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Abstract

In this study, the effect of EGR strategies on the HCCI engine’s performance is studied. To achieve the research goal, a program
was established to control the injection fuel and amount of exhaust gas recirculation in the HCCI engine. The set signal entered through
the control computer is compared with the signal collected from the sensor’s crankshaft and camshaft plates to give control signals to the
injectors and EGR valves. The signals collected from the camshaft and crankshaft sensors are processed before being compared with the
reference signal. A diesel engine that is 1 cylinder, 4-stroke, non-turbocharged, and air-cooled has an improved intake manifold to convert
to combustion mode due to homogeneous charge compression ignition characteristics. The conversion engine is tested with 1200 rpm to
2800 rpm speed modes, a 400 rpm split point, 50 % load, 0 % to 30 % increased EGR rates, and a 5 % EGR split point. The fuel used in
this research is n-heptane. The CEB-II gas analysis cabinet was used to investigate the exhaust gas components. The results of the research
show that when the EGR rate is greater than 30 %, the engine operates stably according to the HCCI combustion characteristic at speeds
lower than 2400 rpm. But when engine speeds are higher than 2400 rpm, the HCCI combustion characteristic is unstable; the torque
and the indicator efficiency decrease rapidly. When the HCCI engine increases the EGR rate, the start of combustion is gradually later,
the coefficient gradually decreases to close to the black smoke characteristic curve, the CO, HC, and CO, emissions increase. The NO,
emissions tend to increase when the EGR ratio increases from 0-25 %, but the NO, decreases when the EGR rate is greater than 25 %.
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1. Introduction

The internal combustion engine plays an important role in the global economy. It serves the
needs of commuting, transporting goods, etc. The problem of engine emissions and their great de-
pendence on fossil fuels pose a challenge for researchers to find solutions to improve internal com-
bustion engine progress. The main research directions that have been and are being implemented
are reducing environmental pollution caused by engines, saving fuel, improving performance, and
finding alternative fuel sources [1-4].

In 1979, research on the CAI (control auto ignition) fire model was carried out [5, 6]. After
these first studies, there was a trend toward research and development of engines using homoge-
neous compression charge ignition (HCCI) models for automotive engines. Worldwide studies on
HCCI engines are expected to overcome the disadvantages of traditional engines with the follow-
ing advantages: low NO, and PM emissions (HCCI engines reduce NO, due to lower combustion
temperatures compared to diesel engines). Original and burned with many combustion centers
uniformly distributed in the combustion chamber space, so it burns cleanly, reducing PM [7-9],
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its thermal efficiency is equivalent to a direct injection engine [10], and it has the possibility of
using a variety of alternative fuels [11-17].

In studies on HCCI engines, it is shown that the new combustion model has so many diffe-
rent characteristics than the combustion model of traditional gasoline and diesel engines [18].
On the original gasoline engine, the flame spread film originates from the spark plug, while on the
engine operating with the HCCI principle, there is no spreading of the flame film in the cylinder;
the combustion process takes place simultaneously in all positions. In the cylinder (in this case, the
spark plug does not ignite; the spark plug serves for the transition between the normal mode and
the HCCI mode). Similar to gasoline engines, but different from conventional diesel engines, with
HCCI engines, the fuel and air mixture is preformed (in the intake manifold or in the cylinder).
After that, the mixture compressed up to the auto-ignition temperature at the end of the compres-
sion stroke, similar to that of a diesel engine. In addition, it is possible to increase the mixture
temperature at the end of the intake process by heating the intake air, heating it with a spark plug,
or using leftover air in the cylinder. All of these methods can help the mixture reach the ignition
temperature more quickly and become more homogeneous.

