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Abstract

Effects of Combustion Characteristics on Combustion

Noise in Diesel Engines

Seunghyun Lee

Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

The demand of diesel engines for passenger cars has increased due to their higher
thermal efficiency, however, diesel engines have weaknesses; namely, the engine
noise and the vibration. Especially, the combustion noise is significantly louder than
that of gasoline engines due to their different combustion modes. In diesel engines,
some fuel, which are already mixed with air, are rapidly burned after the ignition delay
in the premixed combustion phase and the components of the engine block experience
a rapid pressure rise, which is known as the main source of combustion noise. In this
study, the relation between combustion characteristics and in-cylinder pressure
excitation was investigated. In addition, the combustion characteristics of lower level
excitation were studied. Finally, the closed control system using combustion noise
index was developed to reduce the combustion noise.

In this study, a 1.6 liter diesel engine was used. The in-cylinder pressure, exhaust
emissions and smoke were measured. Rapid prototype controller was used for the real
time control system. Furthermore, a vehicle, which was equipped with the same
engine, was used for bench test as well as the vehicle test.

The main source of combustion noise is from the in-cylinder pressure variation.
The pressure is also affected by the change in heat release rate. Thus, in this study, the
relation between the shape of heat release rate and the pressure excitation
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characteristics were studied. Through an engine experiment, it is hard to change the
shape of heat release rate as we wish. Thus, the heat release rate was simulated by
Wiebe functions. The 3 Wiebe functions are generally used to describe the diesel
combustion. The pressure curve was reproduced by using the simulated heat release
rate. Frequency analysis, FFT and 1/3 octave band analysis, were conducted to
evaluate the excitation of the pressure curve. When more fuel was burned rapidly, the
excitation level increased. When the combustion duration increased or the fuel
guantity decreased, the combustion noise decreased. However, the start of combustion
did not affect the combustion noise much. Pilot injection, which was used to reduce
the combustion noise, decreased the combustion excitation of main combustion
injection. However, the combustion of pilot injection considerably affected the total
excitation.

The shape of heat release rate for reduction of combustion noise was investigated.
When the combustion duration became long and the fuel was burned moderately, the
combustion noise decreased. In addition, the split injection of the main injection
effectively reduced the excitation. When 30% fuel was burned early, the rest of fuel
continuously burned and the combustion noise was dramatically reduced with the
same IMEP.

The injection strategies for the engine noise reduction was examined via engine
bench tests. When injection parameters, SOI, swirl, injection pressure and EGR rate,
were changed, the heat release shape and excitation characteristics were studied. The
combustion noise could not be reduced from changing them without an emission
deterioration. To prevent a formation of more emission and to reduce the combustion
noise, early pilot injection strategy was applied. When the pilot injection gquantity
increased, the main injection fuel was burned smoothly. However, an increase of pilot
injection quantity was anticipated to produce more smoke. To solve this dilemma, the
early injection concept was applied to pilot injection because the combustion noise
can be reduced without an emission increase through an early pilot injection.

Finally, a closed loop control system using CNI was developed for the reduction
of combustion noise. The controller, which can measure the in-cylinder pressure and

iii
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calculate CNI in real time, were developed using NI-PXI and LabVIEW. The
combustion controller, which can modify the injection strategies, was developed using
ES1000 and ASCET. SOl, injection pressure and pilot quantity were used as control
parameters. The system applied to a vehicle. The current CNI level could be controlled
to follow the target value in a transient operation. At that time, 1.2~2 kHz frequency
of the cabin noise in the vehicle was reduced down to 4 dBA.

Keywords: Diesel engine, Combustion noise, Heat release rate, Closed loop
control, Combustion noise reduction, Injection strategy.

Student Number: 2013-30207
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Chapter 1. Introduction

1.1 Background and Motivation

1.1.1 Motivation

It is important to improve the fuel efficiency of manufactured vehicles because
of the strict CO2 emission regulations. Diesel engines have been rapidly substituted
for gasoline engines in light duty vehicles due to the potential for lower BSFC.
However, diesel engines emit more NOx and PM emissions. Moreover, their noise
and vibration are severe. Most countries have emission standard law, and numerous
engineers have made an effort to meet them. Many equipment such as, EGR system,
DPF, LNT and SCR have been developed and adopted in diesel engines to reduce

emissions.[1]

The regulations for noise are usually not as stringent and only the exterior noise
is restrained. The interior noise is rarely regulated. However, the interior noise directly
affects consumer preference as well as the performance power and the fuel efficiency.
When drivers and passengers ride in the vehicle to travel, they are kept in a confined
space. Thus, a majority of consumers looks for comfort and reasonably quiet engine
noise and vibration. They have requested quiet diesel engines and many efforts have

been made to meet such demands.



