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ABSTRACT  

 Few factors affect diesel combustion and emissions more significantly than the 

composition of the fuel and the fuel injection process. In this paper, fuel injection and 

composition of the fuel were considered by comparing conventional, synthetic and vegetable oil-

derived diesel fuels and by comparing a single pulse injection and a split (pilot and main) 

injection process. This paper focuses on characterization of the combustion process and emissions 

produced by three substantially different diesel fuels: an ultra low sulfur diesel fuel (BP15), a pure 

soybean methyl ester (B100), and a synthetic, practically free of sulfur and aromatic compounds, 

Fischer–Tropsch fuel (FT) produced in a gas-to-liquid process. A four stroke single cylinder air 

cooled direct injection CI engine (Kirloskar make) has been used for the present 

experimentation. The engine is equipped with the necessary instrumentation for acquiring the 

data pertaining to performance, emission and combustion parameters assessment. The details of 

various instrumentation. In all modes the engine was tested with single and split injection (pilot 

and main), with constant start of injection (SOI), and without considering the exhaust gas 

recirculation (EGR). This research confirms that the ignition character of the fuel will have effect 

the start of the combustion process, and also for the whole combustion process when the single 

injection is used, and during the combustion process after the pilot injection when the split 

injection is used. In general, the FT fuel can reduce both NOx and PM specific emissions in all 

modes under both single and split injection modes. Finally, this work confirms that biodiesel can 

reduce the particle concentration. However, in some cases an increase of PM mass emission has 

been observed and this increase of the PM mass emission is due to unburned or partially burned 

hydrocarbon (HC) emissions. 
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The use of biodiesel or synthetic fuels as a diesel replacement poses a need for the study of fuel 

composition impacts on engine combustion and particulate matter (PM) emissions. Both the size 

and the concentration of particles influence the behavior of particles in the environment. Due to the 

increasing popularity of biodiesel fuels, the impacts of fuel formulation on diesel soot emission and 

its characteristics have been studied by several researchers. Many researchers have found that 

various oxygenated diesel fuel additives, such as methyl esters obtained from vegetable oils, lead 

to reductions in particulate matter emissions e.g., [1–3]. Using a furnace, Vander Wal and 

Tomasek [4] showed that the soot particles generated from pyrolysis of benzene, ethanol and 

acetylene have different nano structural ordering and reactivity. Soot particles were examined by 

transmission electron microscopy (TEM), and image analysis of the fringe length and curvature 

from the TEM images showed that fuel composition influenced the degree of graphitization and 

soot reactivity. 

The concentrations and size distributions of particulate matter are related to the dilution and 

cooling of exhaust, equivalence ratio in the combustion process, and engine type [5]. Some 

researchers have concluded that soot from various sources is structurally similar [6], and similar to 

commercial carbon blacks [7]. However, many researchers have shown that the influence of engine 

conditions and fuel type on diesel soot properties is significant. Experimental results show that the 

nanostructure of soot depends upon its formation conditions, such as temperature and residence 

time [8]. Mathis et al. [9] demonstrated a reduction in primary soot particle diameter when 

increasing the fuel injection pressure, or advancing the start of injection. Using laser induced 

incandescence and TEM, Oh and Shin [10] showed that the particle size and soot volume fraction 

abruptly decrease in the case of using CO2 as a diluent instead of N2. Neer and Koylu [11] 

reported that average spherule and aggregate sizes generally increase with the overall engine 

equivalence ratio at various engine loads and speeds. They also found that the particle sizes 

increased with exhaust temperature. On the other hand, Zhu et al. [12] showed that the primary 

particle size tended to decrease with increasing exhaust temperature. 

The combined impacts of fuel composition and combustion process have been studied and 

discussed. Armas et al. suggested that using biodiesel can reduce smoke opacity in both steady 

conditions and transient engine operation [13]. By analyzing the bulk modulus of fuels and 

needle lift sensor signals, Szybist et al. [14] showed that bulk modulus affects fuel injection 

timing in pump-line-nozzle type fuel injection systems. That investigation proposed that NOx, 

and soot properties, could be different because the injection timing shift resulted from fuel 

properties. Using an electronically controlled common-rail direct injection system, the 

potential injection timing differences due to the different fuel properties can be eliminated. 

