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Figure 1. Schematic of experimental apparatus.�
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Figure 2. Injection rate according to the injection mass.�
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�

shown in Figure 2. Two injected fuel masses were applied 

at 10 mg (injection duration (Dinj) = 0.68 ms), and 14 mg 

(Dinj = 0.84 ms) because a lot of fuel injection mass was 

difficult to observe the spray evolution. So, the injection 

mass of 10 mg was used for spray validation, and the 14 mg 

was employed for engine simulation considering the test 

results.�

�

��������������� �!�"�

In this work, two#part of numerical analysis was conducted. 

First, the spray simulation was progressed for validating the 

spray characteristics, and the engine simulation was 

conducted for analyzing the air#fuel mixture formation 

according to the CO2 mole fraction under the different start 

of energizing timing (teng).�

To validate the spray characteristics, the chamber mesh 

of cylinder shape was used, whose diameter was 140 mm, 

and the height was 50 mm. To conduct the engine 

simulation, the used engine mesh were shown in Figure 3. 

The engine mesh for the engine simulation was generated 

only 1/6 of whole cylinder geometry for improving the 

accuracy and reducing the computational time.�

Table 1 (AVL GmbH, 2013) lists the sub#model, which 

were applied to express the physical and chemical 

phenomena in the numerical analysis. Wall interaction�

�

Figure 3. Geometry of engine mesh.�

�

��$���%�� �$#�&'���(&��)�����!�&*�+����,�$-.��/%�0��

Phenomenon� Model�

Turbulence� k#zeta#f�

Evaporation Dukowicz

Wall interaction Mundo#Tropea#Sommerfeld

Break#up Wave�

�

�

model was employed Mundo#Tropea#Sommerfeld because 

the occurrence of liquid wall film was expected by the early 

injection timing. Mundo#Tropea#Sommerfeld model 

consisted of the splashing regime and the deposition regime 

by the splashing parameter (K) as the following Equation 

(1).�

�

� �
���√�� � �� �������� +%0�

�

If the splashing parameter (K) value is less than 57.6, the 

injected fuel droplet occurs deposition, whereas the 

splashing parameter (K) value is 57.6 or more, the injected 

fuel droplet occurs splash. When the splash occurs, the 

different diameter, velocity, and mass according to the wall 

roughness. If the hitting wall of the injected fuel is smooth, 

the following Equations (2) ~ (5) are used.�
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�

On the contrary, if the hitting wall of the injected fuel is 

rough, the following Equations (6) ~ (9) are employed.�
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Figure 6. Effect of CO2 mole fraction by simulated# EGR 

on the visualization of spray tip penetration (Pinj = 100 

MPa, minj = 14 mg, teng = BTDC 29 deg, � = 0.68, 1200 

rpm).�
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�

under the same pressure, and it disturbed the progress of the 

fuel droplet. As a result, when the CO2 mole fraction 

increased, the spray tip penetration was decreased due to 

the high density in the cylinder.�

To exactly compare the spray tip penetration according to 

the CO2 mole fraction, the spray tip penetration value 

according to the CO2 mole fraction by simulated#EGR was 

compared as shown in Figure 7. Figure 7 shows the effect 

of CO2 mole fraction by simulated#EGR on the spray tip 

penetration under the different start of energizing timing. In 

Figure 7 (a), it was observed that the spray tip penetrations 

are converged constant without the relation of CO2 mole 

fraction because the distance from the start of injection to 

the reached place of fuel droplet is about 37.2 mm. In 

addition, in Figure 7 (b), when the start of energizing timing 

was BTDC 29 deg, the spray tip penetration was the longest 

because the injected fuel was able to reach the cylinder wall. 

