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One of the key solutions to improve engine performance and reduce exhaust 
emissions of internal combustion engines is direct injection of bio-fuels. A new 
modified bio-ethanol is produced to be substituted by fossil fuels in gasoline di-
rect injection engines. The key advantages of modified bio-ethanol fuel as an al-
ternative fuel are higher octane number and oxygen content, a long-chain hydro-
carbon fuel, and lower emissions compared to fossil fuels. In the present study 
spray properties of a modified bio-ethanol and its atomization behaviors have 
been studied experimentally and theoretically. Based on atomization physics of 
droplets dimensional analysis has been performed to develop a new non-
dimensional number namely atomization index. This number determines the at-
omization level of the spray. Applying quasi-steady jet theory, air entrainment 
and fuel-air mixing studies have been performed. The spray atomization behav-
iors such as atomization index number, Ohnesorge number, and Sauter mean di-
ameter have been investigated employing atomization model. The influences of 
injection and ambient conditions on spray properties of different blends of modi-
fied bio-ethanol and gasoline fuels have been investigated performing high-speed 
visualization technique. Results indicate that decreasing the difference of injec-
tion and ambient pressures increases spray cone angle and projected area, and 
decreases spray tip penetration length. As expected, increasing injection pressure 
improves atomization behaviors of the spray. Increasing percentage of modified 
bio-ethanol in the blend, increases spray tip penetration and decreases the pro-
jected area as well. 
Key words: atomization index, bio-ethanol, visualization, spray characteristics 

Introduction 

To reduce emissions and fuel consumption of spark ignition engines, employing bio-
fuels in a direct injection (DI) engine is of interest in this research. 

Wu et al. [1] examined the spray of oxygenate fuels such as dimethoxy methane, 
dimethyl carbonate, and dimethyl ether as an additive for engines by means of Mie scattering 
and particle image velocimetry techniques. Cone angle of oxygenate fuels were larger than 
that of diesel fuel while for the tip penetration the relationship was the opposite. Martin et al. 
–––––––––––––– 
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[2] studied single and double injection of a gasoline DI piezo injector in a chamber. Their re-
sults verified that ambient pressure is more effective than ambient temperature on the spray 
behaviors. They also showed that spray tip penetration of the second injection was lower than 
that of the first injection as a result of increasing chamber pressure caused by first injection. 
Agarwal et al. [3] studied the effects of ambient pressure on the spray characteristics of 
Jatropha vegetable oil and Jatropha bio-diesel fuel and their blends in a visualized chamber. 
Based on their tests, decreasing the amount of the Jatropha in the blends reduces spray tip 
penetration, spray cone angle, and spray area of the injected fuel. Liu et al. [4] employing 
Schlieren technique in an optical combustion chamber investigated the spray evolution of 
compressed natural gas as an alternative fuel. Their results demonstrated that injection pres-
sure has a significant influence on the spray tip penetration while ambient temperature has no 
important effect on the spray tip penetration and spray cone angle. Kumar and Kumar [5] 
compared spray tip penetration length of five different models by varying injection pressure. 
They chose Mahua oil as a bio-diesel fuel to analyze its characteristics. They found out that 
Hiroyasu’s model [6] was the best model between all models studied in their research. Pan 
et al. [7] investigated spray and combustion characteristics of bio-diesel in a DI engine. They 
reported that using bio-diesel increases combustion duration and decreases ignition delay. 
Their results showed that increasing injection pressure increases spray tip penetration length 
and cone angle. Kim et al. [8] studied spray behavior and combustion properties of diesel and 
gasoline fuel in a DI engine. They used a constant volume chamber for non-evaporating con-
dition and a visualized engine for evaporating situations. Their results demonstrated that spray 
tip penetration of gasoline and diesel fuel were similar for non-evaporating condition while 
gasoline had greater cone angle compared with diesel’s. In evaporating condition both tip 
penetration and angle of diesel were larger than those of gasoline. They investigated flame 
properties, engine emission, and performance as well. Amount of produced CO, HC, and NO 
for gasoline fuel were higher than diesel’s, although diesel fuel had created more soot for-
mation compared with gasoline.  

