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ABSTRACT-The objective of this numerical study is to investigate the effect of CO2 mole fraction controlled by
simulated-exhaust gas recirculation (EGR) on fuel droplet behavior for simultaneous exhaust emissions reduction in
compression ignition engine under early injection conditions. In the simulation, the intake air initial composition was changed
to simulate the EGR with changing CO2 mole fraction. To consider early injection conditions, start of energizing timing was
changed. The results were analyzed in terms of spray tip penetration, Sauter mean diameter, evaporated fuel ratio, and fuel
mass fraction distributions. When CO2 mole fraction increased, spray tip penetration was decreased because the kinetic
energy of the injected fuel droplet was reduced by the high density of CO2 and SMD was decreased since the high density of
COz disturbed the fuel progress, which induced the fuel droplet to have low kinetic energy. In addition, when the start of
energizing timing was before top dead center 23 degree and CO2 mole fraction was 20 %, exhaust emissions were expected to
simultaneously reduce because the rapidly evaporated fuel by the collision effect promoted the combustion, and it made to
evaporate the formed liquid wall film, which may absorb the combustion temperature by the latent heat vaporization.

KEY WORDS : CO2 mole fraction, Fuel droplet behavior, Fuel mass fraction, Simulated-EGR exhaust emissions

1. INTRODUCTION

The reduction of exhaust emissions in a compression
ignition (CI) engine is very important because the
regulation for exhaust emissions is tightening (Regulation
(EC) No. 715/2007, 2007). To reduce exhaust emissions,
there are two representative methods.

First it is a method of reducing the combustion
temperature, which suppresses the formation of emissions
such as NOx (nitrogen oxide) at the region of high
temperature (Pandey ef al., 2019). Exhaust gas recirculation
(EGR) is a representative method for decreasing the
combustion temperature. It is to lower the oxygen
concentration in the cylinder by recirculating some of the
exhaust gas discharged from the internal combustion engine
into the cylinder (Park and Bae, 2014). The low oxygen
concentration in the cylinder decreases the combustion
temperature by the deteriorated combustion performance,
thus the NOx formation is suppressed (Hountalas ef al.,
2008; Kokkiiliink et al., 2012) because the NOx is formed
under the high temperature conditions (over 2,200K) (Turns,
2012). However, the low oxygen concentration in the
cylinder also increases the emissions amount of soot, CO
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and so on, which is formed by incomplete combustion of
the injected fuel (Shi ez al., 2017).

Next, it is a method of homogeneously improving the
air-fuel mixture in the cylinder. CI engine generates power
from the auto-ignition of the injected fuel and combustion
(Heywood, 1988). So, the homogeneous air-fuel mixture
may reduce incomplete emissions such as soot, CO and so
on. Lee and Reitz (2006) have conducted a study for
targeting to reduce the soot and CO formation in premixed
charge compression ignition (PCCI) combustion. As a
result, the target of injected fuel was changed, which made
the different distribution of air-fuel mixture, and it induced
the different amount of exhaust emissions. Han ez al. (2008)
have reported the interesting results, which is that the wide
spray injection angle improved the fuel atomization and the
small hole diameter increased the rate of fuel evaporation.
Park er al. (2011) have progressed a study to improve an
air-fuel mixture by using a converging group-hole nozzle
(cGHN). Fuel droplet injected form cGHN had high
momentum and small Sauter mean diameter (SMD), which
induces short combustion duration, as a result, the soot
emission was reduced by homogeneously mixing the
air-fuel mixture.

As well known, NOx and soot is the trade-off
relationship, so the simultaneous reduction is very difficult.
Cha et al. (2015) have conducted the experimental study to
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simultaneously reduce the exhaust emissions by using the
PCCI method under the different equivalence ratios. As a
result, the NOx and soot emissions were decreased under
the certain start of energizing timing and high equivalence
ratio. Min ef al. (2020) have reported that the NOx and soot
emissions were simultaneously reduced when the start of
energizing timing was around before top dead center
(BTDC) 20 deg. These previous studies used only N> has to
assume the EGR and adjusted the overall equivalence ratio.
However, the actual EGR composed of N> and CO, and so
on. Ladommatos ef al. (1998) have conducted an
experimental study to investigate the effect of CO, on the
CI engine, and who reported that when CO, by EGR
increased, nitro oxide emission was decreased because the
temperature in the cylinder was decreased by a high
specific heat capacity of CO». Furthermore, when CO- ratio
in EGR increased, the matters by the incomplete
combustion were raised because the equivalence ratio was
increased by reducing of O, ratio in the cylinder according
to the increment of CO,.

