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ABSTRACT
This study investigates a fuel spray development
process of gasoline–biodiesel blended fuel (GB) in
macroscopic and microscopic scales. Long-distance
microscopy and shadowgraph were utilized as optical
methods to capture the highly transient spray
development. Different injection pressures were tested,
which ranged from 40 to 120 MPa with a fuel
temperature of 323K. Tested four fuels were neat
gasoline and biodiesel addition (5%, 20%, 40% by
volume) to gasoline in three different ratios. The results
regarding the development process for the initial spray
near the nozzle show that the spray penetration and
the spray tip velocity both decreased with decreasing
biodiesel blending ratio. This relationship appears to be
due to the associated differences in the mass flow rate
and the radial direction velocity vector of the spray. In
addition, the different spray tip velocities at the start of
spraying result in different atomization regimes
between the fuels. The GB fuels with the low biodiesel
blending ratio were disadvantaged in spray atomization
due to their lower spray penetration and tip velocity.
However, as the injection pressure increased, the
differences in microscopic spray penetrations between
the fuels became smaller, along and there were changes
in the atomization characteristics.
Keywords: gasoline, biodiesel, sprays, shadowgraph,
long distance microscopy, atomization
1.

INTRODUCTION
Compression ignition (CI) engines are fuel-efficient
engines which due to their high compression ratio and
lack of throttling losses. Recently, advanced combustion
strategies with lean mixtures and low-temperature
combustion have been studied to reduce harmful
emissions, such as NOx (nitric oxides) and PM
(particulate matter) emissions, while maintaining high
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levels of thermal efficiency. The proposed combustion
strategies are homogeneous charge compression
ignition (HCCI) and premixed charge compression
ignition (PCCI). These combustion strategies normally
adopt moderately early injection timing to achieve an
active mixing process between fuel and air, so that lean
combustion can be implemented [1].
Gasoline-like fuels have higher volatility and lower
ignitability compared to diesel-like fuels and so are
called low reactivity fuels. Gasoline-like fuels that
perform with high ignition delays leading to longer
mixing time due to the low reactivity have recently
been tested in advanced combustion strategies to
improve the mixing of fuel and air. It was reported that
gasoline-like fuels are advantageous in achieving mid to
high load conditions with significantly low fuel
consumption and emissions, but with high emissions of
HC and CO and combustion instability under low load
conditions. These problems under low loads are due to
the excessively high resistance to autoignition of
gasoline fuels, and thus, many researchers have found
that fuels with octane numbers of about 70–80, which
are lower than for conventional high-octane fuels, are
more suitable than high-octane fuels for gasoline CI
engines. Therefore, a number of researchers have
tested dieseline, which is a mixture of diesel and
gasoline, in CI engines. Zhang et al. [12] used dieseline
to conduct a direct injection study. Although fuel blends
may add complexity, they provide researchers a design
and control tool for fuel properties. The direct mixing of
gasoline and diesel before injection can avoid
stratification in the cylinder, along with the benefit of
minimal modification to current injection systems;
however, researchers need to thoroughly study their
combined chemical and physical properties [2].
Biodiesel’s lower volatility compared to diesel fuel
promotes its longer liquid spray penetration. Due to
biodiesel’s high oxygen content, complete combustion
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is possible. Adams studied the effect of biodiesel–
gasoline blends on gasoline compression ignition (GCI)
combustion by examining 5 and 10% biodiesel using a
partially premixed, split-injection strategy, finding that
these additions of biodiesel significantly reduced the
intake temperature requirement. They also concluded
that higher NOx and lower CO and UHC were emitted,
due to gasoline’s higher averaged spatial bulk
temperature. Yanuandri compared GB20 (gasoline 80%,
biodiesel 20%) and diesel fuel modes in a single-cylinder
diesel engine to investigate peak pressure rise rate,
combustion phasing, ignition delay, and NOx and HC
emissions. They observed a shorter ignition delay and
less HC emission using GB20.
The current study was performed to investigate the
spray development processes for neat (100%) gasoline
and for gasoline blended with biodiesel through
microscopic and macroscopic visualizations. The spray
development process is determined by both the
physical properties of the fuel and the injection
parameters. The physical properties vary with the
blending ratio, enabling us to investigate their effects
on the spray development process. We varied the fuel
injection pressure to examine the effect of spray
velocity on the spray development process. We
conducted both micro- and macroscopic visualization
techniques to discover the sequential or causal
relationships of the spray development from the nozzle
tip to downstream of the spray.
2.

EXPERIMENTAL SETUP AND CONDITIONS

2.1 Fuel properties
Table 1 Physical properties of the GB00, GB05, GB20, and
GB40 fuels used in this study

2.2 Experimental setup and optical arrangenments
Table 2. Experimental conditions and optical setup for
spray visualization

Fig 1. Optical setups for macroscopic and microscopic spray
visualization.

2.3 Spray analysis method
We acquired the spray penetration, spray angle,
projected area, particle sizes, and total numbers of
particles through image post-processing. We used the
spray projected area for microscopic images as an
alternative indicator to the spray angle. We did this
because the spray in the vicinity of the nozzle interacts
with ambient air vigorously, and the value of the spray
angle is greatly dependent on the selection of distance
downstream from the nozzle tip. It is difficult to capture
an accurate spray angle by simply drawing a triangle of
a certain height over the spray because the periphery of
the side of the spray cannot be interpreted as a simple
straight line. In addition, the spray is highly asymmetric
across the spray axis near the nozzle. Therefore, the
spray area provides more intuitive results of how much
the spray has dispersed radially. For macroscopic
images, the conventional spray angle was calculated to
indicate spray dispersion. We acquired the spray
penetration, spray angle, projected area, particle sizes,
and total numbers of particles through image postprocessing. We used the spray projected area for
microscopic images as an alternative indicator to the
spray angle. We did this because the spray in the
vicinity of the nozzle interacts with ambient air
vigorously, and the value of the spray angle is greatly
dependent on the selection of distance downstream
from the nozzle tip. It is difficult to capture an accurate
spray angle by simply drawing a triangle of a certain
height over the spray because the periphery of the side
of the spray cannot be interpreted as a simple straight
line. In addition, the spray is highly asymmetric across
the spray axis near the nozzle. Therefore, the spray area
provides more intuitive results of how much the spray
has dispersed radially. For macroscopic images, the
conventional spray angle was calculated to indicate
spray dispersion.
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3.