1.1.2 Engine noise classification

Engine noise is classified into mechanical noise, aerodynamic noise and
combustion noise shown in figure 1.1. [2] Mechanical noise which is produced by
vibration or impact of motion engine components, includes valve train noise, timing
system noise. These sounds are produced by the inertia force of engine components
and becomes louder with an increasing speed. It is usually the main noise source
during high-speed operations. Aerodynamic noise is mainly emitted by the pressure
pulse, flow friction and turbulence of air and exhaust gas during the intake and exhaust
processes. The aerodynamic noise could affect pass-by noise as well as the interior
noise, however there is a trade-off between a reduction of the noise and an
improvement of volumetric efficiency. The combustion noise is generated by the
combustion process in cylinders. The combustion noise can be broken down into

direct and indirect combustion noise. [3]

The direct combustion noise can be defined as the structure-borne noise
originated by the gas pressure change in the combustion chambers. The direct
combustion noise is radiated throughout the piston, the connecting rods, the crank
shaft and the engine block. The rapid pressure change in the cylinder impacts the
cylinder walls and makes a dynamic load on the engine parts. Moreover, a local
pressure rise in the combustion chamber produces an impulsive pressure wave. The
pressure wave then creates a high frequency oscillation through many reflections in

the cylinder. [4]

The indirect combustion noise is not excited by the gas pressure but influenced
by the combustion characteristics. The indirect combustion includes piston noise,

crank shaft noise and the main bearing noise. The piston noise is the most dominant.

(25 A=detw



The piston impacts the cylinder wall through the secondary motion. This occurs
especially when the direction of the piston movement is downward around TDC. The
contacted wall side then changes to the opposite side, the piston strikes the cylinder
wall and a harsh noise is generated. The secondary motion of the piston impacts the
wall 2 ~ 10 times in each cycle and the noise level increases with the in-cylinder

pressure increase. [3-9]

The combustion noise occurs at mid and high frequencies, which are both
sensitive regions for human ears. The noise adversely affects the sound quality of a
diesel engine. The combustion noise needs to be reduced through a combustion

optimization.
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1.1.3 Relation between engine noise and combustion

The combustion noise of diesel engine is usually louder than that of a gasoline
engine due to a higher maximum in-cylinder pressure and the rapid pressure rise.
Diesel engine has a higher compression ratio in order to improve thermal efficiency
and combustion stability for auto-ignition. The rapid pressure rise originates from the
rapid combustion in the early process of diesel combustion, which is the premixed
combustion phase. Figure 1.2 shows the in-cylinder pressures and heat release rate of

a diesel engine and a gasoline engine.

Diesel combustion consists of ignition delay, premixed combustion, mixing
control combustion and late combustion. The injected fuel at high in-cylinder
temperature and pressure undergoes both a chemical ignition delay and a physical
ignition delay to be atomized, vaporized, and mixed with air. After the delay, auto-
ignition is commenced, and some of fuel mixed air is simultaneously combusted; the
combustion chamber suffers from a rapid rise in pressure. The dynamic load excites
the cylinder wall and the piston; therefore, the vibration is transferred via the
connecting rod, the crank shaft and the engine block. If more fuel is combusted in the
premixed combustion phase, the combustion chamber will experience a higher
dynamic load caused by a rapid pressure rise. As a result, more combustion noise will
be generated. The ignition delay is a main parameter to affect the combustion noise
emission, because the longer ignition delay supplies the more time to be prepared to

be combusted.