As mentioned in the previous study, the properties of
CO; such as specific heat, density, evaporation, and others
are different from N, so it may occur the different results of
spray characteristics from using only N> gas in the
simulated-EGR. Liu ef al. (2020) have presented interesting
results. When the CO, concentration increased, the flame
lift-off length was decreased because of the high CO,
specific heat and the high density. Karaecen M. and Sher E.
(2011) and Jin et al. (2008) have conducted the
experimental studies for investigating the spray
characteristics and announced that when CO» concentration
increased, the spray tip penetration was decreased because
the density of chamber was increased by the high density of
CO; under the same ambient pressure.

As investigated in these previous studies (Ladommatos et
al., 1998), the analysis of fuel droplet behavior such as
Sauter mean diameter (SMD), spray tip penetration,
evaporation, and so on is very important in CI engine
because of the auto-ignition characteristic of fuel. As
described above, the more homogeneous the air-fuel
mixture becomes the more improved combustion
characteristics and the less reduced exhaust emissions by
incomplete combustion. Through spray tip penetration
analysis, it is possible to find the optimal condition for the
injected fuel to introduced into the hottest piston bowl in
the cylinder. Moreover, through SMD characteristic
analysis, it is possible to find the condition for having
smaller droplets.

Although the optimal operation condition was suggested
in the previous study to simultaneously reduce the exhaust
emissions such as NOx and soot, only N, gas in
simulated-EGR was used. In the study to investigate the
effect of CO; on the CI engine, the effect according to CO,
ratio on the CI engine under the same equivalence ratio did
not accurately identify. Furthermore, the exact spray

characteristics according to CO, amount were not able to
confirm in the experimental study. Although the exact SMD
values as time goes by and the number of droplet in the
chamber are not able to be confirmed in experimental
studies, it is possible in the numerical study.

Therefore, in this work, CO, was added to the
simulated-EGR from the previous studies (Cha ez al., 2015;
Min et al., 2020), which used only N, gas, to assume closer
the actual EGR. At the same time, the early injection
conditions, which may occur the effect like the PCCI
method, were applied to simultaneously reduce the exhaust
emissions such as NOx and soot. Moreover, the effect of
CO;, mole fraction controlled by simulated-EGR on the fuel
droplet behavior was investigated before the comparison
and analysis of the combustion and exhaust emissions
results according to the CO, mole fraction in a CI engine
under early injection conditions. The fuel droplet behavior
investigation is possible to predict the combustion
performance and exhaust emissions characteristics. If the
SMD of fuel droplet is large, it will not evaporate well and
induce to form a lot of exhaust emissions by incomplete
combustion. On the other hand, the small SMD of fuel
droplet will evaporate well, it induces to evenly distribute
the fuel mass fraction in the cylinder. For these reasons, this
study performed an accurate analysis of the exact fuel
droplet behavior according to the amount of CO, by
simulated-EGR before the investigation of the combustion
and exhaust emission characteristics of CI engine.

So, in this study, the effect of CO, mole fraction on the
fuel droplet behavior under the different early injection
conditions was investigated for finding the optimal
conditions and reason to simultaneously reduce the exhaust
emissions. At the same time, the results of spray
characteristics were analyzed in terms of SMD, evaporated
fuel ratio, and equivalence ratio distributions. In addition,
the distributions of fuel mass fraction in the cylinder were
compared and analyzed to observe air-fuel mixture
according to the CO, mole fraction by using the engine
simulation.