Lee and Park [9] employed phase Doppler particle analyzer and visualization to ex-
plore the influences of injection pressure on the atomization behavior and break up with the 
aid of multi hole gasoline DI. Their results revealed that injection pressure play an important 
role on the break-up phenomenon. They reported that increasing the injection pressure de-
creases Sauter mean diameter (SMD) till 20 MPa and after that increasing the injection pres-
sure to 30 MPa has no important effect on SMD. Wu et al. [10] performing a high speed cam-
era, visualized the lift-off flame of the injected spray in a controllable active thermo-
atmosphere combustor and studied the spray and combustion properties of different blends of 
gasoline and diesel fuels. Kim et al. [11] studied the influences of injection strategies on spray 
characteristics, combustion, and emission in a premixed charge compression ignition engine. 
They also investigated the effects of adding ethanol to the diesel fuel on combustion and 
emission. Their results indicated that adding ethanol to the blend decreases combustion pres-
sures, rate of heat release, smoke, and NOx emission as well. The spray characteristics of 
blends of 2-methylfuran and gasoline were investigated by Wei et al. [12] using high speed 
Schlieren method. They demonstrated that the flash boiling is observed at low ambient pres-
sures and decreasing the 2-methylfuran ratio of blend reduces the spray area and abates the 
flash boiling level. Sharma and Agarwal [13] studied the mixture mechanism for various in-
jection pressures. They employed a gasoline DI injector and a high speed camera to investi-
gate the spray microscopic properties. Phase Doppler interferometry has been applied to 
measure the droplet size and velocity. Moreover, SMD and probability density function have 
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been taken into account and the results indicate that for the injection pressure of 200 bar gaso-
line fuel is the best. Ghahremani et al. [14] investigated the effects of ambient and injection 
conditions on spray behavior of several blends of gasoline and bio-ethanol fuels using a gaso-
line DI system. They studied macroscopic and microscopic characteristics of the spray exper-
imentally and theoretically. Their results indicate that increasing the difference between injec-
tion and ambient pressures enhances the spray tip penetration while improves the atomization 
level of the spray. Applying air entrainment analysis, they reported that decreasing the bio-
ethanol percentage of the blend increases the equivalence ratio and required air as well.  

Spray behaviors and atomization level of bio-fuels and their influences on emissions 
and engine performance have been recently investigated [15, 16]. Based on the bio-ethanol fuel 
and in order to enhance the energy content of the fuel, modified bio-ethanol (MBE) with chemi-
cal formulation of C11H24OH has been produced in the present work. In comparison with con-
ventional fuels, the key advantages of MBE fuel as a new compound fuel are its long-chain HC, 
higher octane number, and oxygen content, and lower emissions. This paper presents spray 
characteristics of the MBE fuel as well as gasoline fuel applying high-speed visualization tech-
niques. A graphical interface software is developed in this work, namely image analyzer pro 
(IAP) to analyze the images and extract the results. As Martin et al. [2] and Liu et al. [4] 
showed, ambient pressure significantly affects the spray development while ambient tempera-
ture has no important effect on it. In this respect in the present study, the influences of injection 
and ambient pressures on the spray of several blends of MBE and gasoline have been investi-
gated. Pure gasoline fuel is designated as MBE0. MBE20 contains 20% of MBE fuel and gaso-
line fuel for the remaining part. The MBE100 indicates pure MBE fuel. Both macroscopic and 
microscopic behaviors of the injected spray such as spray tip penetration, cone angle, projected 
area, SMD, Ohnesorge number, and equivalence ratio have been studied and reported as well. 
Furthermore, considering atomization physics of the spray a new non-dimensional number, at-
omization index (AI), has been developed which determines the spray atomization level. More-
over, applying uncertainty analysis, the maximum uncertainty of theoretical part of the present 
work has been explored. Employing least squares method and curve fitting, some correlations 
are extracted and reported to model the experimental results. 

