
 
Article citation info:  

SLAVINSKAS, S., LABECKAS, G., MICKEVIČIUS, T. Effect of biodiesel on the development of split injection characteristics.  
Combustion Engines. 2019, 177(2), 103-107. DOI: 10.19206/CE-2019-218 

COMBUSTION ENGINES, 2019, 177(2) 103  

Stasys SLAVINSKAS CE-2019-218 

Gvidonas LABECKAS  

Tomas MICKEVIČIUS 

 

 

Effect of biodiesel on the development of split injection characteristics 
 

The paper presents the experimental test results of a common rail injection system operating with biodiesel and the diesel fuel. The 

three fuel split injection strategies were implemented to investigate the effects made by biodiesel and a fossil diesel fuel on the history of 

injector inlet pressure and the injection rate. In addition, the three intervals between split injections and the different injection pressures 

were used to obtain more information about the studied subjects. The obtained results showed that the peak mass injection rates of the 

main injection phase were slightly higher when using biodiesel than the respective values measured with the normal diesel fuel. Because 

the first injection phase activated the fuel pressure fluctuations along the high-pressure line and in front of the injector, the time-span 

between injections has an impact on the injector inlet pressure and thus the fuel injection rate during the second injection phase. Since 

the nozzle closes little later for biodiesel, the injector inlet pressure also occurred latter in the cycle. 

Key words: split injection, injection rate, common rail injection system, diesel fuel, biodiesel fuel 

 

 

1. Introduction 
Fuel split injection characteristics play a significant role 

in the fuel spray development [1, 2], the fuel-air mixture 

stratification [3], as well as the ignition delay and the sub-

sequent combustion process [4, 5] characteristics of the 

diesel engine. 

Han et al. [6] experimentally investigated the split injec-

tion process of fatty acid esters on a common rail injection 

system. The test results show that the fuel properties caused 

modest changes in the pressure fluctuation after the end of 

injection as well in the injection mass. The injection dwell 

time was also found to influence the injector inlet pressure 

characteristics at the start of the main injection event and 

thus the amount of fuel injected during main injection was 
slightly changed. 

Han et al [7] also carried out numerical study on fuel 

physical properties made effects on the split injection pro-

cesses of a common rail injection system. In that study  

a one-dimensional model based on AVL HYDSIM was 

established to identify the effect of fuel density, viscosity 

and bulk modulus of compressibility on split injection cha-

racteristics. Researchers found that fuel physical properties 

effects were modest at the pilot injection stage, but more 

noticeable at the main injection stage. 

Park et al. [8] experimentally and theoretically investi-
gated the spray and atomization characteristics of biodiesel 

fuel. It was found that the peak injection rate increased and 

advanced, when the injection pressure increased due to 

initial injection momentum. The injection rate of the soy-

bean oil methyl ester, which has a higher density than diesel 

fuel, is higher than that of diesel fuel despite its low injec-

tion velocity.  

Boudy and Seers [9] investigated the impact of physical 

properties of biodiesel on the injection process in a com-

mon rail direct injection system using a single and triple 

injection strategies. The results showed that fuel density is 

the main property that affects the injection process, such as 
total mass injected and pressure wave in the common rail 

system. While the fuel’s viscosity and bulk modulus influ-

enced the injection parameters to a lesser degree of exten-

sion. 

Wang et al. [10] conducted fuel injection and combus-

tion study by the combination of mass flow rate and heat 

release rate with single and multiple injection strategies. 

The test results showed that the fuel injection duration is 

obviously longer than the injection energizing duration. 
Split injection strategy revealed complicated interaction 

among splits with the first injection duration and dwell 

interval dominating the interaction degree. It was also noted 

that the interaction also considerably depends on the num-

ber of splits. 

Despite of considerable number of experimental and 

numerical studies on the subject, in the technical literature 

still is a lack of knowledge related with the effects of the 

intervals between the splits and this is especially important 

in case of using biodiesel. The purpose of the research was 

to obtain a deeper knowledge about the impact of the wide-
ly differing properties of biodiesel on the main injection 

parameters such as the fuel injection rate and the injector 

inlet pressure for the three split injection strategies under 

various biodiesel and the diesel fuel injection pressures. 

