
EFFECTS OF SPLIT INJECTION AND OXYGEN-ENRICHED AIR  
ON SOOT EMISSIONS IN A DIESEL ENGINE  

 
Khai Nguyena*, Nakwon Sunga, Sangsu Leeb 

 
aSchool of Mechanical Engineering, Sungkyunkwan University 

300 Cheoncheon-dong, Suwon, 440-746, Korea 
bTechnical Center, GM Daewoo Auto&Technology Co. 

199-1 Cheongcheon-dong, Incheon, 403-714, Korea 
nwsung@skku.edu (e-mail address of corresponding author) 

 
 

Abstract 
Effects of split injection and oxygen-enriched air on soot emissions in a DI diesel engine were studied by the KIVA-3V 
code. When split injection is applied, the second injection of fuel into a cylinder results in two separate stoichiometric 
zones which increases soot oxidation. As a result, soot emissions are decreased with split injection. When oxygen-
enriched air is applied together with split injection, higher concentration of oxygen helps secondary combustion which 
results in a higher temperature in the cylinder. The increased temperature promotes growth reaction of acetylene with 
soot but doesn’t improve the acetylene formation during the second injection of fuel. As more acetylene is consumed in 
the growth reaction of acetylene, the net acetylene mass in the cylinder is decreased, which leads to a decrease of soot 
formation. With an increase of soot oxidation caused by split injection, the soot emissions are decreased significantly. 
However, to avoid excessive NOx emissions with increased oxygen concentration, the level of oxygen concentration 
should be lower than 22% in volume. 

 
 

INTRODUCTION 
 

Diesel engines have been used widely because of their high efficiency compared to gasoline engines. With an increase 
in the number of diesel engines nowadays, their emissions have become more serious and NOx and soot are the most 
challenging emissions from them. NOx is controlled efficiently in the combustion process by exhaust gas recirculation 
(EGR), however a decrease in NOx is accompanied by an increase in soot. An aftertreatment device such as a diesel 
particulate filter is needed to control the soot emissions but it requires more additional cost. A strategy to reduce NOx 
and soot emissions simultaneously without aftertreatment devices is necessary, for example a combination of split 
injection, oxygen-enriched air (OEA) and EGR. Changing the amount of fuel in split injection, Nehmer and Reitz [1] 
found that the soot emissions are decreased when the amount of injected fuel in the first injection is increased. Taking 
advantage of EGR for reducing NOx and split injection for reducing soot, Pierpont et al. [2] examined the possibility of 
a combined use of EGR and split injection. They reported that this combination is effective to reduce both soot and 
NOx, especially during a high load where EGR causes a significant increase in soot emissions. Chan et al. [3] 
performed a simulation study under the similar calculation conditions as the experimental conditions of Pierpont et al. 
[2] to understand soot mechanism. However the two-step soot model of Hiroyasu et al. [4] which was used in their 
study could not explain details of the soot production. In 1994, Fusco et al. [5] proposed an eight-step 
phenomenological soot model. Later, Kazakov and Foster [6] modified the Fusco model and compared their results with 
the experimental data successfully. The Foster model offers a better description of soot formation and soot oxidation 
and it has been applied widely in simulations of diesel emissions.   

The concept of using OEA in diesel engines has been studied by several researchers. The use of OEA has 
advantages such as reduction of soot emissions, CO and unburned hydrocarbons [7, 8]. However, the increase of NOx 
emissions and lack of practical on-board oxygen enrichment devices prevented any applications of this concept. In 
recent years, there has been progress in the development of oxygen enrichment devices such as permeable oxygen 
membranes. A compact membrane module developed by Argonne National Laboratory can increase the concentration 
of oxygen to 23-25% in volume and can be incorporated into vehicle design [9]. As this technology is developed, 
oxygen enrichment of air becomes more attractive.  

In this study, the modified Foster soot model was applied to a DI diesel engine to investigate the combined 
effects of split injection, OEA and EGR on soot emissions. The purpose of this work is to understand the mechanism of 



 

soot formation and oxidation, to get details of spatial distribution and time evolution of quantities which are relevant to 
soot production and to evaluate their influence on soot production during the combustion.  

 
 

SOOT MODEL 
 

The formation of soot is explained through a series of processes which were proposed by Kazakov and Foster [6]. 
Under the high temperature during combustion, precursors and acetylene are generated simultaneously from fuel 
pyrolysis. A portion of the precursors is converted to the soot particles while the rest is oxidized. In this study, the 
vapor-solid phase equilibrium presented by Lee et al. [10] was used for the inception of soot instead of the chemical 
reaction suggested in the Foster model. After inception, these small soot particles are grown with acetylene and also 
coagulate together to form the bigger soot. The details of this soot model can be found in literature [10]. This soot 
model was incorporated into the KIVA-3V code [11]. The specifications of the engine and the conditions for calculation 
are listed in Tables 1. 