2. EXPERIMENTAL AND NUMERICAL
DESCRIPTIONS

2.1. Experimental Setup

The experiment was progressed to validate the numerical
analysis and the experimental apparatus consisted of a
common-rail injection system, an Ar-ion laser, an
intensified charge-coupled device (ICCD) camera, and a
high-pressure chamber as shown in Figure 1.

The used test injector is mini sac type, 156 ° of inclined
spray angle, 0.128 mm hole diameter and 6 hole nozzle.
The injection pressure and the ambient pressure in the
chamber were adjusted by 100 MPa, and 4 MPa,
respectively. The required injection rate for simulation was
measured by using Bosch’s suggestion (Bosch, 1966) as
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Figure 1. Schematic of experimental apparatus.
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Figure 2. Injection rate according to the injection mass.

shown in Figure 2. Two injected fuel masses were applied
at 10 mg (injection duration (Dj;) = 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.

2.2. Numerical Setup

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 CO, 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.

Table 1. Sub-model for simulation (AVL Gmbh, 2013).

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

(D).

K = fWe\/R_e = Oh Rel?® (1

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.

m
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Here, “i” and “0” denote incoming and outgoing, “t” and

“n” represent tangential and normal, respectively.

In the spray simulation, to match the experimental
condition, the injection pressure and ambient pressure were
applied as 100 MPa and 4 MPa, respectively. Diesel-D1
(C13Ha3) was employed for the test fuel in the simulation by
referring to the library in the used program (Cengel and
Boles, 2011). As described above, the injection mass was
employed into two parts as 10 mg and 14 mg. To validate
the numerical result, 10 mg was used in the spray
simulation, and then the reliability was secured through the
comparison of the results of 10 mg and 14 mg. To validate

equivalence ratio was fixed by 0.68, which is the optimal
operating conditions suggested in the previous study (Min
et al., 2020), it was adjusted by decreasing the O-
concentration from 21 % to 16.2 %. The CO, mole fraction
in the cylinder was varied from 0 % to 20 %, the start of
energizing timing was changed from BTDC 11 deg to
BTDC 29 deg, and the detailed engine simulation
conditions are listed in Table 3.

3. RESULTS AND DISCUSSIONS

3.1. Validation of Numerical Models

In this study, the numerical model has verified the
reliability by comparing the experiment results, which
obtained under the same conditions. To secure the reliability
of the numerical model, experiments under two ambient
pressure conditions as 3 MPa and 4 MPa were conducted.
As described above, two times of spray simulation were

the numerical result, 10 mg was used in the spray tasor = tasor = tasor = tasor =
simulation, and then the reliability was secured through the 1.2 ms
comparison of the results of 10 mg and 14 mg. The detailed Exp.
spray simulation condition is listed in Table 2. (minj =
In the engine simulation, the EGR effect was expressed 10 mg)
by the simulated-EGR, which was controlled through the
initial air composition in the cylinder. The overall Cal.
(Minj =
10 mg)
Table 2. Detailed spray simulation conditions. (Cal.
Minj =
Phenomenon Condition 14 mg)
Injection pressure [MPa] 100 (2) Pamp=3 MPa
Ambient pressure [MPa] 4
— tasor = tasor = tasor =
Injection mass [mg] 10, 14 0.8 ms 1.2 ms 1.6 ms
Exp.
Table 3. Detailed spray simulation conditions. (Minj =
10 mg)
RPM 1,200
Injection pressure [MPa] 100 Cal. e e, 33
T (Minj = “w s ®
njection rr.1a.ss [n.lg]. 14 10 mg)
Start of energizing timing -29, -26, -23, -20, —
[ATDC deg] -17,-14, -11 (Cal. % " .
; - Minj = d\ @ ® | ¢ :
Equivalence ratio [-] 0.68 14 mg)
Overall equi.| CO> mole O, mole N2 mole 130mm  Sauter Mean Diameter [um]
ratio [d] fraction [%] | fraction [%] | fraction [%] [ ean Sam ke
65
0.68 0 16.2 83.8 e Pe——
omm SISt N e
0.68 5 16.2 78.8
0.68 10 16.2 73.8 (b) Pamp = 4 MPa
0.68 15 16.2 68.8 Figure 4. Validation results of spray evolution
0.68 20 16.2 63.8 characteristics (Pi,y = 100 MPa).
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Figure 5. Validation results of spray tip penetration (Pi,j =
100 MPa).

conducted as 10 mg and 14 mg. The injection mass of 10
mg was used to obtain the spray factors such as spray cone
angle and spray tip penetration, and these obtained spray
factors were employed to the 14 mg, which was applied to
the engine simulation. Since the different injection masses
for the spray validation and the engine simulation, they
could induce different results, so the relationship between
these different injection masses was also confirmed.