The reason is that the piston was still rising from the lower�

�

�
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(b) Effect of start of energizing timing (CO2 = 20 %)�

Figure 7. Effect of CO2 mole fraction by simulated# EGR 

on the spray tip penetration characteristics under the 

different start of energizing timing (Pinj = 100 MPa, minj = 

14 mg, � = 0.68, 1200 rpm).�

�

�

due to the early injection. On the other hand, in the rest start 

of energizing timing, a relatively short distance from the 

start of injection place to the reached place of fuel droplet 

due to the rise of the piston.�

The spray tip penetration was decreased with increasing 

the CO2 mole fraction because the kinetic energy of fuel 

droplets was decreased as shown in Figure 8. Figure 8 

shows the effect of CO2 mole fraction on the maximum 

kinetic energy of one fuel droplet in the injected fuel, which 

was divided the whole kinetic energy on the injected fuel by 

the number of the total droplet. As described above, CO2 

has a higher density than N2, and it induced to raise the total 

density in the cylinder, thereby suppressing the progress of 

fuel droplet. In addition, when the start of energizing timing 

retarded, although the kinetic energy according to the 

increment CO2 mole fraction was reduced, the difference in 

spray tip penetration was reduced. Since the cylinder 

pressure was raised by retarding the start of energizing 

timing, it reduced the difference of kinetic energy, the fuel �
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Figure 8. Effect of CO2 mole fraction by simulated#EGR 

on the kinetic energy under the different start of 

energizing timing (Pinj = 100 MPa, minj = 14 mg, � = 0.68, 

1200 rpm).�

�

�

injection area was changed from squish volume to the 

piston bowl, which reduced the distance the fuel injection 

area. As a result, the increment of CO2 mole fraction by 

simulated#EGR affected small to the spray tip penetration, 

however, it induced to reduce the kinetic energy of fuel 

droplet. Thus, it was judged that the difference in SMD, 

which is affected by kinetic energy, was could be cause.�

�

������((��!�&(��	���&�������!�&*�&*�!-�� ���

�-����!���)!��)�

Figure 9 shows the effect of CO2 mole fraction by 

simulated#EGR on the visualization of SMD. As shown in 

Figure 9, the small size fuel droplet was less distributed 

with increasing the CO2 mole fraction because, as described 

above, the increased CO2 mole fraction reduced the kinetic 

energy of fuel droplet, which affected not only the spray tip 

penetration, but also SMD. �

To exactly analyze the effect of CO2 mole fraction on the 

SMD characteristics under the different start of energizing 

timing in the engine simulation, the SMD characteristic is 

shown in Figure 10. The SMD values represent the time 

average value of each droplet SMD value in the cylinder. 

As shown in Figure 10 (a), when the CO2 mole fraction by 

simulated#EGR raised, the SMD was slowly reduced, and 

the difference of value was from 74 % to 1,146 % because 

the high CO2 mole fraction increased the density in the 

cylinder, which interrupted the injected fuel droplet 

progress. Even though the increased drag force, which was 

raised by the increased density in the cylinder, may 

decrease the SMD, it is believed that the break#up of fuel 

droplet was affected the kinetic energy of fuel droplet more 

than the drag force. As a result, it made that the injected 

fuel droplet had low kinetic energy, which induced to 

suppress the break#up of fuel droplet. Furthermore, when 

the start of energizing timing was BTDC 23 deg, it had a�
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Figure 9. Effect of CO2 mole fraction by simulated#EGR 