With the fixed injection timing and similar heat release rate profiles in a cycle, Zhang and 

Boehman [15] showed that biodiesel blends produce different amounts of NOx compared to 

ultra low sulfur diesel fuel (BP15). 

In order to address the impacts of fuel properties on the combustion process and soot, PM, and 

gaseous emissions in a comprehensive manner, it is necessary to study the combustion process of 

different fuels. The PM and gaseous emissions of different fuels are also of interest because they 

are combustion products and provide information regarding the engine combustion process. 

Lapuerta et al. [16] concluded that a meaningful comparison of emissions and fuel consumption 

is only possible if tests are carried out under the same operation mode. 

Three fuels are tested in this work: an ultra low sulfur diesel fuel (BP15), a pure soybean 

methyl ester biodiesel (B100), and Fischer–Tropsch fuel (FT) produced in a gas-to-liquid 
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process. The PM and gaseous emissions, PM size distribution, and combustion process are 

analyzed under four operating conditions, which were selected in order to compare directly 

against results from other engine studies, to study the impacts of engine speed and torque, and 

eventually to compare soot characteristics with previously published work [17,18]. To 

eliminate the potential injection timing difference due to the different fuel properties, the 

injection timing was held at fixed settings for each of the test fuels, instead of being dictated by 

the engine control unit (ECU). To further highlight how fuel composition influences the diesel 

combustion process, two different injection strategies are considered, a single injection and a 

split injection. Thus, this study considers two of the most significant influences on diesel 

combustion and emissions: fuel chemistry and fuel injection strategy. 

 

EXPERIMENTAL SET UP 

An experimental set up is made with necessary instruments to evaluate the performance, 

emission and combustion parameters of the compression ignition engine at different operating 

conditions. The view of the experimental set up is shown in Fig.1. 

 

 
Figure 1 Experimental set up 

 

Fuel injection system: The fuel is injected by a single orifice nozzle with a diameter of 

13.4mm.Fuel is injected into the cylinder at the end of the compression stroke, thus requiring 

high injection pressure. In the experiment the system is capable of injecting pressures up to a 

maximum of 250 bars.  

 
Figure 2 Digital storage oscilloscope 
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Digital storage system: A Digital storage oscilloscope is used to generate the signal to locate the 

TDC. Fig. 2 shows  Falcon digital storage oscilloscope.Digital storage oscilloscopes are 

available in processing and non processing types. Processing types include built in computer 

which takes advantage of the fact that all data is already in digital form. The inclusion of 

interfacing and a microprocessor provides a complete system for data acquisition, analysis and 

output. Processing capability ranges from simple functions (such as average, area, rms, etc) to 

complete fast Fourier transform (FFT) spectrum analysis capabilities. Units with built in hard 

copy plotters are particularly useful , since they can serve as digital scope high speed recorders , 

tabular printers and X-Y plotters , all in one unit , with computing facility. Non processing 

digital scopes are designed as replacement for analog instruments for both storage and non 

storage types. Their many desirable features may lead to replace analog scopes entirely (Within 

the band width range where digitization is feasible). The basic advantage of digital operation is 

the storage capability; the stored wave form can be repetitively read out, thus making transient 

appearance repetitively and allowing their convenient display on the screen of the scope. 

Furthermore, the voltage and time scales of display are easily changed after the wave form has 

been recorded, which allows enlargement (typically to 64 times) of selected portions, to observe 

greater details. A cross hair cursor can be positioned at any desired point on the wave form and 

the pressure and crank angle values displayed digitally on the screen. 

Pressure measurement system: The cycle peak pressure measurement was done by pressure 

sensor. The pressure sensor is mounted on the cylinder head surface for avoiding passage effects. 

The second end of the sensor is connected to DSO 025C1FALCON (Digital Storage 

Oscilloscope) shown in Fig 2 to capture the pressure – crank angle curve and also peak cycle 

pressure during combustion.  

Emission measurement system: DIGAS exhaust gas analyzer (444 AVL) is employed for 

measuring pollution constituents. The concentration of pollutants such as NOX, CO2, HC,CO and 

soot are measured by continuous online monitoring for all the trails of experiments. A non 

dispersive infrared sensor has been used for the measurement of CO and CO2 and a 

photochemical sensor has been used for NOX measurement.AVL DIGAS exhaust gas analyzer 

used in this research work is shown in Fig 3.  