Figures 4 and 5 show the comparison of the experimental
and numerical results for spray evolution characteristics and
spray tip penetration characteristics. The spray evolution
characteristic is shown in Figure 4. In the validation of
spray evolution characteristics, the spray cone angle
validation was also conducted. To match the spray cone
angle in the simulation with the experiment result, the spray
cone angle was changed by 1deg from 0 deg to 20 deg and
measured. At the same time, in the break-up model (Wave
model), the break-up time control parameter (C) value was
varied to find the optimal spray cone angle as the spray
shape. Wave model has the following Equation (10), it is
heavily influenced by the C, value.

dr (rstable - T‘)
Z_ _ Lstable 7 10
dt T, (10)

Here, Tstante is the droplet radius of the product droplet,
which is proportional to the wavelength A of the fastest
growing wave on the liquid surface. 7, denotes the
break-up time, it has the following Equation (11).

_3726-Cyr
)
Here, C, means break-up time control parameter. C, is
very sensitive parameter, if the C, value increases, the
break-up late occurs, C, value decreases, the break-up
quickly occurred. Furthermore, the break-up time, which is

(11)

controlled by C, value, affects the SMD and the spray tip
penetration, too. A low C, value has a small SMD overall
value because the quick break-up causes a large number of
the small droplet, on the other hand, a high C, value has a
large SMD overall value because a large droplet remains a
lot due to the late break-up. The wave length A and wave
growth rate depend on the local flow properties, it have the
following Equations (12) and (13), respectively.

o (14 0R)(1 + 1.4 -T06)

(1+40.45-0r°>)(1+ 0.4-T°7)
A=9.02r 3087 Wele)0s (13)

3\ 0.5 . 15
Q- (pdr ) 0.34 + 0.38-We (12)

Entering Ohnesorge number Oh and Weber number
We aswellas T = Oh - We®> . As shown in Figure 4, the
initial droplet size of the spray had a large diameter in the
SMD scale because of the large diameter of the injector
hole, however, the droplet size rapidly became to decrease
by the break-up of a droplet. The comparison results of
spray tip penetration can be confirmed as shown in Figure 5.
Figure 5 shows the spray tip penetration characteristics
under the different ambient pressure, and the spray tip
penetration was defined as the distance from the injection
start point to the most distant droplet. As shown in Figure 5,
it was found that when the ambient pressure was increased
in the experiment, the spray tip penetration was reduced
because the drag force was raised by the high density and it
disturbed the fuel injection progress. Furthermore, the spray
cone angle was also thicker because the high drag force
promoted the break-up of the injected fuel. When the results
of spray tip penetration compared with numerical results,
the error rate of spray tip penetration between the
experimental and numerical results was less than 4.91 %.
Besides, the difference of spray tip penetration according to
the injection mass in the numerical results was less than
2.41 %. From these results, it can be said that the numerical
model secured the reliability.

3.2. Effect of CO, Mole Fraction on the Spray Tip
Penetration Characteristics

To investigate the effect of CO, mole fraction by
simulated-EGR on the fuel droplet behavior in the CI
engine, the obtained spray factors in the spray simulation
were employed in the engine simulation.

