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Abstract 
The early stage spray characteristics have a great impact on the secondary atomization progress, and thus affect 
the engine combustion and emission performances. The experimental investigation of the early stage spray 
behaviors with biodiesel and diesel was carried out by employing a laser-based Mie-scattering method. The 
results show that the spray tip penetration for biodiesel is higher than that for diesel at the early stage spray under 
the same injection pressure. Moreover, the early stage spray tip penetration can be longer under high injection 
pressures for two fuels. Besides, the early stage spray cone angle for biodiesel is narrower than that for diesel, 
and the spray cone angle is especially higher than biodiesel by 25.8% after start of injection time of 0.01ms. 
Furthermore, under the same injection condition, the difference of early stage spray area between diesel and 
biodiesel is not obvious, while the spray volume for biodiesel is larger than that for diesel, and also the spray 
volume can be enlarged by increasing injection pressure for both fuels. 
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Introduction 
For modern diesel engines, soot and nitrogen oxide are the two main emissions which are mainly influenced by 
mixture quality of air and fuel, and the emission characteristics are largely governed by atomization and spray 
processes [1-4]. Biodiesel, derived from the waste cooking oil and a kind of renewable energy, has been widely 
used as an alternative fuel for diesel engines. It is clear that the use of biodiesel in diesel engine can improve 
favorable emissions performance [5-9]. Although the importance of biodiesel in reducing diesel engine emission 
performance has been acknowledged, the research on early stage spray characteristics of biodiesel is still far 
from sufficient. The early stage spray dominates the secondary spray progress and the mixture quality of fuel and 
air, and thus affects the atomization quality of biodiesel. Therefore, it is important to define the effects of biodiesel 
at the early stage spray characteristics. 
Wang et al. [10, 11] studied the near-field primary spray characteristics of different split injection strategies by 
using ultra-high speed imaging method. Their results indicated that the second split injection cause smaller spray 
area and shorten penetration during the early stage spray, and also the larger late injection stage can increase 
the spray area and the penetration. Moreover, they found that the strong primary collision can be caused by 
improving the injection pressure and shortening dwell split injection, thus the spray area and the spray cone angle 
increase, while the spray tip penetration decreases at the same time. And they also found that the long duration of 
the first injection enhances the primary collision. Wang et al.[12] also studied the spray behaviors of emulsified 
diesel blended with water through schlieren technique. They concluded that the penetration increases as the 
magnitude of water increases, while the spray cone angle, spray volume and area decrease. Mo et al. [13] carried 
out an experimental research on the spray and atomization behaviors with soybean biodiesel and 20% n-butanol 
biodiesel blend respectively by schlieren and particle diameter image analysis techniques (PDIA) techniques. 
Their results showed that the penetration and droplet diameters of BD100 are higher than that of BD80. Li and Xu 
[14] used an ultra-high speed camera to study the influence of injection and ambient pressure on the spray 
behaviors, such as spray penetration and tip velocity. They concluded that the spray peak velocity is related to the 
change of two-stages of spray. Ding et al.[15] investigated the near nozzle spray patterns with four different fuels 
through experimental method, and the results suggested that the hydraulic flipping regime is extremely different 
for four fuels under different injection pressures. Xie et al.[16]experimented on the spray characteristics for 
different biodiesels and their blends with diesel under different injection conditions. They observed that the 
penetration increases as the blend ratio of biodiesel increases, while the spray cone angle becomes narrower 
than that of diesel. 
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The literature review mainly focused on the initial breakup with traditional diesel or the secondary spray and 
atomization characteristics with biodiesel or its blends. However, the research on the early stage spray 
characteristics when using biodiesel is still insufficient. In addition, the research on the early stage spray with 
biodiesel is of great importance for better understanding of biodiesel spray characteristics, because the early 
stage spray dominates the secondary breakup and air/fuel mixture quality, and also can provide helpful basis for 
improving the atomization quality of biodiesel. In consequence, due to the poorer quality of biodiesel sprays in 
comparison with diesel, the impact of biodiesel on the early stage spray characteristics requires an in-depth study. 
Therefore, our research mainly focuses on the early stage spray characteristics of biodiesel and diesel under the 
condition of different injection pressures (50MPa, 90MPa) and the fixed ambient pressure of 0.1MPa.The early 
stage spray characteristics, containing spray tip penetration, spray cone angle, spray evolution images at the 
early stage spray, spray area and spray volume, were employed respectively to investigate the early stage spray 
characteristics of diesel and biodiesel. It is of great importance to better understand biodiesel spray 
characteristics at the early stage spray, which can help improve the quality of secondary atomization for biodiesel 
effectively. In order to analyze the early stage spray characteristics, a laser-based Mie-scatting method was 
adopted by using Nd:YAG laser beam visualization system and a CCD camera. 
 