2. Materials and method 
The fuel injection rates were measured and analysed  

using an injection rate measuring system based on Bosch 

method [11]. 

 

 

Fig. 1. Test stand used in the experiments 
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The experimental setup consists of two parts: the fuel 

injection system and injection rate measuring system (Fig. 

1). The fuel injection system includes an electrically driven 

high-pressure pump, a rail and an injector. The injector 

nozzle has 6 holes and the diameter of each hole is 0.24 

mm. The NI PXIe 1062Q system with DI Driven D000020 

module was used to control the injection process. 

The injection rate measuring system consists of the in-

jector mount on which the injector and the pressure sensor 

are mounted, the measuring and following tube, the orifice 

plate separating them and the check valve. The injection 
rate measuring method is based on measuring a dynamic 

increase in pressure produced by the fuel injection into 

measuring tube filled with fuel. The shape of the fuel pres-

sure increase correspondents to the injection rate. 

The pressure variation in the tube was measured with a 

piezoelectric pressure sensor type 6052C (Kistler) coupled 

to the Kistler charge amplifier-module 5064 with an accu-

racy of ±0.5% in the pressure range of 0–25.0 MPa. The 

fuel pressure at the injector inlet was measured with a pie-

zoresistive high-pressure Kistler Inc. sensor 4067A2000 

and amplified by an amplifier-module 4665. Both amplifi-
er-modules were mounted on the signals conditioning plat-

form-compact 2854A. The injector energizing pulses, fuel 

injection rate, fuel pressure and back pressure signals were 

continuously recorded by using an AVL IndiModul 622 

data acquisition system. 

 
Table 1. Properties of the tested fuels 

Fuel Density at 30°C 

[kg/m
3
]  

 

Kinematic viscosity 

at 40°C [mm²/s] 
Diesel fuel 832.7 2.13 

RME 883.6 4.44 

 

The fuel studied was rapeseed methyl ester, the split in-

jection characteristics of which were compared with the 

respective values of a fossil diesel fuel (DF). The main 

physical properties of the tested fuels are listed in Table 1. 

Four injection pressures (rail pressures) of 45, 85, 110 and 

135 MPa were used for the experimental tests. The back 

pressure in the tube was adjusted to 4.0 MPa. 

The fuel pressure traces over the 100 consecutive injec-

tion cycles were recorded and averaged for the analysis. 

The quantity of the fuel injected (by mass) was determined 
as a mean value of the 1000 consecutive injection cycles, 

measured by a precision scale. 

 
Table 2. Test matrix for split injection 

Injection duration [ms] 0.15–1.0 0.5–0.5 1.0–0.15 

Injection interval [ms] 0.8; 1.0; 1.2 0.8; 1.0; 1.2 2.0; 2.15; 2.3 

 

The three groups of the experimental tests with the dif-

ferent injection durations and injection intervals were car-

ried out to reveal the interaction between the splits. The test 

matrix is shown in Table 2. 

3. Results and discussion 
Modern diesel engines are equipped with a common rail 

fuel injection system that can be adapted to implement split 

injection strategy. In this case, the pressure oscillations in 

the high-pressure line caused by the first injection affected 

the subsequent injection process. 

Fig. 2. Effects of pilot injection energizing pulse and split injection inter-

val on the injector inlet pressure fluctuation and the injection rate of the  

 fuels at the injection intervals: a – 0.8 ms, b – 1.0 ms, c – 1.2 ms 

 

Figure 2 shows variations in the fuel mass injection rate 

and the injector inlet pressure in a time scale during the 

split injection process, with the duration of 0.15 ms and 1.0 

ms and a variable interval between injections. 