However, there are still many problems to be solved for HCCI engines, such as the inability
to control combustion directly, high CO and HC emissions, and a concentrated working area at low
loads. The problem of controlling the start of combustion on HCCI engines is not as simple as on
gasoline and diesel engines; it is necessary to ensure the properties of the mixture so that the start
of combustion is near the TDC. On gasoline engines, part of the fuel-air mixture gets stuck in the
interstitial joints; when the piston goes down, this component will be ignited due to the high tem-
perature (greater than 2500 K). However, on HCCI engines, the combustion temperature is very
low (less than 1800 K), so this mixture is not decomposed, and CO and HC emissions are high.
At low loads, the maximum temperature value is very small (only about 1200 K), not enough for
CO to convert into CO,, so the auto ignition process is more difficult. At high load, because the
mixture is burned at the same time, the heat release rate is very fast, and the pressure increase rate
is large, which adversely affects the engine. The working area of the HCCI engine is limited by two
factors: no ignition and «knocking» at high speeds. The mixture is more difficult to auto-ignite
because there is not enough time to react [19]. In comparison with previous studies about HCCI
engines, this research applied the EGR strategy method and used N-heptane as fuel to increase the
homogeneous air-fuel mixture and decrease NO, emissions. Using N-heptane fuel is an effective
method to reduce knocking happen. Due to the high latent heat of evaporation, the evaporation
process of n-heptane in the intake pipe results in lowering of the intake air temperature, which
can negatively affect the auto-ignition process of the fuel-air mixture in the combustion chamber.

In this study, let’s present a method to convert a traditional diesel engine to operate under
HCCI combustion through exhaust gas recirculation, with the desire to expand the HCCI com-
bustion process for traditional engines without having to change the construction of the original
engine. In order for the conversion engine to work, it is necessary to design a control system for the
engine. It includes the system to control the amount of circulating gas, the amount of fuel injected
in accordance with the modes of the engine, etc. The controller is prepared to be used for the test.
The fuel used for the engine is volatile and is supplied on the intake pipe outside the combustion
chamber. On the other hand, it is possible to investigate the influence of the recirculation gas ratio
on the ability to set the HCCI working mode at each speed mode of the engine. Testing was con-
ducted on diesel engines currently circulating in Vietnam.

2. Materials and methods

The test engine (Kubota BD178F (E)) in this study is a 1-cylinder diesel engine that is
1 cylinder, 4-stroke, non-turbocharged, and air-cooled with an improved intake manifold to con-
vert to combustion mode due to homogeneous charge compression ignition characteristics (Fig. 1).
The engine specification is as shown in Table 1. The fuel used in the experiment is n-heptane; the
characteristics of the fuel are shown in Table 2. The conversion engine is tested with 1200 rpm
to 2800 rpm speed modes, a 400 rpm split point, 50 % load, 0 % to 30 % increased EGR rates, and
a 5 % EGR split point (Table 3).
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Fig. 1. The experimental system
Table 1
Specification of the test diesel engine
Parameter Value
Displaced volume 273 cm?
Type of engine Direct Injection, naturally aspirated
Stroke 57 mm
Bore 78 mm
Compression ratio 20:1
Number of valves 2
Rated power/speed 4.4 kW/3600 rpm
Max. torque/speed 13 Nm/2000 rpm
Table 2
Specification of n-heptan
No. Property Unit Test method Value
1 Chemical formula - - n-C7Hi¢
2 Kinematic viscosity at 40 °C mm?/s ASTM D445-00 0.567
3 Flash point °C ASTM D93-02 —4
4 Proportion at 15 °C g/em? ASTM D1298-05 0.68873
5 Steam pressure at 37.8 °C PSIG ASTM D323-99 1.8
6 Heat value Kcal/kg ASTM D240-02 11.125
7 Content n-heptan % GC/MS 975
8 Cetane number - - 56
9 A/F value - - 15132
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Table 3
Experimental modes
Rate EGR (%) Speed engine (rpm)
1200 1600 2000 2400 2800

10 X X X X X
15 X X X X X
20 X X X X X
25 X X X X X
30 X X X - -

The schematic diagram of the control program built for the HCCI engine converted from
a diesel engine is shown in Fig. 2. The set signal entered through the control computer is compared
with the signal collected from the sensor’s crankshaft and camshaft plates to give control signals to
the injectors and EGR valves. The signals collected from the camshaft and crankshaft sensors are
processed before being compared with the reference signal.