Material and methods 
In this research, all the experimental ambient temperatures were set to300K. Figure 1 shows the experimental 
equipment diagram for studying the early stage diesel and biodiesel spray characteristics. The experimental 
equipment diagram consists of a 2D image recorder system, a common rail injection system and a laser beam 
system (Nd:YAG Laser). 2D image recorder system consists of a CCD camera (500 fps), and image acquisition-
processing system. The early stage macro spray images (the resoltion of the camera is 1600 x 1200 pixels) were 
captured by using the CCD camera with a camera filter. The common rail injection system consists of a high 
injection pump, high pressure pipes, electromotor, common rail and a sac single diesel nozzle. The high injection 
pump was driven by electromotor to provide different high injection pressures. Furthermore, the delay time among 
the laser beam, CCD camera and injector nozzle were set by a delay controller. 

 
Figure 1. Experimental equipment diagram 

In order to study the early stage spray characteristics for diesel and biodiesel, two fuels were selected in the 
experiment, biodiesel (B100) was derived from waste cooking oil, and conventional diesel (B0) were used as 
experimental fuels. B0 corresponds to 0% biodiesel - 100% diesel; and B100, 100% biodiesel - 0% diesel, 
respectively. The main physical properties of B0 and B100 are listed in Table1. It can be found in Table1that the 
physical properties of B100 are all higher than those of B0. 

Table1 Physical properties for diesel and biodiesel 
Fuel type Density(kg/

m3) 
Dynamic 
viscosity(pa s) 

surface 
tension(N/m) 

Boiling range/
℃(T10) 

Diesel(B0) 830 0.0021 0.024 220 

Biodiesel(B100) 870 0.0039 0.028 330 

Table 2 represents the experimental working conditions, a single sac nozzle was selected in this study, and two 
different fuels were adopted to study the early stage spray characteristics. Injection pressure was set as 50MPa 
and 90MPa respectively; the ambient pressure was fixed as 0.1MPa; and the ambient temperature was set as 
300K. The present research mainly focused on the early stage spray behaviors, so the after start of injection 
(ASOI) time changed from 0ms to 0.1ms, and the injection duration was set as 2ms. 

 
 

Table2 Experimental working conditions 
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Experimental system Parameters 
Fuel Diesel (B0), Biodiesel(B100) 
Nozzle type Sac-nozzle 
Diameter of nozzle hole 0.2mm 
Injection pressure 50MPa. 90MPa 
Ambient pressure 0.1MPa 
Ambient temperature 300K 
Injection duration 2ms 
After start of injection (ASOI) 0ms~0.1ms 
 
Results and discussion 
This study included comparison of early stage spray images obtained from the spray test platform with a laser-
based Mie-scattering method under different injection pressures (50MPa, 90MPa) with diesel (B0) and biodiesel 
(B100). The results in Figure 2 show the evolution of the early stage spray images under injection pressures of 
50MPa and 90MPa respectively, and the ambient pressure was fixed at 0.1MPa. The captured images were used 
to analyze the early stage macroscopic spray characteristics. All the recorded macro spray images were 
processed by MATLAB software (binary processing) to obtain the macro spray characteristics. In order to improve 
the measurement accuracy, eight spray images are taken for each given moment, and the spray characteristics 
are the average of those of the eight times. In addition, the fundamental macro spray characteristics of diesel (B0) 
and biodiesel (B100) were analyzed and compared in terms of spray tip penetration[10], the cone angle which is 
formed by the spray considering 60% of the penetration, spray area and spray volume. 

 

 

(B0) 

 
(B100) 
50Mpa 

 

 
(B0) 
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(B100) 
90MPa 

Figure 2. Spray morphology (time in ms ASOI) for diesel (B0) and biodiesel (B100) under different injection pressures 
Spray tip penetration 
The results in Figure 3 show the evolution of the early stage spray tip penetration for diesel and biodiesel under 
different injection pressures (50MPa, 90MPa) and the fixed ambient pressure of 0.1MPa.The results in Figure 3 
indicate that the spray tip penetration for biodiesel is higher than that for diesel under the same injection pressure. 
It is mainly due to the larger surface tension and viscosity of biodiesel, which can inhibit the progress of the early 
stage spray and atomization, and thus result in large injection momentum and velocity for biodiesel at the nozzle 
exit. It is favorable for increasing the early stage spray tip penetration. Moreover, the biodiesel in the injector 
nozzle can promote the friction between the fuel and the inner wall surface of injector orifice, as a result of the 
higher viscosity of biodiesel. In addition, it can also be found that the early stage spray tip penetration is extended 
by increasing the injection pressure, because high injection pressure can increase the injection velocity at the 
nozzle exit. 
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Figure 3. Spray tip penetration for diesel and biodiesel under different injection pressures 