As can be seen in Fig. 2, the short pilot injection pulse 

causes low-magnitude inlet pressure fluctuation that quick-

ly damps without causing observable influences on the 
main injection. Higher density of biodiesel fuel causes the 

reduction of the peak mass injection rate in the pilot stage. 

While, on the contrary, the peak mass injection rates of the 

main injection stage were slightly higher when using RME 

than the respective values measured with the diesel fuel. As 

can be seen at the end of the main injection, the end of 

injection takes place slightly earlier in the cycle with diesel 

fuel. This occurs mainly due to lower viscosity of the diesel 

fuel. Since the viscosity of biodiesel is higher more time is 

needed to close the injector due to the viscous forces slow-

ing down the needle movement. While changes in the injec-

tion intervals did not have a noticeable effect on the injec-
tion characteristics. 
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Fig. 3. Effects of fuel types on injector inlet pressure and the injection rate 

under split injection at the intervals: a – 0.8 ms, b – 1.0 ms, c – 1.2 ms 

 

Figure 3 presents variations in the fuel mass injection 

rate and the injector inlet pressure during the two-stage 

injection process for biodiesel and a fossil diesel fuel. The 

injector energizing duration was equal to 0.5 ms for each 

injection event, while the injection intervals were changed 

for 0.6 (a), 1.0 (b) and 1.2 ms (c) as can be seen in figure. 
As the injection process starts, significant oscillations 

are observed in the inlet pressure. The first injection causes 

temporary pressure drops and then subsequently pressure 

rise caused by the water-hammer effect when the needle 

moves back into closed position. With an increase in the 

interval between injections, the fluctuations amplitude of 

the injector inlet pressure increased correspondingly. At the 

tested injection intervals of 0.8, 1.0 and 1.2 ms the respec-

tive injector inlet pressure fluctuations amplitudes were 

equal to 16, 26 and 31 MPa. Since after the first injection, 

the nozzle closes little later for RME than for diesel fuel, 

the pressure increase is also delayed. 
As can be seen in Figure 3, the pressure fluctuations af-

fect the injection rate of the second injection. Due to fuel 

pressure fluctuations in the high-pressure line evoked by 

the first injection, the second injection proceeds under the 

increasing inlet pressure at the injector. For this reason, the 

fuel injection rate during the second stage of the process 

was higher than that measured in the first stage of injection. 

Maximum injection rate is affected by the duration of injec-

tion interval between the pulses. Therefore, the maximum 

injection rate was approximately 32.8% higher during the 

second injection than that determined in the first injection 

stage for both types of the fuels tested with the injection 

interval of 0.8 ms between splits. 
 

Fig. 4. Effects of fuel types on injector inlet pressure and the injection rate 

under split injection at the intervals: a – 2.0 ms, b – 2.15 ms, c – 2.3 ms 

 

After the injection interval was increased from 0.8 to 

1.0 ms (Fig. 3b), maximum fuel injection rate during the 

second injection increased by 43.3% for biodiesel and 

49.9% for the normal diesel fuel. While further increase of 

the injection interval between splits to value of 1.2 ms (Fig. 

3c), maximum injection rate over the second stage in-

creased with a lower intensity – by 36.3% and 33.6% for 

biodiesel and the mineral diesel fuel, respectively. This 

occurrence can be associated with the fact that the biggest 

part of the second injection coincided with the reduction 
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phase of fuel pressure caused by fluctuation of fuel pressure 

waves in the high-pressure line activated by the first fuel 

injection phase. 

After the injection interval was increased from 0.8 to 

1.0 ms (Fig. 3b), maximum fuel injection rate during the 

second injection increased by 43.3% for biodiesel and 

49.9% for the normal diesel fuel. While further increase of 

the injection interval between splits to value of 1.2 ms (Fig. 

3c), maximum injection rate over the second stage in-

creased with a lower intensity – by 36.3% and 33.6% for 

biodiesel and the mineral diesel fuel, respectively. This 
occurrence can be associated with the fact that the biggest 

part of the second injection coincided with the reduction 

phase of fuel pressure caused by fluctuation of fuel pressure 

waves in the high-pressure line activated by the first fuel 

injection phase. 

