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ABSTRACT: Previously, some efforts were made to investigate the effect of combining premixed charge compression
ignition (PCCI) combustion with conventional mixing controlled combustion using two injectors for single cylinder. In this
experiment, the PCCI combustion was introduced by a sub injection fixed at early stage and the conventional diesel
combustion was introduced by main injection starts near top dead center (TDC). The self-ignitability of sub injection fuel
was modified by blending n-heptane and isooctane. Therefore, the ignition delay of PCCI combustion was extended to
overlap with conventional diesel combustion near TDC by increasing the isooctane volume percentage in sub fuel. By
overlapping PCCI and conventional diesel combustion, the cooling loss could be reduced. Later, the combustion and
emission characteristics of the combined combustion strategy was examined. The experimental results showed that with
larger PCCI combustion ratio at the fixed load, the degree of constant volume (DCV) increased. At the same time, the
cooling loss was decreased slightly.
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characteristics [A1].

1. Introduction

Diesel engines play a prime role in the transportation sector
because of their superior fuel consumption, high torque at low
speed, durability and reliability. However, high NOx and PM
emissions and their trade-off relation are the major problems to be
addressed. To cope with the ever-tightening emission regulations
while increasing thermal efficiency, several strategies were
investigated. The diesel based premixed charge compression
ignition (PCCI) has been studying since nearly 30 years ago ™.
In PCCI engine, a lean air fuel mixture is well formed before
chemical reaction and the ignition is triggered by compression.
Soot formation is naturally avoided because the mixture is
sufficiently lean. NOx is reduced because of relatively low
combustion temperature (burning-gas and burnt-gas temperature).
Later, many researches were conducted to investigate combustion
characteristics of lean uniform mixture with wide range of
operation conditions“”. For PCCI combustion, the ignition
timing can be too early when using ordinary diesel fuel, resulting
in lower thermal efficiency. Furthermore, PCCI combustion is
usually very rapid featuring a high rate of pressure rise. Therefore,
PCCI combustion is usually restricted to low load conditions®*.
In addition, the early direct injection could increase the smoke
and CO emission due to the wall wetting effect. To solve this
problem, the narrow angle direct injection (NADI) combustion
concept has been developed”. In this technique, the combustion
chamber was deliberately designed to optimize the spray

formation to facilitate both early injection and conventional near
top dead center (TDC) injection. The narrow injection angle
(lower than 100 degrees) allows the fuel to be injected early in the
compression stroke without causing cylinder liner wetting.
Another PCCI combustion strategy for suppressing NOx
emission is called premixed lean diesel combustion (PREDIC)
system. This system consists of two injectors located at two sides
of the combustion chamber. Thus, the spray impingement helps to
form an air-fuel mixture at the center of the combustion chamber,
resulting in a decrease in cylinder wall wetting with a long
ignition delay period"'™™. As a result, low NOx and smoke
emissions were simultaneously achieved. However, this technique
is restricted to partial load condition. Other techniques applied
high EGR rate and late injection timing (20 to 30 BTDC) to avoid
the wall wetting and early ignition brought by early injection.
These study reported low NOx and PM. But the operation
condition was restricted to low load since the high EGR rate will
bring high CO emission when injection quantity is large.
Therefore, in this study, our target was set to search the possibility
of applying PCCIl combustion at high load condition. One
example is called multiple stage diesel combustion (MULDIC) ",
The MULDIC system adopted a multiple stage injection strategy,
which introduced fuel spray from three injectors: two located at
the side of the chamber and one center injector. The first stage
combustion was PCCI combustion produced by the side injectors,
while the second stage combustion was the conventional diffusive
combustion controlled by the center injector. NOx reduction was
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achieved even under high load conditions but the thermal
efficiency was lower than that of conventional operation. In our
strategy to

synchronize the PCCI combustion with conventional diesel
(15)