Spray cone angle 
The results in Figure 4 show the evolution of the early stage spray cone angle for diesel and biodiesel under 
different injection conditions and the fixed ambient pressure of 0.1MPa.It can be found that the spray cone angle 
was wider for B0 when compared to B100. Moreover, the big difference for spray cone angle is at the beginning of 
injection. For instance, the spray cone angle for B0 is higher than that forB100 by 25.8% after start of injection 
time of 0.01ms under the injection pressure of 50MPa. It is mainly due to the higher surface tension for biodiesel, 
which can suppress the increase of radial velocity of the jet at the nozzle exit and the collapse of spray for 
biodiesel. As a result, the early stage spray cone angle of B100 is narrower than that of B0. Furthermore, the 
larger early stage spray cone angle of diesel means strong interaction between fuel and air at the early stage 
spray, which can improve the quality of primary spray and atomization greatly. By contrast, the quality of primary 
spray for biodiesel is poor. Finally, it can also be found that the difference of the early stage spray cone angle is 
not obvious for the same fuel under different injection pressures.  
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Figure 4. Spray cone angle for diesel and biodiesel under different injection pressures 

Spray area 
The spray area was used to represent the mixing quality between fuel and air [17]. In the present research, 
MATLAB software was employed to count the total effective pixels of spray image so as to represent the spray 
area. Figure 5 shows the values of spray area for diesel and biodiesel under different injection pressures. The 
results demonstrate that the spray area increases with the increase of ASOI, because the spray tip penetration 
becomes longer as stated in Figure 3. By comparing diesel and biodiesel under the same injection pressure, it 
can be found that the difference of spray areas between diesel and biodiesel is not obvious, because the lower 
surface tension and viscosity for diesel are good for enlarging the spray cone angle, but the diesel holds a shorter 
spray tip penetration. In addition, for the same fuel, the spray area increases as the injection pressure increases, 
because the continuously increasing injection pressure improves the development of spray tip penetration for 
diesel and biodiesel. 
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Figure 5. Spray areas for diesel and biodiesel at various injection pressures 

 
Spray volume 
The spray volume was of great importance in assessing the air entrainment mixing quality, and it can be 
calculated by using the following equation[18]: 

3 2
3

1 2 tan( / 2)V ( / 3) [tan ( / 2)]
[1 tan( / 2)]

S θπ θ
θ

+
=

+                                                                                                    
(1) 
In the equation, S represents the spray tip penetration and θ the spray cone angle respectively. Figure 6 shows 
the spray volumes for diesel and biodiesel under different injection pressures. It can be found in Figure 6, the 
spray volume increases slowly before 0.08ms (ASOI) for both fuels, and then increases dramatically after 0.08ms 
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(ASOI).Moreover, the spray volume of the biodiesel is higher than that of diesel at the injection pressure of 
90MPa, because higher density and viscosity of biodiesel can lead to higher inertia and fuel injection quantity. 
Thus, as the spray tip penetration increase as shown in Figure 3, the spray volume, in turn, increases. In addition, 
the spray volume can be enlarged by increasing the injection pressure at the same ASOI. Because the higher 
injection pressure can improve the jet momentum as well as strengthen the velocity at the nozzle exit, and result 
in the longer spray tip penetration. Furthermore, it can also enhance the interaction between fuel and air and thus 
further increase the spray volume. 
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Figure 6. Spray volumes for diesel and biodiesel under different injection pressures 

 
Conclusions 
In this research, the early stage spray characteristics with diesel and biodiesel were investigated in depth under 
different injection conditions with a laser-based Mie-scattering method in a constant volume chamber. Main 
conclusions in our research are as follows: 
(1) The spray tip penetration for biodiesel is longer than that for diesel at the early stage spray under the same 
injection pressure. Because the viscosity and surface tension of biodiesel is higher than that of diesel, which 
caused higher momentum at the nozzle exit as well as the higher friction between the fuel and orifice inner wall 
surface. In addition, the high injection pressure can enlarge the early stage spray tip penetration for both fuels.  
(2) In comparison, the early stage spray cone angle for biodiesel is narrower than that for diesel. The early stage 
spray cone angle is especially higher than biodiesel by 25.8% after start of injection time of 0.01ms under the 
injection pressure of 50MPa, because the higher surface tension and viscosity of biodiesel will inhibit the collapse 
of spray at the initial stage spray, and the internal cavitation flow also play an important role on the spray cone 
angle . 
(3) The difference of early stage spray area between diesel and biodiesel is not obvious under the same injection 
pressure. The low surface tension and viscosity of diesel can enlarge spray cone angle and hold short spray tip 
penetration. 
(4) Because of higher injection quantity and spray tip penetration for biodiesel, the spray volume for biodiesel is 
larger than that for diesel under the same injection pressure. In addition, the spray volume can be enlarged by 
increasing the injection pressure for diesel and biodiesel. 
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