Figure 4 presents the history of fuel mass injection rate 

and the injector inlet pressure during the main injection and 

post injection events for biodiesel and a fossil diesel fuel 

for the various injection intervals of 2.0, 2.15 and 2.3 ms. 

As can be seen in figure, the fuel pressure fluctuations in 

the high-pressure line have noticeable influence on the 
shape of a very small time-span characteristic following 

after the main injection process. The post-injection started 

just after the fuel pressure at the injector reached the maxi-

mum value of about 140 MPa, therefore the fuel-mass in-

jection rate was of the biggest values for both injections of 

biodiesel and the mineral diesel fuel at the injection interval 

between pulses of 2.0 ms (Fig. 4a). 

As the interval between the injections increased, the 

maximum injection rate of the second injection gradually 

decreased because during this phase of process the fuel 

pressure in the high-pressure line progressively decreased 

with regard to its maximum value. For this reason, during 
the second injection the maximum value of injection rate 

decreased by 26.7% for biodiesel and 18.8% for the diesel 

fuel at the 2.15 ms interval between injections (Fig. 4b). 

The interval between injections increased to 2.3 ms, the 

maximum injection rate additionally reduced by 19% for 

both fuel types. Hence, the maximum injection rate deve-

loped during the second injection phase depends on the 

injector inlet pressure fluctuation phase at that instance 

when the process occurs, i.e. whether the fuel line-pressure 

increases or decreases at the considered moment. 

Figure 5 presents the dependencies of fuel mass injected 
during two-stage injection process for the three fuel injec-

tion intervals between splits and the three initial injection 

pressures. As expected, for both biodiesel and mineral die-

sel fuels the cycle injection quantities increased with in-

creasing injection pressure. In case with a small pilot injec-

tion (Fig. 5a), cycle injection quantity was not noticeably 

affected by the time interval between pilot and main injec-

tion events because the fuel fluctuations after the first injec-

tion were negligible. 

In case of the fuel split-injection with the two 0.5 ms in-

jector energizing pulses, the effect of the injection interval 

on the mass cycle injection quantity was significand as can 
be seen in Fig. 5b. As show Fig. 3 and Fig. 5, the cycle 

injected fuel quantity correlate well with the pressure fluc-

tuations at the injector inlet. At an initial injection pressure 

of 85 MPa, the increase in the injection interval from 0.8 to 

1 ms resulted in the amplitude of pressure fluctuations 

17.7% higher. While, at the same time, the cycle injection 

mass of mineral diesel and biodiesel increased by 19% and 

8.5% respectively. As the injection interval increased up to 

1.2 ms, the amount of fuel-mass injected decreased as did 

the pressure fluctuations amplitude. 

 

 

 

Fig. 5. The effect of injection interval on cycle injection quantity for 

various injection pressures: a – injector energizing pulses of 0.15–1.0 ms;  

b – injector energizing pulses 0.5–0.5 ms 

4. Conclusions 
The three fuel split injection strategies were implement-

ed to investigate the effects made by biodiesel and a fossil 

diesel fuel on the history of injector inlet pressure and the 

injection rate. At the same time, the intervals between split 

injections and the injection pressures were changes to ob-

tain more information about the studied subjects.  

The short pilot injection pulse caused low-magnitude in-

let pressure fluctuations those quickly have been damped 

without causing any observable effect on the main injection 
process. The peak mass injection rates of the main injection 

phase were slightly higher when using biodiesel than the 

respective values measured with the normal diesel fuel 

Because the first injection phase activated the fuel pres-

sure fluctuations along the high-pressure line and in front of 

the injector, the time-span between injections has an impact 

on the injector inlet pressure and thus the fuel injection rate 

during the second injection phase. Since the nozzle closes 

little later for biodiesel, the injector inlet pressure also oc-

curred latter in the cycle. 
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Nomenclature 

RME rapeseed methyl ester DF diesel fuel 
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