Experimental set-up 

Direct injection system 

The DI system includes fuel tank, filter, high pressure pump, pressure gauge, regula-
tor, common rail, single-hole injector, and combustion chamber as shown in fig. 1. The com-
bustion chamber which is fabricated in this research is modeled and analyzed in ANSYS 
software for safety reasons. The external view of the chamber is a cube with dimensions of 
120 × 120 × 163 mm. The internal view of that is a cylinder with diameter and length of 80 
mm and 141 mm, respectively. Fuel flows from the fuel tank through the pump, regulator, and 
common rail to the injector and is injected into the visualized chamber. The interior is a single 
hole one with the radius of 0.15 mm, and the injection pressure is monitored using one 12 bit 
digital indicator and a pressure transmitter. Ambient temperature of the chamber is at room 
temperature and its pressure is adjusting by an air compressor between 1 and 5 bar. Injection 
pressure and its duration are controlled using an injector controller as well. Three different 
blends of MBE and gasoline fuels have been examined in this study. Table 1 illustrates the 
physical properties of these blends such as stoichiometric air fuel ratio, density, kinematic 
viscosity, and surface tension. 
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Figure 1. Schematic diagram of experimental test rig 

Table 1. Physical properties of different tested blends 
 

Fuel  
designation 

Stoichiometric  
air-fuel ratio 

Density  
[gcm–3] 

Kinematic viscosity 
[mm2s–1] 

Surface tension 
[mNm–1] 

MBE0 15.10 0.749 0.64 18.680 

MBE20 14.65 0.840 0.79 19.920 

MBE100 13.33 0.873 1.79 24.535 

Visualization and image analyzing systems 

Imaging system contains one 1 W LED lamp, two parabolic mirrors with diameter 
of 90 mm, a high speed camera, a computer, and three optical windows with dimensions of 
120 × 70 × 35 mm which are located around the combustion chamber. The present experiment 
employs a MotionBLITZ Cube3 as a high speed camera with imaging rate of up to 120,000 fps 
and maximum resolution of 512 × 512 pixels. Images which are recorded in the computer are 
analyzed by means of IAP. Figure 2 represents the graphical interface of the IAP software.  
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Figure 2. Graphical interface of IAP 

The aforementioned software is developed user friendly and user should just browse the rec-
orded images and click the run button, after that all images will be analyzed by IAP and the 
desired results could be reported graphically or exported in a Microsoft Excel file. 

Spray geometry 

The most important macroscopic characteristics of the spray are defined in fig. 3(a). 
The angle which is formed between injector exit and spray boundaries at 60 mm away from 
the injector exit hole, is defined as spray cone angle. Spray tip penetration length is defined as 
an axial distance between the farthest border of the spray and injector exit hole. As indicated 
in fig. 3(a), the hatched part of the spray image is defined as the spray projected area. Figure 
3(b) shows a sample image of spray development which is recorded by experiment at injec-
tion pressure of 100 bar. 

  
Figure 3. (a) Definition of macroscopic characteristics of spray, (b) A typical image of the spray 
evolution which is at 100 bar injection pressure 
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Sensitivity and error analysis 

Kean [17] reported that Schlieren sen-
sitivity is defined as a variation of illumina-
tion of the image in normal to knife edge 
distance. In this regard, in the present study 
the position of knife edge has been varied to 
visualize the images with the best quality. 
Moreover, the affecting parameters have 
been varied in the range of their measuring 
accuracy to investigate their effects on the 
spray characteristics. On the other hand, the 
process of recorded images is a direct meth-

od and the spray characteristics are obtained directly by analyzing the images, so the precision 
of the recorded images is one pixel. Table 2 shows the sensitivity analysis of the affecting pa-
rameters on the spray characteristics. 

Moreover, to have an approximation of accuracy of the results, error analysis is per-
formed. Equation (1) shows the general shape of the error analysis [18]: 
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where n is the number of dependent parameters, UXi – the Xi error, and UY – the error of pa-
rameter Y. Employing eq. (1), uncertainty of computed parameters could be reported. 