Injection time, injection mass
and valve opening EGR

Set signal

Camshaft sensor Determine the time Cglculate Injection

between pulses engine speed Compare control

set value
with actual

Check b T Worki value EGR val
Crankshaft sensor eck between rue orking valve

two signals system control

False Error and Output results
system stop

Fig. 2. Structure diagram of the program to control the fuel injection system and control
the amount of exhaust gas recirculation on the HCCI engine

DW16 engine test bench: the test bench used during the experiment is an eddy current dyna-
mometer-type engine test bench, denoted DW 16. Eddy current dynamometer test benches usually
have a simple structure and a consistent delay. Small size, large torque measurement, high speed,
good adaptability to motors, fast response speed, can work for a long time, easy maintenance and
repair, besides the benefits The advantage of the DW 16 test bench is that it can determine the
technical features of engines with small capacity or engines working in a narrow and small power
range. The DW 16 test bench can test motors with a maximum torque of 70 Nm and a maximum
power of 16 kW, and the speed of the bench varies from 0 to 13,000 rpm with an accuracy of 0.1 %.

CEBA-II gas analysis cabinet: the CEB-II exhaust gas analysis cabinet (Combustion Emis-
sion Bench) is a system that includes all modules that perform the analysis of exhaust gas com-
ponents (analyzers) and other devices and equipment to ensure the correct working conditions
of the system, such as the heating block (HSU), diagnostic block, control block, etc. In addition,
the analysis cabinet is also equipped with an industrial computer with GEM110 control software.
The connection of the control computer to the analyzers is done via digital signals. Depending on
the analyzer, it can be connected to the computer via CAN, LON network, or RS232 serial cable.
Analyzers installed in the cabinet are used to measure components in exhaust gases such as carbon
monoxide (CO), carbon dioxide (CO,), oxygen (O,), nitrogen oxides (NO and NO,), and carbon
hydrides (HC). They also measure the air residue coefficient with an accuracy of 0.1 %.
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Smoke meter device: when a certain amount of exhaust gas passes through a standard filter
paper membrane, PM will be retained, causing the filter paper to turn black. The determined black-
ness of the filter paper will reflect the smoke level of the exhaust gas. The Smoke Meter AVL 415
device has a measuring range from 0 to 9.99 FSN (filter smoke number) or from 0 to 3199 mg/m?
with an accuracy of 0.1 %.

Pressure measuring sensor: QC33C cylinder pressure sensor, measuring range 0+200 bar,
sampling with resolution of 0.5 degrees crankshaft rotation angle, data acquisition device of pres-
sure sensor with Indiwin software.

The n-heptane fuel injection process is based on the control system with the diagram shown
in Fig. 3. The injection signal is connected to number 19 port of the microprocessor. To perform the
fuel injection process, the microprocessor receives information about temperature, pressure, n-hep-
tane fuel speed, throttle position, temperature, and intake air pressure through ports from 35 to 40.
To maintain n-heptane fuel pressure before the injector, the fuel injection pressure is maintained
at bar and is controlled via the microprocessor via port 22. In addition, to ensure for the safety of
the control system, relays number 1 and 2 are used.
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Fig. 3. N-heptane fuel injection control system for HCCI engine

In Fig. 4, the microprocessor and EGR valve opening results are displayed on the test engine.
By using the display screen in the experiment, the opening of the EGR valve can be easily con-
trolled and adjusted to suit the working mode of the engine.
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Fig. 4. Microprocessor and display of exhaust gas recirculation valve opening results
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3. Results and discussions

In this section, the results are presented at 50 % load, speeds of 1200—-2800 rpm, and diffe-
rent EGR rates to evaluate the maximum performance of the HCCI engine. The specific results are
as follows: in Fig. 5 it is shown that when the EGR rate increases gradually, which is the result of
the pressure rise rate at low speeds (1200—1600 rpm), the engine tends to knock, and the test engine
at this moment appears to vibrate. At speeds less than 2400 rpm, the test engine operates stably, but
at 2800 rpm, it cannot be maintained well because the pressure rise rate gradually decreases and
the pressure rise rate decreases so fast when increasing the EGR rate. If the EGR rate increases to
30 %, the test engine will not maintain the HCCI combustion process at 2400 rpm.
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Fig. 5. The effect of exhaust gas recirculation rate on pressure rise rate with various exhaust gas
recirculation rates: a — 10 % EGR rate; b — 15 % EGR rate; ¢ — 20 % EGR rate;
d —25 % EGR rate; e — 30 % EGR rate