laboratory, we proposed a new combustion

combustion The schematic of the combustion concept is
shown on Figure 1. PCCI-based combustion was achieved by
early direct injection (sub injection) and conventional diesel
combustion was introduced by main injection near TDC. We
aimed to shorten the overall combustion duration by
synchronizing two types of combustion. When this is achieved,
the degree of constant volume (DCV) is expected to increase.
Commonly, the cooling loss will increase with DCV. However, in
this case, the cooling loss was expected to be lower compared to
conventional center injection due to the following two reasons.
Firstly, the main spray impingement is reduced. Secondly, if the
air-fuel mixture by sub injection is sufficiently lean, the sub
combustion will be characterized with temperature
combustion. Furthermore, the fuel used for PCCI combustion is
distributed avoiding the center of the combustion chamber in

low

order not to prevent the oxygen entrainment into the main spray.

Main injector

. Sub-inject
! Lb-injector PCCl-based combustion

Diesel spray combustion

Fig. 1 Schematic of combustion concept.

The previous study revealed some problems of this
combustion strategy. At first, the ignition delay of PCCI
combustion was too short to realize the overlap with main
combustion. Secondly, smoke emission was at high level due to
the wall wetting of the sub injection spray. At last, the cooling
loss reduction by combining PCCI combustion was failed because
of combustion of fuel adhered on the wall. The previous study
also indicated that using primary reference fuel, such as n-heptane,
could reduce the wall wetting thus the problems concerned about
smoke emission and cooling loss was solved. In order to justify
the effect of the proposed combustion strategy on cooling
reduction and DCV improvement, the ideal combustion phase
characterized by the overlap of PCCI combustion and
conventional diesel combustion should be realized. In this
experiment, different volume percentages of n-heptane and
isooctane was blended to adjust the ignitability of sub fuel so that
16°718) A single
cylinder diesel engine was used to investigate the effect of PCCI

the expected combustion phase could be acquired'

and emission
characteristics. Later, the cooling loss reduction effect of PCCI

combustion timing on main combustion

combustion was researched by modifying the ratio of heat input
for sub and main injection.

2. Experimental Setup

In this experiment, we used a single cylinder four stroke
diesel engine with a dual-injection system. One is a high-pressure
main injection system and the other is an early narrow-angle sub
injection system. The main injection and sub-injection parameters
can be changed separately. The schematic of experimental system
is shown in Figure 2. The bore and stroke of the engine were 85
mm and 96.9 mm, respectively. The engine displacement was
0.55 L. The compression ratio was set to a rather low level of 15.5
in order to ensure sufficient ignition delay of PCCI-based
combustion. Major specifications of the engine can be found on
Table 1.
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Fig. 2 The schematic of experimental setup.

Table 1 The major specifications of the engine.

Direct-injection diesel engine,
Single-cylinder, Water-cooled

85.0 x 96.9
550

Two independent
common-rail system

Engine type

Bore x Stroke [mm]

Displacement [em?]

Injection system

Charging External supercharging

EGR system Low-pressure loop EGR

Two piezo injectors with two individual common rail
systems were utilized and the main injector was located at the
center of the combustion chamber while the sub-injector has 15
mm offset from the center. The two injectors had the same nozzle
diameter of 0.104 mm but different injection angle and the
number of nozzle hole. The sub-injection angle was set to 50°
based on the results of preliminary study using computational
fluid dynamics simulation. This adequate injection angle allowed
the premixed fuel to distribute at the periphery of the combustion
chamber while avoiding oil dilution with early injection. The
main injection angle was set to 156° and the nozzle number was
10. However, the nozzle number of sub-injector was set to 5 due
to the manufacturing limitation. The injection direction and its
relation with combustion chamber are illustrated on Figure 3. The
fuel pump was driven by external driving electric motor and the
injection pressure for sub and main injection was fixed to 150
MPa and 200 MPa, respectively.
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In this study, we examined the characteristics of combined
combustion at 2250 rpm. The total heat input was set to 1410
J/cycle and, as a result, the gross indicated mean effective
pressure was around 1220 kPa, which is close to the maximum
efficiency point of the original engine at 2250 rpm. Intake and
exhaust pressure were set to 180 kPa and the intake temperature
50°C. The coolant temperature and lubricating oil
temperatures were kept at 80°C. In addition, the intake oxygen

was

concentration intake oxygen concentration was set to 19% by
changing the exhaust gas recirculation (EGR) rate.