Results and discussion 

Spray cone angle 

Since the spray cone angle is quite stable during the quasi-steady stage, in the pre-
sent study, employing IAP software and analyzing the recorded images, average spray cone 
angle for various blends at different injection and ambient pressures is obtained and displayed 
in fig. 4. Ambient density acts as a virtual wall in front of the injected spray and increasing 
the ambient pressure increases the ambient density and aerodynamics drag force and resists 
the spray to go forward. Consequently spray will be propagated in radial direction and spray 
cone angle increases. Increasing the injection pressure enhances the spray momentum. It 

means that it helps the spray to overcome 
the aerodynamic drag force to penetrate ax-
ially, while the spray cone angle decreases. 
Adding MBE fuel in the blend reduces 
spray cone angle as a consequence of high-
er viscosity and surface tension of MBE 
compared with that of gasoline. 

Spray tip penetration length 

Figure 5 represents variation of spray 
tip penetration length vs. time for various 
blends of gasoline and MBE fuels which is 
obtained by analyzing the recorded images 

Table 2. Sensitivity of affecting parameters on the 
spray characteristics 

Affecting  
parameter 

Tip penetration 
length 

Cone 
angle 

Projected 
area 

Injection 
pressure 2% 1.5% 3.5% 

Ambient 
pressure 4% 3% 5% 

Blend 5.5% 4.5% 6% 

Knife edge 
position 3% 2% 4.5% 

 

 
Figure 4. Average spray cone angle of different 
blends under multiple injection and ambient 
pressures 
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Figure 5. Spray tip penetration length vs. time for different blends at various injection and 
ambient pressures 

by IAP software. Influences of injection and ambient pressures on tip penetration of all blends 
are indicated in this figure as well. As it is obvious in this figure the trend of all curves are the 
same with an increased deviation when time passes. Increasing the injection pressure enhanc-
es the spray momentum and let the spray to penetrate easily, so the spray tip penetration in-
creases. Besides, Park et al. [19] based on the Roisman et al. [20] research divided the spray 
penetrating to the two key regions of main and front edge. They reported that in the main re-
gion the governing forces are the entrained ambient gas momentum and the injection inertia. 
Furthermore, the droplets inertia and the aerodynamic drag force are the governing forces in 
the front edge region. Moreover, results indicate the spray tip penetration decreases by in-
creasing the ambient pressure due to enhancing the drag force. Adding MBE fuel to the blend 
increases tip penetration length due to higher viscosity, density, and surface tension of MBE 
fuel compared to those of gasoline. 

Equation (2) represents a correlation for spray tip variation in time, which is extract-
ed from experimental results employing least squares method. Applying this equation helps 
other researchers to predict and compare their results with experimental results of the present 
work with the maximum error of approximately 8%. 
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where S [m] is the tip penetration, C1 and C2 are constants which are calculated based on the 
related physical properties. 

Spray projected area 

Since the experimental results indicate that the spray shape is almost a regular cone 
with a little distortion, spray projected area could be considered as an acceptable approxima-
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tion of the total injected fuel into the engine. By analyzing the images by means of IAP soft-
ware, spray projected area has been computed and shown in fig. 6. Figure 6 indicates devel-
opment of spray projected area vs. tip penetration length for different blends at various injec-
tion and ambient pressures. As expected the trend of all profiles are the same and increases by 
time. Regarding fig. 3(a), spray projected area is related to spray tip penetration length and 
cone angle directly. Increasing ambient pressure and decreasing injection pressure both in-
crease spray projected area due to spray cone angle effect on the projected area. Figure 6 
shows that adding MBE fuel in the blend almost decreases the spray projected area as well. 

 
Figure 6. Variation of spray projected area vs. spray tip penetration length 

Equation (3) is a correlation extracted from experimental results, which specifies 
development of spray projected area. Comparison of experimental results with those of ob-
tained by eq. (3) demonstrates that error of using this correlation is less than 9%: 
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where A [m2] is the spray projected area, S [m] – the spray tip penetration length, and C3 and 
C4 are constants in which could be calculated based on physical properties. 