 
Table 1 - Engine specifications and calculation conditions 

Engine type DI, single cylinder Nozzle diameter 0.26 mm 
Bore x stroke 137.2 x 165.1 mm Engine revolution 1600 rpm 
Compression ratio 15.1 : 1 Injected fuel 0.1625 g/stroke 
Intake valve close  147o BTDC Start of injection 6o BTDC 
Exhaust valve open  134o ATDC Duration of injection 21o CA 
Injector type Common rail injector Initial temperature 319 K 
Number of holes 6 Initial pressure 200 kPa 

 
Two injection schemes, single injection and split injection, both with EGR ratio of 20% were considered in this 

study. The scheme of 75% of total fuel injected in the first pulse followed by an 8oCA dwell and 25% of total fuel 
injected in the second pulse was chosen because this scheme was reported as an optimal scheme for soot emissions in 
literature. Fig. 1 illustrates the profiles of injection velocity and injection timing of the two schemes. The amount of 
injected fuel and the total duration of injection (excluding the dwell) of the split injection were kept as same as that of 
the single injection. When OEA is applied, the oxygen concentration of the intake air is increased to 22% in volume 
from the normal concentration of 21%. 

 

 
 

Figure 1 -  Schemes of split injection and single injection 
 

The computational meshes of the combustion chamber include 20 cells in the radial direction, 30 cells in the 
azimuthal direction and 26 cells in the axial direction. It represents one-sixth of the engine combustion chamber for 
computational efficiency because the injector has six holes. The computation is started from IVC and ended at EVO 
timing. It took approximately three hours to calculate one case with a Pentium 4 PC. 

 
 

RESULTS AND DISCUSSION 
 

Fig. 2 shows the variations of the cylinder pressure for single injection and split injection with EGR. The results show a 
good agreement between measurements [3] and calculations for all injection schemes.  

Temperature is an important factor which controls the emissions of diesel engines. Fig. 3 shows the variations of 
average gas temperature in the cylinder for single injection and split injection with the scheme of 75.8.25. The 
variations in temperature of the two cases before the end of first injection (approximate 10oATDC) were similar because 
they had the same SOI timing and the same amount of injected fuel until this moment. After 10oATDC, the stop of the 



 

first injection resulted in a slower increase in temperature of the split injection. When fuel was supplied again by the 
second injection, the temperature was increased again but the peak was not as high as that of the single injection due to 
the cooling effect during the expansion stroke. In this study, the combustion process was divided into two stages based 
on the variation in temperature in the cylinder. The early stage of combustion is from SOC to approximate 40oATDC 
and it is characterized by the increase in temperature. All reactions were activated strongly during this period due to a 
high temperature. The later stage of combustion is after 40oATDC until EVO. During this period, the temperature in the 
cylinder was decreased and most of reactions were frozen. In comparison with the single injection, the split injection 
had higher temperature during the later stage of combustion because the second injection caused a retarded combustion. 
As a result, the mass of acetylene of the split injection is also higher than that of the single during this stage.   

 

  
a) Single injection b) Split injection (50.8.50) with 10% EGR 

 
Figure 2 – Comparison of calculated and measured cylinder pressures for different cases 

 

 
 

Figure 3 -  Variations of average gas temperature 
 
 

 
 

Figure 4 – Variations of soot formation, soot oxidation and net soot 
 

Fig. 4 shows the variations in soot formation, soot oxidation and net soot, which is the result of soot formation 
and soot oxidation. Soot formation is depended on the concentration of acetylene in the cylinder. Due to the relatively 



 

higher acetylene concentration in the later stage of combustion, the rate of soot formation of the split injection was 
higher compared with the single injection. However this increase was surpassed by the increase in soot oxidation which 
is discussed below. Finally, the net soot from split injection was lower than that of the single injection. 