Figure 6 shows the effect of CO, mole fraction by
simulated-EGR on the visualization of spray tip penetration.
It was found that the spray tip penetration became shorter
with increasing the CO, mole fraction because the CO,
(1.976 kg/m® at 0 °C and 1 atm) has a higher density than
N (1.251 kg/m? at 0 °C and latm). Therefore, the density
in the cylinder raised with increasing the CO, mole fraction
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Figure 6. Effect of CO, mole fraction by simulated- EGR
on the visualization of spray tip penetration (Pi; = 100
MPa, mi,; = 14 mg, ten, = BTDC 29 deg, ¢ = 0.68, 1200
rpm).

under the same pressure, and it disturbed the progress of the
fuel droplet. As a result, when the CO, 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 CO, mole fraction, the spray tip penetration value
according to the CO, mole fraction by simulated-EGR was
compared as shown in Figure 7. Figure 7 shows the effect
of CO, 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 CO, 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

P —1DOMPa m, —14mg $¢=0.68, t o = BTDC 29deg 1200rpm
—D €O, =00% :

-0-CO, = 05%
F=A-co,=10% "
-/~ CO, =15%

€O, = 20%
~O-co,

I
o

Spray tip penetration [mm]

Time after fuel injection [CA deg]

(a) Effect of CO, mole fraction (tene = BTDC 29 deg)

P, = 100MPa, m,; = 14mg, § = oes co,= zo%
—D tng = BTDC 29deg
40 | =Q= 1.,y =BTDC 26deg.........
-A-t,,,= BTDC 23deg
-v- tE 1 = BTDC 20deg
—<>—te = BTDC 17deg

Spray tip penetration [mm]

Time after fuel injection [CA deg]

(b) Effect of start of energizing timing (CO> =20 %)

Figure 7. Effect of CO, mole fraction by simulated- EGR
on the spray tip penetration characteristics under the
different start of energizing timing (Pi,y = 100 MPa, mj, =
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 CO, mole fraction because the kinetic energy of fuel
droplets was decreased as shown in Figure 8. Figure 8
shows the effect of CO, 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, CO,
has a higher density than N>, 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 CO, 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 CO, mole fraction by simulated-EGR
on the kinetic energy under the different start of
energizing timing (Piy = 100 MPa, mj,; = 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 CO, 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.

3.3. Effect of CO, Mole Fraction on the SMD
Characteristics

Figure 9 shows the effect of CO, 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 CO» mole fraction because, as described
above, the increased CO;, 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 CO, 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 CO, 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 CO, 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

tasor = 2.0 deg | tasor = 2.5 deg | tasor = 3.0 deg
CO; =| ooy, %m_
C02= - . = . -
05 % r%% S Wﬂ l
CO; =| =y, | i
0%~ = | t |
CO:= [ e S .
] | e
CO; =|~=ug, g |
20 %! =~ d TS ) )
AL 1 IR | |
wmm@mﬁﬁﬁ

Figure 9. Effect of CO, mole fraction by simulated-EGR
on the visualization of SMD (Pi,; = 100 MPa, mj,; = 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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Figure 10. Effect of CO, mole fraction by simulated- EGR
on the overall SMD characteristics under the different
start of energizing timing (Pi,j = 100 MPa, mi,j = 14 mg, ¢
=0.68, 1200 rpm).

P, = 100MPa, m, = 14mg, CO, = 10%, ¢ = 0.68, 1200rpm

70 It = BTDC 29d8g- oo
I ¢, = BTDC 23deg

HIE t,.,; = BTDC 17deg.-- [l oo

o
o

w
[=1

N
=]

Number of droplet [ea]
»
o

=
=)

=]

10 30 50 70 90 110 130 ‘
Size of droplet [um]

Figure 11. Comparison of droplet number according to the
size of fuel droplet under the different start of energizing
timing (Pi,j = 100 MPa, mi,; = 14 mg, CO, = 10 %, ¢ =
0.68, 1200 rpm, tasor = 6 deg).

thereby it had relatively large SMD value. From these
results, when the start of energizing timing was BTDC 23
deg, the representative emissions in CI engines such as soot

and CO would be expected to decrease because the small
size droplet which can be quickly evaporated by the
collision effect induces the good combustion performance.
In addition, good combustion performance may evaporate
the deposited fuel, hence the NOx emissions could be also
expected to reduce because the latent heat of vaporization
absorbs the combustion temperature, and the combustion
temperature will be decreased when the deposited fuel
evaporated.