Ignition delay is affected by the temperature, pressure and oxygen concentration
in a cylinder. Thus, the compression ratio, injection timing and engine load which

affect in-cylinder air temperature and pressure, are directly correlated. The higher



compression ratio increases temperature and pressure. Injection timing can change the
in-cylinder pressure temperature and pressure when fuel injection starts; a too early
or a too late injection can increase the ignition delay. The higher engine load leads to
a temperature increase of the cylinder wall, the piston and the EGR gas, which can
make the in-cylinder temperature and pressure higher. In addition, the delay is affected
by the oxygen concentration. The high level EGR rate to reduce NOx emission
increases the ignition delay by reducing the concentration. The combustion noise is
mainly generated at low- and mid-engine speeds and loads that are related to long
ignition delays due to deceased oxygen concentration with higher EGR rate level. [10-
17]
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1.1.4 Reduction of combustion noise

The rapid pressure rise in cylinder is a source of combustion noise and it is caused
by the rapid combustion. Thus, it is important to make the combustion speed slow in
order to reduce combustion noise. As referred above, a rapid combustion in the
premixed combustion phase in diesel engine combustion process, thus more fuel is

burned, more rapid combustion is occurred.

Pilot injection is an effective way to reduce combustion noise because the
combustion of pilot injection causes increasing temperature and pressure in the
combustion chamber and shortens the ignition delay of the main injection when it
starts. As a result, the amount of fuel injected during the ignition delay is greatly
reduced and a smoother increase of in-cylinder pressure is obtained. The common rail
system enables the control injection strategy such as injection number, pressure and
timing. As a result, pilot injection could be applied to reduce the combustion noise.
[18-23]

The other way to reduce the fuel quantity combusted in the premixed phase is to
reduce the injection quantity of fuel. The rate shaping is an injection system which
can control the injection rate. In the early process of injection, the rate is controlled to
be reduced, after SOC the injection rate increase to inject target fuel quantity. As a
result, the heat release rate could be controlled not to be harsh. Digital rate shaping is
able to control the burning rate. Using the special injectors which have a very short
dwell time, many injections are occurred instead of a conventional main injection. As
a result, the fuel quantity, which is burned rapidly, reduces and the heat release rate

can be kept a moderate level. [24-28]



1.1.5 Noise evaluation method

1.1.5.1 Engine noise evaluation method

The engine noise measurements require an expensive facility for testing, such as
an anechoic room and microphones. Moreover, the separation of the combustion noise
is difficult work. To overcome the shortage, the method using the in-cylinder pressure
has been introduced. The pressure curve, the exciting source, is transferred through
the engine parts and emitted from the block surface. In this process, the original
excitation is attenuated according to the transfer characteristics of the parts. Both the
pressure curve and the transfer characteristics can be presented as a function of
frequency. If the attenuation characteristics are known and the in-cylinder pressure is
measured, the noise can be estimated. Another method to evaluate noise via the in-
cylinder pressure signal is using the regression equation of the variables that are the
dominant parameters for combustion noise intensity such as the maximum pressure,
the maximum pressure rise. These are effective evaluation techniques for research and
development on improving combustion noise because engine noise can accurately and

simply be estimated by measuring the in-cylinder pressure. [29-37]

1.1.5.2 Combustion noise index (CNI)

The engine noise has to be measured in a free field above a reflecting plane to
obtain reliable results. However, the facility is expensive and needs a large space.

Moreover, the many dynamometers which were previously used in facilities were not



the correct type for transient testing. Thus, evaluation methodologies using in-cylinder
pressure sensors instead of microphones have been developed. [38] In this study, the
CNI was used for the combustion noise evaluation, which was introduced by Jung et
al. The in-cylinder signal, functions of time, was converted to functions of frequency
by the FFT. Then, the CNI was calculated through the summation of the 1~3.15 kHz
range of the one third octave band level. The frequency range has a strong correlation
with the combustion noise. Each octave band values are summed using a logarithm
(equation 8). Actually, the CNI could not accurately evaluate the noise like as
measuring with microphones. However, the CNI is able to represent the combustion
noise level because the tendencies of the relation between the CNI and the combustion
noise level are consistent. As shown in figure 1.3, the CNI has a good correlation with
the measured combustion noise for broad sound level. Moreover, the correlation was
kept even throughout the injection parameter change. Therefore, a relative comparison

is possible, though an absolute comparison is difficult to achieve using the CNI. [39]

CNI (dB) — 10 Iog(lolkHzlevelllo + 101.25kHZ level /10 deeet 103.l5kHZ|Eve|/10) (1.1)
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1.1.6 Closed loop control