 

Figure 3 AVL Digas exhaust gas analyzer 
 



International Journal of Emerging Trends in Engineering and Development         Issue 5, Vol.2 (Feb.-Mar. 2015)                                                                                                    

Available online on http://www.rspublication.com/ijeted/ijeted_index.htm                                  ISSN 2249-6149 

R S. Publication (rspublication.com), rspublicationhouse@gmail.com Page 276 
 

 

Table1. Engine specifications   

Engine type  Single  cylinder diesel direct injection 

Bore 87.5mm 

Stroke  110mm 

Compression ratio 17.5:1 

Orifice (Diameter ) 13.4mm 

Coefficient  of discharge 0.6 

 

RESULTS AND DISCUSSIONS  

 

 Effects of fuel composition on engine operation with single injection 

 
Figure 4 Equivalence ratio (a) and brake mean effective pressure (b) from the four test modes and the   

three test fuels using single injection. 

 

 Engine parameters 

Fig. 4 shows that the equivalence ratio and the brake mean effective pressure (BMEP) have 

been kept constant in all modes and for all fuels. These conditions, together with a constant start 

of injection (SOI) (see Fig. 6) permit isolation of the effect of fuel chemistry on both the 

combustion process and pollutant emissions. 

Fig5 shows the brake specific fuel consumption (BSFC) and brake thermal efficiency for all test 

modes and fuels. The BSFC increased approximately 12% in all modes with B100. These results are 

consistent with similar measurements by Graboski et al. [25] and many others, and they are due to 

the roughly 15% lower energy content of biodiesel. As explained by Graboski et al., the lower en-

ergy content in biodiesel is due to the higher oxygen content. Concerning FT fuel, the BSFC  
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Figure 5 Brake specific fuel consumption (a) and brake thermal efficiency (b) from the four test modes and the 

three test fuels using single injection. 

 

 

 
Figure6. Thermodynamic analysis results from the four test modes and three test fuels using single 

injection 

 

decreased by 5–7% at low load and only 3% at high load in comparison with BP15. The observed 

BSFC decrease could be justified by the higher energy content of FT fuel. Concerning thermal 

efficiency, a decrease of around 6–8% with B100 was observed. This behavior could be justified 

because the engine has not been optimized with this fuel. In that case, the advanced combustion 

process has produced a negative balance between indicated engine work and mechanical losses, 

resulting in a net decrease in thermal efficiency. However, when FT fuel was used the decrease in 

efficiency was only -3% at high load. At low load, FT fuel provided an increase in efficiency 

between 5–7%. This result shows a great potential for FT fuel to obtain an optimized behavior by 

modifying the injection timing. 
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 Combustion process 

Fig. 6 shows the results obtained from thermodynamic analysis during the tests with single 

injection strategy. The needle lift curves show that the SOI was kept constant during the tests. 

Concerning biodiesel, an increase in both injection pressure and injection duration has clearly 

been observed, consistent with the lower energy content of B100 and the fixed SOI. Comparing 

the cylinder pressure and mean temperature curves, an advanced combustion process is observed 

in correspondence with the value of the derived cetane number of the test fuels. An increased 

cetane number produces a decrease in the ignition delay and consequently an advanced 

combustion process. Finally, an advanced ignition produces a decrease of the premixed 

combustion phase and, as a consequence, a decrease of both cylinder pressure and mean 

temperature rise rates (dp/da and dT/da), except at the engine test mode A using baseline and 

biodiesel fuels. The observed behavior in mode A could be justified due to the combined 

effect of the following facts: the most delayed injection and a lower derived cetane number. 

These two facts produce a delayed and slower combustion process. 

 

 
Figure 7 Brake specific emissions of (a) NOx, (b) HC, (c) PM and (d) CO from the four test modes and the 
three test fuels using single injection. (PM emission of B100 at mode A is not available.) 

Pollutant emissions 

The gaseous and PM emission data were summarized in Fig. 7. Although oxygenated fuel 

additives can reduce NOX emissions [2], many other researchers [16] found that the effect of 

biodiesel on NOX emissions depends on the type of engine and its operating conditions. In Fig. 7, 

it is observed that the impact of B100 fuelling on NOX emissions depends on the engine 

operating condition. Compared to BP15 and FT fuelling, B100 fuelling yields an increase in 

NOX emissions when the engine was operated at higher load (mode B and D). The result of Fig. 