13.4,

Fig. 3 The injection direction of sub injection (left) and the main
injection (right) and their relation to the combustion chamber.

The fuel characteristics of diesel fuel used for main injection
are listed in Table 2. For sub injection, blended fuel of n-heptane
and isooctane (2,2,4-trimethylpentane) were used. The properties
of isooctane and n-heptane are shown in Table 3. The boiling
point data in Table 3 is lower compared to the distilling
temperature in Table 2. Therefore, we can conclude that they have
higher volatility than diesel fuel. By changing the volume
percentage of isooctane (1;_cgn1g) and n-heptane in the blended
fuel, its self-ignitability was modified. In this study, 5 types of
fuel were used for sub injection. Their properties are summarized
in Table 4.

Table 2. The characteristics of the diesel fuel used for main
Diesel
Cetane number 55 (cetane index)
Octane number -
Lower heating value [MJ/kg] 429 ~433
Density at 15°C [kg/m3] 837.4 ~ 8442
C [mass %] 85.8 ~86.7
H [mass %] 13.6~13.8
N [mass %] <0.1
10% distillation temperature [K] 484.15
50% distullation temperature [K] 557.65
90% distillation temperature [K] 616.65

In order to protect the fuel pressure pump of sub injection
system, 200 vol.ppm fatty acid ethyl ester fuel type lubricity
improver (Infineum R655) was added to the sub fuel. Given that
the mixing ratio of the lubricity improver was infinitesimal, it is
considered that its influence on combustion was neglected ¥

An engine exhaust gas analyzer was used to measure the
NOx, THC, CO, CO2, and O2 concentrations. In addition, the

smoke emissions were acquired using a filter-type smoke meter.

The heat release rates were calculated from the in-cylinder
pressure history (50-cycle average) recorded by a pressure sensor.
Table 3. The characteristics of the isooctane and n-heptane used
for sub injection.

1sooctane n-heptane
Cetane number"?’ 12 53
Octane number 100 0
Lower heating value [MI/kg] 443 44.6
Density at 15°C [kg/m’| 692 687
Boiling point [K] 3721 371.6

In this study, the DCV was calculated by the following

equation.
1 |:1_(V11+Vc)l—r(j|an de
77mQ, VO de

where V4, V., and Vy are displacement volume, clearance volume,
and in-cylinder volume at a crank angle 6. The 1y, is the
theoretical thermal efficiency of Otto cycle. In addition, Q; refers
to the total heat release including apparent heat release and
cooling loss. In order to exclude the influence of cooling loss on
DCV, the dQ,/d6 represents the total heat release rate, which was
the sum of cooling loss rate and apparent heat release rate. In this
equation, the cooling loss rate was calculated by Woschni’s
method. However, the cooling loss used for heat balance is

DCV =

calculated by subtracting indicated work, unburned loss, and
exhaust loss from total heat input. The rate of exhaust loss was
calculated by subtracting intake enthalpy from exhaust enthalpy.

3. Results and Discussions
3.1. The experiments with various sub injection properties

In the previous study, when n-heptane was used for sub
injection, the ignition delay of sub injection was still too short to
achieve the overlap of sub and main combustion. Therefore, in
this study, the ignition delay was further extended by blending
isooctane with n-heptane. Then, the characteristics of the
combustion were investigated.

The sub injection timing (Hs,p) was fixed at -60°ATDC and
the fuels listed on Table 4 were used for sub injection. In this
series of experiments, though the fuel properties of sub injection
were changed, the heat input of sub injection (Qgyp) Was fixed at
360 J/cycle while that of the main injection (Quain) Was 1050
J/cycle. The injection parameters of this series of experiments are
summarized in Table 5.

Table 4. The characteristics of the blended fuel for sub injection.