Consequently, it was found that the effect of CO, mole
fraction on the SMD characteristics of the injected fuel
droplet is difficult to observe after the start of energizing
timing was BTDC 23 deg, and its effect can be observed
before BTDC 26 deg and BTDC 29 deg. In addition, it was
believed that factors affecting SMD characteristics were
more influenced by the start of energizing timing than CO,
mole fraction.

3.4. Effect of CO, Mole Fraction on the Evaporated Fuel
Ratio Characteristics

The evaporated fuel ratio was defined that the evaporated
fuel divided by the total amount of injected fuel. By
comparing these results, it can be predicted the combustion
performance such as ignition delay and so on. Figure 12
shows the effect of CO, mole fraction on the evaporated
fuel ratio under the different the start of energizing timing.
As 5 % CO; mole fraction increased, the evaporated fuel
ratio was decreased by about 5 % because the CO» has a
high specific heat (1.371 kJ/kg-K at 2,000 K) than N,
(1.284 kJ/kg'K at 2,000 K) (Cengel and Boles, 2011). It
means that the high specific heat of CO, suppressed the
rising of the cylinder temperature, so the rising combustion
temperature will also be expected to suppress. As well
known, when the combustion performance is promoted, it
induces to increase the combustion temperature, thereby the
more NOx is formed. However, the high CO, mole fraction
makes to suppress the rising of combustion temperature
regardless of the combustion performance, so the formation
of NOx will be restrained.

Figure 13 shows the effect of CO, mole fraction by
simulated-EGR on the fuel mass fraction distributions in
the cylinder. It was observed that when CO, mole fraction
increased, the overall value of fuel mass fraction was less
until tasor (the time after the start of injection timing) = 5
deg because, as described above, CO» has high specific heat
which suppressed the rising of the cylinder temperature, it
made to slowly evaporate the injected fuel droplet.
However, after tasor = 8 deg, the overall value had a little
high due to the late combustion start. After the combustion
start, the value had similar. Moreover, the evaporated fuel
ratio was slowly increased with retarding the start of
energizing timing because the cylinder pressure was
increased by retarding the start of energizing timing, which
makes to increase the boiling point. However, when the
start of energizing timing was BTDC 23 deg, the initial
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Figure 12. Effect of CO, mole fraction by simulated-EGR
on the evaporated fuel ratio under the different start of
energizing timing (P, = 100 MPa, mi,; = 14 mg, ¢ = 0.68,
1200 rpm).

evaporated fuel ratio was observed to rapidly increase
regardless of the CO, 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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Figure 13. Effect of CO, mole fraction by simulated- EGR
on the visualization of SMD (Pi,; = 100 MPa, mjy; = 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 CO, 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
CO; mole fraction under the early injection conditions will
be studied in the future work.

4. CONCLUSION

This study was conducted to investigate the effect of CO,
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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(1) When the start of energizing timing advanced, and the
CO, mole fraction increased, the spray tip penetration
was decreased because the kinetic energy of the
injected fuel droplet was reduced by the high density of
CO..

(2) Even though the increased drag force, which was
increased due to the high density in the cylinder by
increasing the CO, mole fraction, may decrease the
SMD, it is observed that the break-up of fuel droplet
was more affected the kinetic energy of fuel droplet
than the drag force.

(3) When the start of energizing timing was BTDC 23 deg,
it had a relatively large size of the fuel droplet because
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 droplets are
atomized by the collision effect, which was quickly
evaporated.

(4) When the CO, mole fraction by simulated-EGR
increased, the rich fuel mass fraction was distributed
less until tasor was 5 deg because the cylinder
temperature was slowly raised by the high specific heat
of CO, which made to slowly evaporate the injected
fuel.

(5) From these results, when the CO» mole fraction
increased and the start of energizing timing was BTDC
23 deg, the NOx emission and soot emission were
expected to simultaneously reduce because the rapidly
evaporated fuel by the collision effect promoted the
combustion, and it made to evaporate the formed liquid
wall film, which evaporated and may absorb the
combustion temperature by the latent heat
vaporization.
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