7 is consistent with the results published by Graboski and McCormick [26] and Cheng et al. [27], 

who both claimed that the impact of biodiesel on NOX emissions is more pronounced under low 

speed, higher load conditions. Researchers have shown that NOX emissions increase significantly 

for both neat and blended biodiesel fuels in both two and four stroke engines. The increase of 

NOX emissions was explained by various reasons such as the difference in flame temperatures, 

different duration of the premixed and diffusion burn regimes caused by spray property differ-
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ence, ignition delay caused by oxygen content, and fuel chemistry that affects the formation of 

nitric oxide [16,26]. 

Fig. 7 shows that the NOX emissions are lower for FT fuelling than for B100 and BP15 at all 

engine modes. FT fuelling also shows an impact in reducing PM emissions at all engine 

modes, as seen in Fig. 7. FT fuelling yields a reduction in NOX and PM emissions, which is 

consistent with other results [28,29]. Moreover, FT fuelling also has the lowest CO emissions 

compared to B100 and BP15 fuelling. The results in Fig. 7 demonstrate that FT fuelling has a 

great potential to reduce exhaust emissions, particularly NOX and PM emissions. That an 

impact of biodiesel fuelling is to reduce PM emission has been reported widely [1,16,26,30,31]. 

However, Fig. 7 shows an increase in PM emissions with B100 fuelling. This phenomenon could 

be explained as follows: (1) PM generally consists of two parts: an insoluble fraction (ISF), and 

a soluble organic fraction (SOF) [26,32]. In some cases, when biodiesel is used, an increase in 

SOF has been observed [1,26]. Therefore, the increase of PM emission in Fig. 7 can be 

explained because the reduction in soot or carbon was compensated by a sharp increase in 

SOF. The sharp increase in SOF is caused by the lower volatility of the unburned 

hydrocarbons, which favorably condense and adsorb on the particle surface [16]; (2) from Figs. 

6 and 7, it can be observed that B100 fuelling generally decreases the diameter of particles. 

This result is consistent with the literature [33,34]. The decrease of the particle diameter thus 

results in an increase of particle surface area. The increase of particle surface area adsorbs a 

greater amount of unburned hydrocarbons, and increases the measured PM emissions; and (3) 

the start of injection (SOI) was kept constant for all fuels in each engine mode. In order to 

generate the same torque at the same engine speed with the lower energy content of B100, the 

injection process for B100 was longer than that of BP15 as shown in Fig. 3. Therefore, the longer 

injection process produced a longer combustion process for B100 fuelling; resulting in increased 

unburned hydrocarbon emissions in the form of SOF. 

 

 
Figure 8 Equivalence ratio (a) and brake mean effective pressure (b) from the four test modes and three 

test fuels using split injection. 

 

Effects of fuel composition on engine operation with split injection 

Fig. 8 shows that the brake mean effective pressure (BMEP) has been kept constant for all test 

modes and fuels. However, for the equivalence ratio, some differences were observed in 

comparison with the single injection tests. The most significant difference in equivalence ratio 

was 10% at operating mode A between BP15 and B100 or FT. 
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Figure 9 Brake specific fuel consumption (a) and brake thermal efficiency (b) from the four test modes and 

three test fuels using split injection 

 

 
Figure 10 Analysis results from the four test modes and three test fuels using split injection. 
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Fig. 9 shows BSFC and brake thermal efficiency for all test modes and fuels. The BSFC 

increased between 10–17% in all test modes when biodiesel was used. These results are 

consistent with the lower energy content of biodiesel. Comparing split and single injection, a 

slight increase of BSFC is observed when the split injection is used. The combustion of fuel 

injected during the pre-injection decreases combustion noise and NOX formation but increases 

fuel consumption. Concerning FT fuel, the BSFC has increased roughly 1.4% at low load (mode 

A) in comparison with BP15. At other modes, a decrease in BSFC can be observed of between 

2% and 5%. The observed BSFC decrease could be justified by the higher energy content of FT 

fuel. 

Thermal efficiency decreases around 5–10% with biodiesel. This phenomenon could be 

because the fuel injection strategy used here was not optimized for biodiesel fuel. Slight 

decreases and increases (less than 5%) in efficiency are observed with FT fuel. As observed 

during the tests with single injection, FT fuel offers good results in efficiency compared with 

the baseline and biodiesel fuels. These results confirm the potential of FT fuel to obtain an 

optimized behavior by modifying the injection timing. 