Fuel No. 1 2 3 4 5
Cetane number """ 53 40 26 19 12
Octane number 0 32 66 83 100

n-heptane [volume%)] | 100 68 34 17 0
I[sooctane [volume%| 0 32 66 83 100
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Table 5. The injection parameters of the experiments with
various sub injection fuel property.
Sub- Main
mjection injection
Heat input [J/cycele] 360 1050
Injection timing [PATDC]| —60 -2
Fuel type Bl?ndEd Diesel
fuel

Qo /Qpain = 360/1050 [J/cycle]; 6, = -60°ATDC

p [MPa]
oONAO®ONR
I

/=N

-20 -10TDC 10 20 30 40
Crank angle [PATDC]

Fig. 4 The in-cylinder pressure and heat release rate shape with
various sub injection fuel property.

The in-cylinder pressure (p) and heat release rate (dQ/d68)
shape are shown in Figure 4. The heat release peak observed near
-20°ATDC could be attributed to the heat release of low
temperature oxidation of the sub injection fuel. Then the high
temperature oxidation of the sub fuel caused the second peak. It
was ranged from -15°ATDC to 5°ATDC and its timing was
depended on the 7;_cggig of the sub fuel. Overall, for PCCI
combustion, with the increase of the 1;_cgy1g, peak of the low
temperature heat release decreased and the ignition timing of high
temperature heat release retarded. If we define the timing of main
combustion start as the lowest point of the heat release between
the peak of PCCI high temperature heat release and main heat
release as pointed out in Figure 4, the ignition timing of main
combustion retarded with the increase of 1;_cgy1g When 7;_cgy1s
was ranged from 0 to 66%. On the other hand, when the 1;_cgn1g
was 83 and 100%, the heat release of the high temperature
oxidation of sub injection overlapped with the heat release of the
main injection. For the experiment with the r;_cgy1g of 83%, the
heat release of sub injection was integrated with that of main
injection from 0 to 5S°ATDC and the ignition timing of the main
combustion was difficult to define. On the other hand, the ignition
delay of the main injection was obviously retarded when 7;_cgH1g
was 100%. When 1;_cgn1s Was between 0 to 66%, the main spray
may entrain the hot burnt gas produced by sub combustion thus
the ignition delay of the main injection was shortened. However,
with the increase of 7;_cgp1g, the sub combustion timing retarded.
Therefore, the effect of triggering main spray ignition by the
combustion of sub spray could no longer be observed. As a result,

when 7;_cgy1g is 100%, the heat release of main and sub
combustion were merged temporally at later stage compared to
other experiments. In summary, with the increase of 7;_cgy1g, the
ignition delay of the sub injection was extended. The overlap of
the PCCI combustion and conventional diesel combustion was
achieved when 7;_cgn1g Was 83 and 100%.

The Figure 5 shows the cooling loss ratio (X, ), DCV, and
gross indicated thermal efficiency (7;_gross) With various sub
injection fuel. The DCV did not show an obvious change but the
X, decreased with the increase of 7;_cgp1g in sub injection fuel.
The shortening of the combustion phase may reduce the contact
duration of high-temperature mixture formed by combustion with
the combustion chamber wall thus the heat transfer through the
chamber wall was decreased. In addition, when 7;_cgp1g Was
changed from 83% to 100%, the combustion phase of PCCI
combustion retarded behind TDC. Therefore, the combustion
temperature will be lower when PCCI combustion occurs at
expansion stroke. As a result, with the increase of 1;_cgpy1g, the
Xg, decreased and the 77;_g; 455 showed an increase.

