding of spray visualization. Two tech-
niques of Mie scattering and back-lit, also known as
shadow photography, have been widely adopted for
spray visualization [22-24]. However, these techniques
are not suitable for vapor phase visualization as Schlie-
ren is. Fig. 3 shows the comparison of three techniques.



The images of Schlieren were able to capture the vapor
cloud around the spray, which could not be detected at
all in the Mie scattering images. The back-lit images
showed some dark area where the vapor was supposed
to be present, but it was not clear enough to insist the
vapor existence. It is confirmed here that the Schlieren
technique is very effective to visualize a vapor envelope
of a spray as well as a dense core.

Back-lit

Mie Scattering Schlieren Schlieren
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Figur 4. Comparison of experimental data and CFD
at 25°C/1bar.

Fig. 4 shows the images of the spray obtained ex-
perimentally and numerically. The simulation images
show the mass fraction of ethanol vapor. The ambient
condition was 25°C with 1bar. The overall spray shape
was comparable, and it is reasonable not to have the
upstream portion of the spray because the amount of
vapor at the upstream must be very small. The compari-
son of penetration with the experimental data is plotted

in Fig. 5. L, M, and R in the legend indicate Left, Mid-
dle, and Right plume of the spray. The simulation fairly
agreed with the experimental data, especially at the
early stage of injection. However, it slightly underesti-
mated after the break-up.
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Figure 5. Penetration comparison of experimental data
and CFD at 25°C/1bar.

The effect of ambient temperature and pressure on
the spray structure at 1,5ms ASOI is displayed in Fig. 6.
Comparing 25°C and 100°C with 1bar, no significant
difference in the spray shape was observed while the
degree of vaporization slightly increased with the am-
bient temperature. However, when the ambient temper-
ature increased over 150°C, “flash boiling” phenomena
instantly expanded the volume of the spray and could
collapse the multi-hole spray into a coherent spray.
Flash boiling occurs when the pressure of liquid drops
instantly below the saturation pressure. It is believed
that flash boiling was not observed at the higher am-
bient pressure because the pressure drop of the fuel was
not large enough to let the fuel pressure be less than the
saturation pressure.

Tch=25°C 100C 150C 200C

Pch
=1bar
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Figure 6. Effect of chamber temperature and pressure
at 1.5ms ASOI.
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Figure 7. Schlieren spray images for Injector B and C.

Injector B and C were examined by Schlieren to
evaluate the difference in the hole geometry (Fig. 7).
The ambient temperature and pressure was 200°C and
3bar respectively, and the mass of injected ethanol was
fixed at 5mg for the testing. The fuel temperature was
60°C. It was obvious that the plumes of smaller L/D
(Injector B) developed slower and wider. Although
slower evaporation of the spray of Injector B was ex-
pected because of larger SMD which is the result of
larger hole diameter, complete evaporation of the spray
of Injector B seems faster than Injector C. The reason
can be considered that Injector B had larger spray tar-
geting angle and it enlarged the available surface of the
sprays for faster evaporation. Because of faster evapo-
ration and larger diameter of the holes, Injector B was
able to keep the mixture cloud near the nozzle exit,
which is important to avoid excess wall wetting during
engine operation.

The effect of fuel composition on the spray struc-
ture was examined with Injector A with the fixed injec-
tion duration of 1.5ms, and the result is shown in Fig. 8.
The ambient condition was set to simulate a wormed up
homogeneous condition with high Exhaust Gas Recir-
culation (EGR). The ambient temperature and pressure
was 200°C and 1bar, fuel temperature was 60°C. At the
early stage of injection (~1.0ms ASOI), separation of
plumes in E50 and E100 spray was observed while the
plumes of gasoline collapsed. E100 vapor was detected
mainly at the bottom of the images at 3ms ASOI, al-
though the vapor of gasoline was found to be widely
distributed in the middle of the image. This result indi-
cates that slow initiation of evaporation process of
E100. The liquid fuel kept penetrating and traveled
farther while the evaporated gas fuel lost its momentum
and slowed down. The slow vaporization of ethanol can
be considered as a result of relatively higher initial boil-
ing point (IBP), which is 78.4°C at 1bar. On the other
hand, gasoline generally contains lighter hydrocarbons
which boiling points are lower than ethanol.