Air entrainment analysis 

Sazhin et al. [21] reported that the quasi-steady jet theory is a well-developed hy-
pothesis in this area, although these sprays are extremely transient which leads to the system-
atic discrepancies between experimental outcomes and theoretical predictions. Consequently, 
in the present study, applying quasi-steady jet theory, air entrainment analysis has been per-
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formed. Based on turbulent jet theory, Naber and Siebers [22], Desantes et al. [23], and Zhang 
et al. [24] explored air entrainment and developed eq. (4) for equivalence ratio [25]: 
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where R = xtan(θ/2), and ( )xφ indicates the average equivalence ratio based on cross sectional 
area which is described in eq. (5): 
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where the characteristic length scale, x*, is defined: 
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where the value of 0.95 is suggested by Zhang et al. [24] for the orifice area contraction coef-
ficient, ca. 

Regarding eqs. (3)-(5), equivalence ratio has a complicated behavior due to its de-
pendency with several parameters such as physical properties of fuel and air, ambient and in-
jection pressures, spray cone angle, and stoichiometric air-fuel ratio. Decreasing the stoichio-
metric air-fuel ratio of the blend and increasing the cone angle of the injected fuel both reduc-
es equivalence ratio and required entrance air as well. Figures 7 and 8 display variation of 
equivalence ratio of the injected fuel in both axial and radial directions. 

Development of equivalence ratio along axial direction and at r = 0 is demonstrated 
in fig. 7. Results reveal that equivalence ratio increases by decreasing the ambient pressure 
and enhancing the injection pressure, as a result of reducing the spray cone angle. Moreover, 
this figure demonstrates that increasing MBE percentage of the blend increases the ratio due 
to enhancing the density of the blend. 

    
Figure 7. Equivalence ratio variation along central axial axis for different blends: (a) Pinj = 100 bar,  
(b) Pinj = 200 bar 

Figure 8 illustrates radial development of equivalence ratio at x = 90 mm. Results 
indicate that equivalence ratio decreases by increasing ambient pressure, so the required air 
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entrance is reduced. Profile shape of the equivalence ratio widens when ambient pressure in-
creases as a consequence of increasing ambient density. Equivalence ratio decreases by reduc-
ing the injection pressure because of increasing the spray cone angle. Figure 8 demonstrates 
that at the peak of profile the highest variation of equivalence ratio is occurred. Besides, re-
sults indicate that equivalence ratio of pure gasoline fuel has the lowest and widest profile at a 
specific ambient and injection conditions and increasing the MBE fuel percentage of the blend 
increases the equivalence ratio due to increasing the blend density. 

    
Figure 8. Radial development of equivalence ratio for different blends: (a) Pinj = 100 bar,  
(b) Pinj = 200 bar 

Atomization index 

Considering spray atomization physics, dimensional analysis has been performed to 
develop a new non-dimensional number, namely AI. This number determines the atomization 
level of the spray. The higher AI number indicates the higher atomization level and lower 
SMD. The AI number which is defined in eq. (7) is a function of physical properties of spray: 

 
2 3 2

AI U dρ
µσ

=  (7) 

Equation (7) illustrates that AI number is proportional to the ratio of square of iner-
tia forces to product of viscous and surface tension forces. Considering measuring accuracy of 
different parameters of eq. (7) and applying eq. (1), error analysis verifies that uncertainty of 
AI number is less than 5.5%, as well. 

Figure 9 shows variation of SMD of different blends and conditions with AI num-
ber. Ashgriz [26] and Ejim et al. [27] reported that SMD decreases while viscosity and sur-
face tension of fluid decrease or density and velocity increase. Figure 9 verifies the mentioned 
findings. 

One may realize that increasing the surface tension and viscosity of fuel increase 
SMD and prevent the droplet formation. Moreover, increasing the spray velocity due to in-
crease in the difference between injection and ambient pressures reduces the SMD. Conse-
quently, increasing injection pressure, decreasing ambient pressure, and using the fuel with 
lower viscosity and surface tension, all improve the atomization level of the spray. Since the 
physical properties of pure MBE are higher than those of gasoline fuel, adding MBE fuel to 
the blend decreases both AI number and atomization level. Besides, results indicate that pure 
gasoline fuel has the lowest SMD among all blends because of lowest viscosity and surface 
tension among all other blends. 
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Figure 9. Variation of SMD vs. AI number for different blends conditions 