Q. /Q, ., = 360/1050 [Jicycle]

20
= 18]
5 16| .\
X 14 1095
-0.94 ;
- ® -0.93 8
= 0.49 -10.92
§0.47
S 0.46 L ‘

0 32

66 83 100

0
Icene [ 7]
Fig.5 The engine performance with various sub injection fuel
property.

The emission results are shown in Figure 6. THC and CO
emissions increased slightly with the increase of 1;_cgy1g. The
longer ignition delay of the sub injection may cause the over lean
mixture. Thus, more mixture may contact with the chamber wall
with low temperature such as squish area given longer ignition
delay. As a result, more THC and CO may be formed by PCCI
combustion and its oxidization will be suppressed when ignition
delay was longer. The NOx emission decreased when 1;_cgH1g
was larger. With the increase of 1;_cgn1g, the ignition delay was
longer and sub mixture was leaner. Thus, the sub combustion
temperature should be lower and NOx formation will be
depressed. On the other hand, when the sub and main combustion
do not overlap with each other (1;_cgg1g = 0%, 32%), the main
spray entrained the hot gas produced by sub combustion. Then the
temperature of the main spray will rise and, as a result, the NOx
emission will increase. The characteristics of the combustion and
its effect on emission production will be further discussed in the
following sections.

3.2. The experiments with various main injection timing
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Fig. 6 The emission characteristics with various sub injection fuel
property.

In order to investigate the characteristics of the overlapped
combustion of sub and main injection, the main injection timing

was retarded to separate the heat release of sub and main injection.

The No.4 fuel with the r;_cggig of 83% was used for sub
injection. The heat input was the same as the previous
experiments while the main injection timing (6y,in) Was modified
from -2°ATDC to 6°ATDC. The injection pressure and intake
oxygen concentration were unchanged. Detailed injection
parameters are summarized on Table 6. In addition, the

experiment without PCCI combustion was conducted as reference.

Two-stage pilot injection and main injection was adopted. The
injection timing for pilot injections were -20 and -9°ATDC and
the main injection timing was -2°’ATDC which was the same with
previous experiments. The heat input of pilot injection were 61.5
and 65 J/cycle, respectively, and the that of main injection was
also 1283.5 J/cycle.

Table 6. The injection parameters of the experiments with various
main injection timing.

Sub-

L Main injection
injection :

Heat input [J/eycle] 360 1050
Injection timing [PATDC] —60 -2,0,2,4,6
3 Ti—cgH1s i
Fuel o Diesel
=83%

The results of in-cylinder pressure and heat release rate as
the function of crank angle are shown in Figure 7. The experiment
result without PCCI combustion is shown in broken lines. With
the retard of the main injection timing, the heat release of main
injection retarded. The heat release peak of the sub injection could
be recognized near 3°ATDC when the main injection timing was
later than 2°ATDC. When the heat release peak of sub and main
injection was separated (Opain = 2, 4, 6°ATDC), the heat release

shape of the main injection showed little changes. Therefore, the
overlapped heat release rate could be considered as the simple
integrate of the heat release rate of sub and main combustion.

Qo /Qun = 360/1050 [J/cycle]; 6,,, = -60°ATDC

rcenig = 83%

l

m;
-2

A
ONPROOCCON S
I

p [MPa]

St w/o PCCI

dQ/ do[J/deg]

| | | | | |
-20 -10TDC 10 20 30 40
Crank angle [PATDC]
Fig. 7 The in-cylinder pressure and heat release rate shape with
various main injection timing.

The results of engine performances are shown on Figure 8.
With the retard of 0,4, the DCV decreased but the X, did not
change so much. Therefore, the 1;_gro5s decreased when Opain
was retarded. The emission characteristics are shown on Figure 9.
The THC emission did not change with the 6,,i,. Thus, we
could assume that the THC was mainly formed by the over lean of
the sub injection fuel. The CO and smoke emissions showed the
same trend with the change of 6. This trend is typical for
diesel combustion. The fuel rich region of the diesel spray may
produce CO and smoke emissions at the same time. In this case,
with the retard of 6y,in, the in-cylinder density and temperature
will be lower since the main combustion occurs at the expansion
stroke. As a result, the oxidization of the CO and smoke
emissions was suppressed due to the low average in-cylinder
temperature. In addition, for the same reason, the formation of
thermal NOx will be suppressed.