The effect of fuel composition was studied quanti-
tatively either. Penetration, projection area, and spray
angle were measured from the results and documented.
Only penetration result is shown in Fig. 9 as an exam-
ple. The time started with the injection command sig-
nal, and actual injections begun after 0.3ms roughly.
The figure shows the results from three identical tests
for each fuel, and the results demonstrated very good
consistency. Stable spray is the advantage of a multi-
hole injector, and it was confirmed experimentally. By
0.3ms ASOI, spray penetrations were identical for all
fuels. After that, the gasoline spray started evaporating
and lost its momentum to slow down. Although the
penetration of gasoline was shorter at the middle of the
figure, it decelerated slower than the ethanol sprays as
time elapsed. This may result from the heavier compo-
nents of gasoline which have more resistance against
evaporation and penetrated more than the single com-
ponent ethanol spray. The shape of E50 penetration
resembled E100, but it was slightly slower because of
evaporation of the gasoline portion. Earlier initiation of
evaporation of gasoline fuel resulted in smaller projec-
tion area and narrower spray angle. The difference in
the spray angle was negligible at the upstream of the

spray.

2.0 3.0ms ASOI
=30 < e

Figure 8. Effect of fuel composmon for the fixed dura—
tion testing.
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Figure 9. Penetration for the fixed duration testing.
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Figure 10. Effect of fuel composition for the fixed
energy testing.

In addition, the fixed energy injection testing was
carried out. The energy content of the injected fuel was
kept constant to be equivalent to 5mg of gasoline. The
injection mass and corresponding injection duration for
each fuel were listed on Table 3. As a result of varying
injection durations, the spray shapes of different fuels
would be expected change significantly. The difference
of fuels is clearly seen in Fig. 10 qualitatively. Both
higher IBP and longer injection duration of ethanol
injection enhance the spray penetration and projection
area. Comparison of the results with gasoline spray at
1.5ms ASOIl was summarized in Table 4. Increased
penetration may lead to piston impingement and bore
wetting resulting in increased hydrocarbon emissions
and soot formation during engine operation. To minim-
ize wall wetting, the injection timing must compensate
for the effect of fuel composition.

Table 3. Fuel type and injected mass / pulse width
(PW) for the equivalent energy injection.

Fuel Type Mass / PW

Gasoline 5mg/ 0.38ms
E50 6.2mg / 0.46ms
E100 8.0mg / 0.59ms

Table 4. Spray data comparison with gasoline spray at

1.5ms ASOI.
Dura- Mass=5mg
tion=1.5ms of gasoline
or equivalent
E100 E50 E100 E50
Penetration 8% 6% 22% 8%
Projection Area 5% 6% 27% 12%
Spray Angle
5mm -1% -1% - -
10mm 2% 0 - -
20mm 7% 6% - -

The effect of fuel temperature on the spray struc-
ture was studied. The results for both ethanol and gaso-
line fuel are shown in the Appendix. The surrounding
temperature and pressure were 210°C and 1bar respec-
tively. It is found that only little enhancement of vapo-
rization was observed with the higher fuel temperature
up to 60°C. However, the plumes of ethanol collapsed
at 80°C and changed its appearance significantly.
Again, this is due to flash boiling as the boiling point of
ethanol at 1bar is 78.4°C. In contrast, no flash boiling
effect was observed for the spray of gasoline even if the
fuel temperature increased.

Injector A and D were mounted on the OAE and
the high-speed visualization was carried out for homo-
geneous charge operation. Since the regular projection
lamps were used as the light sources, only liquid phase
of the sprays was visible in the experiment due to Mie
scattering. The injected fuel was 100% pure ethanol for
all the OAE testing.

The in-cylinder CFD simulations of the OAE for
both injectors were conducted, and the result for Injec-
tor D is displayed with the experimental results for
comparison in Appendix. The simulation results show
the distribution of the particles with radius information
in color. The engine was motoring at 1000RPM, injec-
tion timing and quantity were 60CAD aTDC and 16mg
respectively. The overall spray shape and the fuel dis-
tribution were comparable.
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Figure 11. Homogeneous injection at 60CAD aTDC with different injector

An image sequence of every 1.5CAD for homoge-
neous injection is shown in Fig. 11. 32mg of ethanol
was injected at 60CAD aTDC. The process of spray
development and mixture formation inside the cylinder
was well visualized. Comparison of two different injec-
tors revealed that the mixture of Injector D had less
tumble motion because Injector B was aiming the point
closer to the center of the cylinder. Although stronger
tumble motion is preferred for better mixing, sprays
targeting far from the center will hit the cylinder walls
and it can become the source of unburned hydrocarbon
and soot emission. In fact, the revised spray targeting of
Injector D was able to avoid the side wall wetting.
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Figure 12. Dynamic ratio of homogeneous injection at
60CAD.
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Figure 13. Turbulent kinetic energy of homogeneous
injection at 60CAD.