 
Figure 10. Variation of Ohnesorge number of different blends vs. Reynolds number under various 
injection and ambient conditions 
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Ohnesorge number 

Ohnesorge number is a dimensionless number which is defined as the ratio of vis-
cous force to the root square product of inertia and surface tension forces. The following 
equation describes this number: 

 Oh
L

µ
ρσ

=  (8) 

where L is the characteristic length scale. 
Applying the error analysis based on the measuring accuracy of physical properties, 

specifies that the maximum error of applying eq. (8) for estimating the Ohnesorge number is 
about 4.3%. Wu et al. [1] divided the atomization level of the injected spray to three zones from 
strong atomization to poor atomization considering Ohnesorge number. Variation of Ohnesorge 
number vs. Reynolds number for different blends at various conditions is shown in fig. 10. Fig-
ure 10 shows that increasing both Ohnesorge and Reynolds numbers improves the atomization 
criteria. Increasing the injection pressure enhances the Reynolds number and progresses the at-
omization level of the spray as well. Since viscosity of the MBE fuel is higher than that of gaso-
line fuel, adding MBE fuel in the blends leads to the reduced Reynolds number although en-
hances the Ohnesorge number and retains the spray in the strong atomization zone. 

Conclusions 

In the present study macroscopic and microscopic properties of MBE fuel and its 
blends with gasoline fuel have been investigated experimentally and theoretically. Employing 
upgrading process of components of C10-C12 on the bio-ethanol fuel leads to produce a new 
alternative bio-fuel as a proper substitution for common fossil fuels in the gasoline DI en-
gines. The most important advantages of the MBE fuel in comparison with gasoline fuel are 
higher oxygen content and octane number, lower emissions, and having the benefits of a long-
chain HC fuel. Injection pressure, ambient pressure, and density have been varied to study 
their effects on three different blends of MBE and gasoline fuels. Macroscopic spray charac-
teristics such as spray cone angle, spray tip penetration length, and spray projected area have 
been investigated and reported as well. Moreover, considering quasi-steady jet theory and at-
omization model, air entrainment analysis, mixture formation, and atomization behaviors of 
the spray have been studied. Furthermore, the present work introduces a new non-dimensional 
number namely AI to indicate the atomization level of spray. The concluding remarks are as 
follows. 
• Decreasing injection pressure reduces spray tip penetration and equivalence ratio, though 

enhances spray cone angle, projected area, and SMD. 
• Decreasing ambient pressure increases spray tip penetration and equivalence ratio, and 

decreases spray cone angle, projected area, and SMD. 
• Raising gasoline percentage of the blend decreases spray tip penetration length, Ohnesorge 

number, and SMD, however increases Reynolds number and spray cone angle, due to lower 
physical properties of gasoline in comparison with MBE. Furthermore, results show that 
spray projected area increases by increasing the gasoline content of the blend. 

• A new non-dimensional number, AI, which predicts the atomization level of the spray is 
developed and reported in the present study. Results show that the higher AI number 
leads to the lower SMD and improves the atomization level as well. 
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• Some correlations based on experimental results have been extracted and reported to al-
low other researchers to predict and compare their results with those of this work. 

• Error analysis has been performed and the results reveal that the maximum error of com-
puting AI and Ohnesorge numbers are 5.5% and 4.3%, respectively. 

Nomenclature 
A – spray area, [m2] 
(AF)st – stoichiometric air-fuel ratio, [–] 
ca – orifice area contraction coefficient, [–]  
d – diameter, [m] 
L – penetration length, [m] 
Oh – Ohnesorge number, [–] 
P – pressure, [bar] 
r – radial distance, [m] 
Re – Reynolds number (= Ud/υ), [–] 
S – spray tip penetration, [m] 
x – axial distance, [m] 
x* – characteristic length scale, [–] 

Greek symbols 
α – shape factor of Gaussian distribution, [–] 
θ – spray cone angle, [–] 
ρ – density, [kgm–3] 
σ – surface tension, [Nm–1] 
υ – viscosity, [ms–2] 
ϕ – equivalence ratio, [–] 

Subscripts 
a – ambient 
f – fuel 
inj – injection 
o – orifice
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