on the visualization of SMD (Pinj = 100 MPa, minj = 14 mg, 

teng = BTDC 29 deg, � = 0.68, 1200 rpm).�

�

�

relatively large size of the fuel droplet as shown in Figure 

10 (b) because the target of injected fuel was piston rim 

region. When the start of energizing timing advanced more 

or retarded more, the injected fuel introduced to the squish 

area or the bottom of the piston rim. However, when the 

start of energizing timing was BTDC 23 deg, the fuel was 

injected from the top of piston rim, hence a lot of fuel 

droplet was deposited, and then lots of liquid wall film was 

formed because the injected fuel flowed along with the 

piston bowl. The injected fuel hit the piston rim region, 

some of the injected fuel was broken#up to a very small size 

by the collision effect, which was quickly evaporated, and 

the other some of the injected fuel was deposited on the 

piston rim region. Thus, the relatively large size of the fuel 

droplet was maintained as shown in Figure 11.�

Figure 11 shows the comparison of droplet number 

according to the size of fuel droplet under the different start 

of energizing timing. The SMD was defined that the sum of 

each fuel droplet size divided by the total number of 

droplets. Therefore, if the number of small size fuel droplet 

was less and the number of large size droplet, it has a large 

SMD value. When the start of energizing timing was BTDC 

23 deg, it was observed that the total number of fuel droplet 

was the least, hence it could know that some of the fuel 

droplets may be deposited, and another some of the fuel 

droplet may be atomized by the collision effect, which 

quickly evaporated. Therefore, the number of small size 

droplets was less, and the number of large size droplets was 

relatively much than other starts of energizing timing,�
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(b) Effect of start of energizing timing (CO2 = 20 %)�

Figure 12. Effect of CO2 mole fraction by simulated#EGR 

on the evaporated fuel ratio under the different start of 

energizing timing (Pinj = 100 MPa, minj = 14 mg, � = 0.68, 

1200 rpm).�

�

�

evaporated fuel ratio was observed to rapidly increase 

regardless of the CO2 mole fraction as shown in Figure 12 

(b). �

Although some of the injected fuel droplets deposited at 

the piston rim region and flowed along with the piston bowl, 

the other some of the injected fuel droplet was actively 

caused the break#up by the collision effect. �

As a result, it was expected that even though the liquid 

wall film was formed, the rapidly evaporated fuel by the 

collision effect promoted the combustion, and it made to 

evaporate the formed liquid wall film. So, when the liquid 

wall film evaporated, the combustion temperature may be 

absorbed by the latent heat vaporization, thereby the NOX 

emissions, which forms at the high temperature region, will 

be decreased. Furthermore, the representative emissions in 

CI engines such as soot and CO are expected to reduce 

because of the rapidly evaporated fuel by the collision 

effect and the promoted combustion by its results. As 

described above, although the rapidly evaporated fuel by 

the collision effect and the promoted combustion by its�
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CO2

=�

00 %
�

�����������	��


�����
�

�����������	��


�����
��

�����������	��


�������

CO2

=�

05 %
�

�����������	��


�����
�

�����������	��


��������

�����������	��


�����
�

CO2

=�

10 %
�

�����������	��


�����
�

�����������	��


��������

�����������	��


�������

CO2

=�

15 %
�

�����������	��


�����
�

�����������	��


��������

�����������	��


�����
�

CO2

=�

20 %
�

�����������	��


�����
�

�����������	��


������
�

�����������	��


�������

� � � �

Figure 13. Effect of CO2 mole fraction by simulated# EGR 

on the visualization of SMD (Pinj = 100 MPa, minj = 14 mg, 

teng = BTDC 29 deg, � = 0.68, 1200 rpm).�

�

�

result are expected to simultaneously reduce the exhaust 

emissions such as NOX and incomplete combustion matter, 

it can negatively affect the engine performance. In this 

study, the effect of CO2 mole fraction on the fuel droplet 

behavior in a cylinder under the early injection conditions 

was investigated, however the combustion performance and 

exhaust emission characteristics are also needed to exactly 

compare and analysis. Therefore, the engine performance 

and the exhaust emissions characteristics according to the 

CO2 mole fraction under the early injection conditions will 

be studied in the future work.�

�

���������	
���

This study was conducted to investigate the effect of CO2 

mole fraction controlled by simulated#EGR on fuel droplet 

behavior in the cylinder for simultaneous reduction of NO 

and soot in CI engine under the early injection conditions. 

The conclusions that can be obtained from this study are as 

follows.�
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