Combustion process 

Fig.10 shows the results obtained from thermodynamic analysis during the tests with split 

injection strategy. The needle lift curves show that the SOI was kept constant during the tests. 

Concerning biodiesel, an increase in both injection pressure and injection duration has been 

clearly observed, consistent with the lower energy content of biodiesel and fixed SOI. Compar-

ing the rate of heat release of the three test fuels, a difference in the early stage of the 

combustion process can be clearly observed. However, the later part of the combustion 

process, which occurs after the main injection, are similar for all the test fuels. In this case the 

difference in derived cetane number only affects the early part of the combustion process 

resulting from the pilot injection. 

Pollutant emissions 

The gaseous and PM emissions for the split injection strategy are summarized in Fig. 11. At 

modes A–C, NOX with B100 fuelling is about 17–18% lower than for BP15 fuelling. At mode D 

(high speed and high load), NOX with B100 fuelling is 7% lower than BP15 fuelling. Unlike 

the single injection strategy, the split injection strategy with FT fuelling does not have the 

lowest NOX emission at all modes. The NOX emissions for the three test fuels clarifies that 

injection strategy, besides the engine operating mode, exerts a strong impact on NOX emission. 

With appropriate modification in injection strategy (single and split injection) and injection 

timing (advanced or delayed) [15], B100 has a potential to replace conventional diesel with an 

acceptable gaseous and PM emissions. Fig. 11 shows an increase in PM emissions with B100 

fuelling. In mode A, C, and D, B100 fuelling produced more PM mass emissions than BP15 

fuelling. As observed with the single injection, this result does not confirm the argument that 

oxygen content helps to reduce PM emissions [2]. However, the result is consistent with the 

literature that the effect of biodiesel on PM emissions depends on the engine operating 

conditions [16]. The increase of PM emissions was explained by the physical properties of B100 

which extend the premixed and diffusion burn duration. FT fuelling has the lowest PM emission 

as also observed in the single injection strategy. The reduction in PM emission, together with the 

low NOX, HC and CO emissions with both single and split injection with FT fuelling, highlights 

that FT fuel is a potential candidate in replacing conventional diesel without modifying the 

engine configuration or embedded engine injection strategies. 
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Figure 11 Brake specific emissions of (a) NOx, (b) HC, (c) PM and (d) CO from the four test modes and three 

test fuels using split injection. 
 

 

CONCLUSIONS 

 

In this work Kirloskar diesel engine was operated under four engine operation modes using 

both a single fuel injection and a split fuel injection timing strategy, with constant injection 

timing for three test fuels that included an ultra low sulfur diesel fuel (BP15), a pure soybean 

methyl ester (B100) and a Fischer–Tropsch (FT) fuel. With the same start of injection timing, 

compared to BP15, FT fuel has an advanced start of combustion especially in the early 

combustion stage. Specific fuel consumption increased with B100 and decreased with FT with 

either injection strategy. Emissions on NOX, PM, CO and HC all decreased with FT fuelling 

with either injection strategy, showing that FT fuelling is an effective replacement for diesel 

fuel regardless of injection strategy. For single injection, B100 increased NOX emission at high 

load and increased PM emissions. For the split injection strategy, B100 decreased NOX 



International Journal of Emerging Trends in Engineering and Development         Issue 5, Vol.2 (Feb.-Mar. 2015)                                                                                                    

Available online on http://www.rspublication.com/ijeted/ijeted_index.htm                                  ISSN 2249-6149 

R S. Publication (rspublication.com), rspublicationhouse@gmail.com Page 283 
 

emissions, showing that with optimization of injection strategy, B100 can be an effective 

replacement for diesel fuel. The SMPS results show that FT and B100 gave higher particle 

concentration than diesel fuel at low load for the single injection strategy. But, for the split 

injection strategy both FT and B100 gave a lower particle concentration and smaller particle 

mean diameter than for diesel fuel. For either injection strategy, the particles for B100 consisted 

significantly of condensed organics, because the particle concentration dropped dramatically 

relative to the particle concentration for BP15 when the thermal denuder was set at 400 °C to 

remove organics. 
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