 
Single injection Split injection 

  

  
 

Figure 5 -  Comparison of soot oxidation rate at 20o and 50oATDC 
 

It is known that soot oxidation is active near a stoichiometric zone of enough oxygen and high temperature. Fig. 
5 compares the soot oxidation rate and the stoichiometric area of the two cases on a cross section at 20o and 50oATDC. 
The stoichiometric zone is marked by the curve of  = 1 on the figure. At 20oATDC, a “new” cloud of fuel was formed 
near the nozzle in the case of split injection due to the second injection. When a piston moved downward during the 
expansion stroke, this newly injected fuel was sucked downward to the bottom of the piston bowl, while the “old” fuel 
still stayed in the upper part of the cylinder. Consequently, as shown at 50oATDC, two separate stoichiometric zones 
were formed which helped the oxidation of soot in a larger area at a higher rate than that of the single injection. The 
increase of soot oxidation is the main reason for lower soot emissions of split injection. 

When OEA is applied, the concentration of oxygen in the intake air was increased to 22% in volume. Due to 
increased concentration of oxygen, second combustion occurred and temperature in the cylinder was higher which 
affected the acetylene production. Fig. 6 shows the variations of mass of acetylene of the two split injection cases: the 
normal case of 21% O2 and the OEA case of 22% O2. It is found that the mass of acetylene of the OEA case at first was 
higher as expected due to the higher temperature, but in the later stage of combustion, it was lower than that of the 
normal case. The transition took place between 17o to 23o ATDC, which was corresponding to the 2nd injection of fuel. 
The reason of this transition is explained by Fig. 7 below. 

 

 
 

Figure 6 -  Variations of acetylene mass 
  

Fig. 7 shows the reaction rate of acetylene formation and growth of acetylene with soot of the two cases. The 
reaction of formation of acetylene requires the temperature over 1700K to activate while the growth reaction of 
acetylene with soot requires lower temperature, just over 1000K. During a dwell period, the stop of injected fuel leaded 
to the decrease of cylinder temperature which resulted in the substantial reduction of reaction rates of acetylene 
formation and growth. When fuel was supplied by the 2nd injection, temperature was increased again but it wasn’t as 
high as the temperature during the 1st injection. This increased temperature was not high enough to enhance the 



 

acetylene formation but it promoted the growth reaction of acetylene strongly, especially for the OEA case due to 
higher temperature. Because more acetylene was consumed in the growth reaction of acetylene, the net mass of 
acetylene of the OEA case was reduced very fast during the 2nd injection period. Consequently the mass of acetylene of 
the OEA case was kept lower than that of the normal case until EVO. 

 

  
a) Reaction rate of acetylene formation b) Reaction rate of acetylene growth with soot 

 
Figure 7 - Variations of reaction rate of acetylene formation and growth 

 
The decrease of mass of acetylene in the OEA case is the reason which leads to the lower soot formation of the 

OEA case, because the soot formation is depended on the acetylene concentration. The variations of soot formation, 
soot oxidation and net soot of the two cases are shown in Fig. 8. During the later stage of combustion, the soot 
formation rate of the OEA case is less than that of the normal case while their soot oxidation rates are almost equal. As 
a result of lower soot formation but the same soot oxidation, the net soot mass of the OEA case is reduced significantly. 

 

 
Figure 8 – Variations of soot formation, oxidation and net soot 

 
 

 
 

Figure 9 – NOx and soot emissions trend with OEA 



 

Fig. 9 shows the trend of soot and NOx emissions of split injection with different oxygen concentrations from 
21% to 23% in volume. When the oxygen concentration is increased, soot emissions are decreased and NOx emissions 
are increased. For example, if the concentration of oxygen is 22% in volume, soot is decreased 47% and NOx is 
increased 18% compared to the single injection. To avoid the large increase in NOx, the level of oxygen enrichment 
should be lower than 22% in volume. This limitation was suggested by the other researchers in literature [8], [12]. If the 
concentration of oxygen is increased to 23% in volume, NOx goes up more than 200% as shown in Fig. 9.  

 
 

CONCLUSIONS 
 

The modified Foster soot model incorporated into the KIVA-3V code was used to calculate the soot emissions of a 
diesel engine with a combination of split injection, oxygen-enriched air and EGR. In this model, precursor, which is one 
of two products of fuel pyrolysis, is converted to initial soot particles because of the vapor-solid phase equilibrium.   

Acetylene is another product of fuel pyrolysis and it plays an important role in controlling soot emissions. When 
OEA is used, the increase of the cylinder temperature leads to an increase of consumed acetylene in the growth reaction 
of acetylene with soot, which results in the lower concentration of acetylene and then lower soot formation. With an 
increase of soot oxidation caused by split injection, the soot emissions of combination of split injection and OEA are 
reduced significantly. Split injection of 75.8.25 and 22% oxygen concentration showed 47% reduction in soot emissions 
with a penalty of 18% NOx emissions. As NOx is increased with OEA, the level of oxygen concentration is suggested 
to be less than 22% in volume. 
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