RESULTS AND DISCUSSION

3.1 Microscopic spray characteristics

is defined as the time of first appearance of the fuel
from the nozzle in the microscopic images, but not the
start of the energizing time by the injection signal pulse.
Therefore, any injection delay caused by the different
fuel types or injection pressure can be neglected. It can
be seen from the second row of images in Fig 2(a) that
the GB40 fuel took a shorter time to achieve the same
penetration as that of the GB00 fuel under the injection
pressure of 40 MPa, which also means there was a
higher spray tip velocity for the GB40 fuel. However, the
difference in penetration between the two fuels almost
disappeared under the injection pressure of 120 MPa
(Fig 2(b)).

Fig 3. Microscopic spray penetration of GB fuels according to
the injection pressure.

Fig 3 shows the microscopic spray penetration
under different injection pressures and fuel types.
Similar to the results shown in Fig 2, the spray
penetration was shorter for GB fuels with lower
biodiesel blending ratios and the low injection pressure
of 40 MPa. The spray penetrations for the GB00 and the
GB05 fuels were similar, and those for the GB20 and the
GB40 fuels exhibited similar penetrations. Overall, the
spray penetration increased as the blending ratio of the
biodiesel increased. Moreover, the difference in spray
penetrations of the different fuels was remarkably
reduced as the injection pressure increased. This is
consistent with observations of the raw images shown
in Fig 2.
3.2 Macroscopic spray characteristics

Fig 2. Microscopic images under injection pressures of (a) 40
MPa, and (b) 120 Mpa.

Fig 2 shows an example of the initial spray
development process at injection pressures of 40 and
120 MPa for GB00 and GB40 fuel in the vicinity of the
nozzle tip. The start of injection (SOI) timing (0 ms ASOI)

Fig 4 shows the spray penetrations of all tested fuels
over time after start of injection. The average values
over six injection events are presented. The spray
evolution of all tested fuels under atmospheric pressure
revealed a narrow spray structure due to less
interaction with the ambient gas and little effects by
aerodynamic forces due to the high-density ratio of the
liquid and gas. This results from both the high injection
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rate and the high viscous fuel characteristics. A higher
viscous fuel causes difficulty in the dispersion and the
breakup process in air entrained spray boundary, but
potentially increases axially, which is a reason for the
increasing tip penetration. The macroscopic spray
penetration of biodiesel fuel is usually higher compared
to gasoline fuel, which has been reported
experimentally and numerically in various studies.
However, an increase in injection pressure attenuates
these fuel-specific property effects on penetration,
which leads to less deviation among GB00, GB05, GB20,
and GB40 in temporal spray development. However, we
still observed a slightly higher macroscopic spray
penetration for GB40 than for GB00. Microscopic spray
penetration showed little difference according to the
blending ratio of fuel. However, as the spray developed,
the spray penetration of the fuels with higher blending
ratios of biodiesel increased faster due to the fuel
properties, especially the high viscous characteristic.
Therefore, we conclude that the spray penetrations of
the fuels with higher ratios of biodiesel were slightly
greater due to the fuel properties, even under increased
injection pressure.

Fig 4. Macroscopic spray penetration of GB fuels according to
the injection pressure.
4.

CONCLUSIONS

Results of the microscopic spray visualization sh
owed that the GB fuels with lower biodiesel blendi
ng ratios under low injection pressure showed lowe
r spray tip velocity compared to the rest of the fu
els. The lower velocity yielded disadvantages in the
initial spray atomization process. We observed few
er ligaments and droplets during spray developmen
t of GB fuels having lower biodiesel blending ratio.
The GB fuels with lower biodiesel blending rati
os had wider spray cone angles in the macroscopic

spray visualization because the low viscosity and t
he surface tension characteristics increased the she
aring instability in the vicinity of the spray. Howev
er, because of the spray’s highly transient nature a
nd the asymmetric shape at the beginning of spray
development, microscopic spray visualization was u
nable to clearly show the radial diffusion characteri
stics through observation of the spray cone angle
or spray projected area. Therefore, to predict the
macroscopic spray diffusion rate in the radial direct
ion, more elaborate microscopic analysis are requir
ed, such as regarding the amount of spray asymme
try, variability of spray axis, and shape of spray.
Microscopic spray visualization and macroscopic
spray visualization showed similar trends for spray
penetration distance. Through the macroscopic spra
y visualization, we observed that the spray penetra
tion length was shorter for GB fuels with lower bi
odiesel blending ratios. The difference decreased as
the injection pressure was increased, but the tend
ency was maintained. We judged the shorter spray
penetration length to be caused by the active dis
persion in the spray radial direction due to lower
viscosity and surface tension characteristics. Therefo
re, It is concluded that a GB fuel with a high gaso
line blending ratio interacts more actively between
the spray and ambient air.
In this study, we determined a correlation betw
een microscopic spray analysis and macroscopic spr
ay analysis. To analyze the spray atomization proce
ss over its entire duration, it is necessary to expan
d the range of microscopic spray analysis and to p
erform much more elaborate analysis. We plan to
carry out further research based on this conclusion.
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