Q0 /Qprain = 360/1050 [J/cycle]; 6, = -60°ATDC

20 : °
X 18+
§16 -
X 14t 1094
—10.92 ;
-0.90 8
— 0.48 - -0.88
= 0.47 -
6 0.46 -
2045 -
& 0.44 — ! ! ! !
-2 0 2 4 6 —e— Varying 6,
6...in [CTATDC] —8— w/0 PCCI

Fig. 8 The engine performance with various main injection
timing.

When 6,,,i, Was the same, the smoke emission level was
almost the same between the experiment with and without PCCI
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combustion. Therefore, it could be inferred that when PCCI
combustion was introduced at the early stage, the air entrainment
of the main spray was not disrupted as we expected. However, the
THC and CO emission increased due to the PCCI combustion.

Q. /Qurain = 36011050 [J/cycle]; 6, , = -60°ATDC

600 Q
—o—o—o o ;88 g
— | O
E 1000 - ¢ 40 I
S / .
8 500 - _
0 <500 €
400 &
1300 %
Z 1200 O
P 20 11002
210r
]
E 00 I I I I
2 -2 0 2 4 6 —e— Varying 6,
6, [°’ATDC] —®—w/oPGCl
Fig. 9 The emission characteristics with various main injection
timing.

3.3. The experiments with various sub injection quantity

According to the concept of this combustion strategy, the
cooling loss could be reduced by increasing the heat input ratio of
sub injection. In order to justify this concept, to which extent the
PCCI combustion is beneficial to the cooling loss reduction
should be investigated. Therefore, in this section, the sub injection
quantity was verified.

While the original heat input for sub injection was fixed to
360 J/cycle, in this section, the heat input was varied from 288,
360, 432, to 504 J/cycle which correspond to 80%, 100%, 120%
140% of 360 J/cycle. The fuel with 83% of isooctane was used for
sub injection. The total heat input was maintained at 1410 J/cycle
which was the same with the previous section. The injection
parameters can be found on Table 7.

Table 7. The injection parameters of the experiments with various
sub injection quantity and fixed total injection quantity.

Sub-injection Main injection

288 1122

Heat input 360 1050
[J/eyele] 432 978
504 906
Injection timing 5
[PATDC] 60 %

Fuel Ti_caHig = 83% Diesel

The results of in-cylinder pressure and heat release rate are
shown on Figure 10 and the engine performance results are
summarized in Figure 11. The experimental result without PCCI

combustion is also listed as reference. In the heat release rate
curves, the first small peak around -18°ATDC is due to the heat
release by low-temperature oxidation from PCCI combustion. The
second peak is caused by the heat release of the main injection in
the premixed combustion phase. The third peak is due to the heat
release of diesel combustion in the mixing-controlled combustion
phase. The heat released by PCCI combustion can be observed
between the first and the second peak, especially when Qg was
small.

Qutar = 1410 [J/cycle]; 6, = -60°ATDC

14

g
© L

= 8 TN 1203

Q4L -100©

o Quup MW/cycle] 7| g i

L { 288

0 %0 160 3

\ 432 140 —

Yy 54 120 @

—— 1o

| | | | | |
-20 -10TDC 10 20 30 40
Crank angle [PATDC]
Fig. 10. The in-cylinder pressure and heat release rate shape with
various sub injection quantity and fixed total injection quantity.
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Fig. 11 The engine performance with various sub injection
quantities.

When the ratio of Qg is increases, the temperature of the
burned gas and burning gas produced by PCCI combustion will
also increase. The spray tip of main injection was heated by those
gases at a higher temperature leading to shorter ignition delay.
Based on this assumption, the premixed combustion phase of the
main combustion should advance with the increase of the ratio of
Qsup- This is in agreement with the result shown in Figure 11. The
cooling loss decreased slightly by applying PCCI combustion and
it was further reduced by increasing the ratio of Q. Commonly,
the DCV may show the same trend with cooling loss. However, in
this series of experiments, the DCV increased with the reduction
of cooling loss. Therefore, although the cooling reduction was not
significant, the expected target of improving DCV and depressing
cooling loss at the same time were achieved by combining PCCI
combustion with conventional diesel combustion. As a result, the
7i—gross increased slightly (about 1%).
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4. Conclusions
600 Q