Fig. 6 shows that when the EGR rate increases from 10 % EGR to 25 % EGR, the results of
the heat release rate of HCCI curves at small and medium engine speeds (1200-2000 rpm) follow
the theory of the HCCI combustion characteristics. The rate of heat release of HCCI curves had two
flames that formed a cold and hot flame, which correspond to the cold flame start of combustion
and the hot flame start of combustion. But at higher engine speeds (2400-2800 rpm) and when the
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EGR rate is greater than 30 %, diffuse combustion (similar to the combustion process in a tradi-
tional diesel engine) occurs at the end of the hot flame’s burning phase, so it tends to be difficult
to maintain the HCCI combustion characteristics. At the same time, when gradually increasing
the rate of EGR, the maximum value of the rate of heat release gradually decreases, and the time
of reaching the maximum value of the rate of heat release is also later, which adversely affects the
technical parameters of the HCCI engine.
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Fig. 6. The effect of the exhaust gas recirculation rate on the rate of heat release with various
exhaust gas recirculation rates: @ — 10 % EGR rate; b — 15 % EGR rate; ¢ — 20 % EGR rate;
d—25 % EGR rate; e — 30 % EGR rate

Fig. 7 shows the result of the start of combustion of the HCCI engine at different EGR rates,
and it is found that, without the addition of exhaust gas recirculation, the start of combustion of
the cold flame (SOC1) and the hot flame (SOC2) takes place comes out early before the top dead
center, when gradually increasing the EGR rate, the start of combustion is gradually later because
the exhaust gas returns to mix with the new intake air to dilute the intake air, the combustion
speed decreases, but at a speed of 2400+2800 rpm and the recycling rate is greater than 30 %,
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the density of inert gas in the recirculation gas increases, the mixing time between fuel and air
decreases, leading to the failure to maintain HCCI combustion characteristics. The start of combus-
tion of the hot flame still occurs early before the top dead center, this is a factor affecting the tech-
nical parameters of the HCCI engine, at this time, the process of both combustion and compression
will waste compression, leading to reduced engine power.
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Fig. 7. The effect of exhaust gas recirculation rates on Start of combustion
of cool flame and hot flame

Fig. 8 shows the result of the engine torque at the studied speeds when changing the
EGR ratio. The torque values of the engine when conducting the experiment to convert a traditional
diesel engine to operate according to HCCI combustion characteristics will be kept so that they are
equivalent to the original engine, that is, 50 % of the engine loads calculated equivalent to 50 %
of the effective torque value of the original diesel engine. The specific value is 6.2 Nm. In order
to keep the useful torque value of the HCCI engine, the amount of fuel will be gradually adjusted
in increasing speed mode. When compared to the original engine, when the EGR rate is less than
15 %, the HCCI engine maintains the same or better torque value due to the later start of combustion.
The pressure rise rate and rate of heat release of the HCCI have a great value. In 20 % EGR, HCCI
engines tend to reduce torque due to inert gas components in the cyclic gas making the combustion
process worse.
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Fig. 8. The effect of exhaust gas recirculation rate on the engine torque

The results in Fig. 9 show the value of the indicator efficiency of the HCCI engine when
gradually increasing the EGR rate. The HCCI engine had a higher indicator efficiency than the
traditional engine because of the following reasons: The first is that increasing the EGR rate has
adjusted the start of combustion to be later, which helps the combustion process be better, reduces
the work of the compression process, and increases the work of the work process, so the indicator
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performance has a better value. The second is that the engine operating according to the HCCI
combustion characteristics will normally burn cleaner. However, when increasing the EGR rate by
more than 25 %, the indicator efficiency decreases rapidly due to the inert gas composition in the
circulating gas, which makes the combustion process worse and reduces the pressure rise rate and
heat release value. A high proportion of inert gas makes the mixture thinner, so the combustion
process takes place later and worse, leading to reduced efficiency.
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Fig. 9. The effect of exhaust gas recirculation rate on the engine indicated efficiency