The simulation results for the dynamic ratio and
the turbulent Kinetic energy calculated by CONVERGE
were plotted in Figs. 12 and 13. It is reasonable that the
in-cylinder flow has only one direction (Y) of tumble
due to the engine design. Even though the trend of
stronger tumble by Injector A was predicted by the ex-
periment, it is found that the both injection killed the
tumble motion and diminished it less than the motoring
one because the direction of momentum of the spray
was opposite to the direction of tumble. Less turbulent
energy at the later part of the compression stroke was
also observed for the injection at 60CAD.



Two other injection timings, 120 and 180CAD
aTDC were tested to evaluate the effect of injection
timing on mixing for the homogeneous operation. The
test injector was Injector A. There was a significant
difference between 60CAD and the other two condi-
tions in terms of piston impingement. If the fuel was
injected after 120CAD, no impingement was observed,
which greatly helps improving combustion and reduc-
ing emission. Comparing 120 and 180CAD cases, a
difference occurred in mixing after the injection fi-
nished. Fig. 14 shows images at 22.5CAD ASOI for
each case along with the simulation result of the veloci-
ty vector plot at the center plane for the 120CAD injec-
tion. Since 120CAD is on the middle of intake stroke,
dynamic in-cylinder flow caused by air induction can
assist better mixing.

120CAD 180CAD

Fiure 14. Effect of injection timing on mixing at
22.5CAD ASOI

The dynamic ratio and the turbulent kinetic energy

for various injection timing are shown in Figs 15 and 16.

For the injections of 120 and 180CAD, no more de-
crease of the tumble by the injection was observed. The
tumble ratio was increased slightly at the time of injec-
tion, and was kept more than the motored cycle until
the end of the compression stroke. Enhanced turbulent
energy at the end of compression stroke, where the igni-
tion takes place, is preferred for faster and cleaner com-
bustion.

Motored cycle

Dynamic Ratio

0s (injector B)

Crank Angle

Figure 15. Dynamic ratio of homogeneous injection
with Injector D at various timing.
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Figure 16. Turbulent kinetic energy of homogeneous
injection with Injector D at various timing.

Conclusion

GDi injectors were tested with various ethanol con-
tent fuels in various conditions to evaluate the effects
on the spray structure. Spray simulation by CON-
VERGE was also carried out. Following points were
drawn as conclusions.

e Schlieren provided an effective technique for vapor
phase visualization.

e The results of simulation by CONVERGE agreed
fairly with the experimental data in terms of overall
spray shape and penetration.

e At the ambient condition of high temperature and
low pressure, flash boiling was observed. Flash
boiling occurs when the fuel pressure instantly
drops below the saturation pressure. This resulted
in plume collapse and affected the spray targeting
significantly.

e It was confirmed that the plumes of smaller L/D
developed slower and wider. Spray of the injector
with smaller L/D evaporated faster and the mixture
cloud stayed closer to the nozzle exit for the fixed
injection mass testing.

e Earlier initiation of evaporation for gasoline fuel
and resultant spray collapse was observed.

o Slightly faster spray development was observed as
the ethanol content in the fuel increased for the
fixed duration comparison. The difference became
clearer if the energy level of the injected fuel was
fixed.

e Occurrence of flash boiling of the ethanol spray

showed strong dependence on the fuel temperature
due to its constant boiling point.
Too early injection counteracted the tumble mo-
tion. The injection at the middle of the intake
stroke increased the dynamic ratio and the turbu-
lent energy at the point of ignition.
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Appendix
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Figure Al. Effect of fuel temperature at 210°C/1bar, 10mg of EO or equivalent in energy.
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Figure A2. Comparison of CFD and experimental results of homogeneous injection at 60CAD aTDC with Injector
D.
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