-——o——9 - 400 g_ In this experiment, a single cylinder diesel engine was used
4200 & to further investigate the possibility of DCV increase and cooling
E']OOO . @ 40 %:) loss reduction by combining (premixed charge compression
o 00 = ignition) PCCI and conventional diesel combustion. Isooctane
O 500 1 —0o—o—¢ was blended with n-heptane to change the auto-ignition quality of
© o-® 1600 g the sub injection fuel. The overlap of PCCI combustion and
- 550 g conventional diesel combustion was achieved. The combustion
= .____....—0/. - 500 C>§ and emission characteristics of this combined combustion strategy

Doot ® 1450 = were investigated and the following conclusions were acquired.
% 1.0 - . The ignition delay of PCCI combustion could be extended
E 00l @ *r—10—0—9 by using high octane number fuel. The cooling loss could be
2 o 288 360 432 504 reduced by overlapping the combustion phase of PCCI and

0?0 Q,,, [J/cycle] conventional diesel combustion.

N . When the sub fuel with isooctane volume percentage
Fig. 12 The emission characteristics with various sub injection (Ti—csr1g) Was 100%, the high temperature heat release of
quantities. was later than the start of main injection. However, when

The emission results are shown on Figure 12. THC and CO
emissions did not show obvious change with the increase of Qgyp-
For PCCI combustion, the over-lean mixture formed by sub-
injection could be avoided with larger Qgyp. Thus the CO and
THC emissions may decrease. On the other hand, when Qpain 1S
decreased to maintain the same total heat input, the in-cylinder
temperature after diesel combustion should decrease. Which
results in the deceleration of THC oxidation. Therefore, the
overall THC emission level was almost the same when Qg,, was
modified. However, compared with the case without PCCI
combustion, THC emission was higher, which was the same as
the previous section.

The NOx emission was higher when PCCI combustion was
applied even the Qp,i, Was reduced compared with the condition
without PCCI combustion. When Qg,, is increased, sub mixture
uniformity is deteriorated. Fuel rich regions may still exist when
ignition starts, thus, the PCCI combustion temperature will be
higher. When main mixture interacts with the sub mixture with
higher temperature, larger amount of NOx will be formed. Even if
the Quain 18 decreased with the increase of Qgyp, if this NOx
formation mechanism plays the main role, NOx may tend to
increase. As a result, the NOx emission increased with the
increase of Qgyp. In addition, the increase of PCCI combustion
temperature could enhance the heat exchange with piston bowl
surface. This could be considered as one reason of why further
cooling loss reduction was failed by increasing sub injection ratio.

The amount of smoke emission was almost unchanged, too.
The smoke emission was supposed to be lower since the main
spray impingement on chamber wall will be suppressed when
Qsup is increased. However, since the original smoke emission
level without PCCI combustion was already low enough, the
smoke reduction effect of higher ratio of PCCI combustion was
not demonstrated.

In summary, a slight cooling reduction and improvement of
DCV were achieved by increasing sub injection quantity ratio.
Since some fuel rich region may still exist in sub mixture, the
combustion of these regions produce high temperature flame.
Therefore, in order to acquire larger cooling loss reduction effect,
more homogeneous sub mixture should be formed before ignition.

Ti—cgnig Was lower than 83%, the high temperature heat
release of sub injection occurred before the main injection.
Main spray may interact with the high temperature gas
produced by the sub combustion, hence, its ignition delay
was shorter compared with the experiment with 7;_cgy1g =
100%.

. Once the fuel property and injection timing of sub and main
injection are fixed, the DCV could be increased by
increasing the injection quantity ratio of sub injection. The
cooling loss could be reduced slightly with the increase of
DCV.

. When sub heat input ration is increased, fuel rich regions
may still exist when ignition starts. Thus, the PCCI
combustion temperature will be higher. When main mixture
interacts with the sub mixture with higher temperature,
larger amount of NOx will be formed.
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