The results in Fig. 10, 11 show the CO and HC emissions of the HCCI engine when increas-
ing the EGR rate. Both of these emissions tend to increase gradually when increasing the EGR
rate and the speed of the engine. The HC and CO emissions increased for the following reasons:
the first is that when the EGR rate increases, the inert gas in the intake air ratio increases, and the
reaction rate of fuel and air decreases. The second is that if engine speeds increase, the time spent
mixing fuel and air will be reduced. At each EGR ratio value, when the speed increases, CO and
HC decrease due to the influence of high vortex intensity, so it burns better.
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Fig. 10. The effect of exhaust gas recirculation rates on the indicated efficiency
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Fig. 11. The effect of exhaust gas recirculation rates on the indicated efficiency
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Fig. 12 presents the NO, emissions of the HCCI engine with increasing EGR rates.
The NO, emissions tend to increase when the EGR ratio increases from 0-25 %, but the NO,
decreases when the EGR rate is greater than 25 %. Because when the EGR rate is greater than
25 %, it will reduce the purity of the combustible gas mixture, which affects the quality of the
fuel combustion process and leads to a decrease in the maximum combustion temperature and
thermal efficiency of the engine (Fig. 9). The NO, emission had a lower value when compared to
the original engine due to the following reasons: the first, If the engine combustion is according to
the combustion characteristics of HCCI, the combustion temperature will be lower than that of the
original engine, so NO, will be lowed. Secondly, when increasing the amount of circulating gas,
it dilutes the intake air, leading to a decrease in the rate of nitrogen oxidation, thereby reducing
NO, emissions.
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Fig. 12. The effect of exhaust gas recirculation rates on the indicated efficiency

The results in Fig. 13 show that CO, emissions from HCCI engines tend to increase gra-
dually when increasing the EGR rate and engine speed. The reason for the increased CO, emis-
sions of the HCCI was the increased amount of fuel required to maintain the same torque as the
original engine.
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Fig. 13. The effect of exhaust gas recirculation rates on CO, emission

Fig. 14 is the result of the ratio between the actual amount of air divided by the theoretical
amount of air required to completely burn 1 kg of fuel (A) when changing the EGR rate. The results
show that when increasing the EGR rate, the amount of circulating air takes the place of the intake
air on the intake manifold, so the actual amount of air into the cylinder of the engine is reduced
compared to the theoretical air volume, so A gradually decreases at all test speed modes. With the
EGR rate from 25 % to 30 %, the A has a low value; it closes to 1, which means it is close to the
black smoke characteristic curve, so the engine does not operate stably at the higher EGR rates.
The technical parameters of the HCCI engine are reduced, the indicated pressure decreases, and the
working of the HCCI engine is no longer reliable.
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Fig. 14. The effect of exhaust gas recirculation rates on the A

This research was successful in presenting the effect of EGR strategies on the HCCI engine’s
performance with n-heptane fuel injection. A diesel engine that is 1 cylinder, 4-stroke was converted
to combustion mode due to homogeneous charge compression ignition characteristics, which helped
reduce NO, emissions when compared to the original engine. The limitation of this study is that
the engine performance has not been investigated in all part load conditions. The engine speed was
limited until 2800 rpm, so the engine operation condition in which the auto-ignition happened was
not clearly and fully presented. In this research, the effect of EGR on the PM and auto-ignition is
a limitation, so in the next research, this limitation will be elucidated.

4. Conclusions

Experimental results on the HCCI engine when controlling the change of the exhaust gas recir-
culation ratio in terms of combustion characteristics, start of combustion, torque, indicator efficiency,
and emissions at 50 % load at engine speed from 1200 rpm to 2800 rpm were as follows:

— When EGR rate is more than 30 %, the engine operates stably according to the HCCI
combustion characteristic at speeds lower 2400 rpm. When engine speeds higher than 2400 rpm the
HCCI combustion characteristic is unstable, the torque and the indicator efficiency decrease rapidly.

— The increase in EGR rate leads to a gradual delay in the start of combustion, which helps
to improve the technical features of the HCCI engine.

— When the HCCI engine increases the EGR rate, the coefficient A gradually decreases to
close to the black smoke characteristic curve, so it is not possible to increase the exhaust gas recir-
culation rate any more. The increase in EGR rate causes CO, HC, and CO, emissions to increase.
The NO, emissions tend to increase when the EGR ratio increases from 0-25 %, but when the EGR
rate is greater than 25 %, NO, decreases. The NO, emission of the HCCI engine is very small com-
pared to that of the original engine at all engine speeds and EGR rates.
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