The control of modern Diesel engines involves a large number of parameters,
such as the start of injection, the EGR rate, the injection pressure, and the fuel quantity,
etc. These parameters must be controlled for the engine to be operated in an optimal
state. Some of these parameters are controlled in open-loop control, and others are
controlled in closed-loop control mode. Open-loop control provides a fast response
and a relatively easy control. However, it cannot handle changes in state caused by
variating conditions such as aging of the injectors and fuel quality. On the other hand,
closed-loop control monitors the present state so that any changes in conditions can
be considered in the control mechanism. For Diesel engines, many studies have
utilized closed-loop control with the closed loop collecting combustion state
information as feedback. Combustion state information can be obtained directly from
the in-cylinder pressure or indirectly from the combustion noise and vibration. For an
indirect method, an accelerometer is used to measure vibration from the engine head
or the surface of blocks and information can be obtained from these signals. This
method is economically affordable due to the fact that combustion information of
multi cylinders can be extracted by one accelerometer but obtainable information is
limited and signals can be distorted by any noise source. Using the in-cylinder
pressure is the most reliable method as well as a direct method. The rate of heat release
(RoHR) can be calculated from the pressure data, and then a combustion parameter of
interest, such as the 50 % mass fraction burned (MFB50), start of combustion (SOC)
or the location of peak pressure (LPP), can be calculated from the RoHR. The control

parameters are adjusted to set a target value for the combustion parameters. [40-42]

12



1.2 Objectives

The purpose of the present study is to look for a methodology to reduce
combustion noise in diesel engines. In this study, the relation between diesel engine
combustion and combustion noise was examined. Especially, the effects of the shape
of heat release rate on the excitations, which were caused by in-cylinder pressure
change, were investigated. In addition, the closed loop control system for the noise

reduction was developed.
The detailed objectives of this study are :

1. Investigating effect of heat release rate shape on excitation which is

generated by in-cylinder pressure change

2. Looking for the optimal shape to decrease the excitation

3. Evaluating effects of changes of injection strategies on heat release shape
and the excitation

4. Looking for the injection strategies to reduce combustion noise
5. Examining CNI characteristics change during transient operations

6. Adevelopment of closed loop control system using combustion noise index
for reduction of the noise

13



Chapter 2. Experimental Apparatus

2.1 Overall configuration

In this chapter, the experimental apparatus and test engine are introduced. The

figure 2.1 shows the schematic diagram of them.
2.1.1 Engine test bench cell

The engine test was conducted in a test bench cell equipped with dynamometer,
coolant controller, air conditioner, fuel controller and fuel meter. The engine was
coupled with a 340 kw AC dynamometer to control revolution speed and torque for
steady operations and transient operations. The specifications of the dynamometer is
shown in Table 2.1. In the facility, the air temperature was controlled at 25C. The
coolant temperature of the engine was controlled at 90 C during the experiment. The

diesel fuel temperature was also controlled at 40 °C.
2.1.2 Measurement of exhaust gas emissions

The composition of exhaust gas were measured during the test. Concentration of
02, CO2, NOx, THC and CO were measured by the exhaust gas analyzer (HORIBA,
MEXA-7100DEGR). PM was measured by a smoke meter. Tables 2.2 and 2.3 show
the specifications of smoke meter and the exhaust gas analyzer (HORIBA, MEXA-
7100DEGR). All species measured by the gas analyzer were measured in volume
fraction (vol % / ppm) in the wet condition and the PM was measured in FSN (Filtered

Smoke Number).

14
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Figure 2.1 Schematic diagram of engine test and measurement equipment
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Table 2.1 Specifications of dynamometer

Item Specification
Manufacturer AVL
PUMA 1.3 Test Automation
Model system
Capacity 340 kw
Type AC
Cooling Air cooling

Table 2.2 Specifications of smoke meter

Item Specification
Manufacturer AVL
Model AVL 415S

Measurement range

0~10FSN /0~ 32,000 mg/m?

Resolution

0.001 FSN /0.01 mg/m3

Repeatability

(as standard deviation)

o < 1(0.005FSN +3 %

of measured value)

Reproducibility

(as standard deviation)

o < +(0.005FSN +6 %

of measured value)

Table 2.3 Measurement principle of emission analyzer (MEXA-7100DEGR)

Emissions Measurement principle
NOx Chemiluminecent Detector
THC Flame lonization Detector

0,, COy, CO Non Dispersive Infrared Rays

16



2.2 Multi-cylinder Diesel engine

For this research, an in-line 4 cylinder 1.6 L Diesel engine was used. Figure 2.2
shows the target engine in this study. This engine has fuel injection equipment
including solenoide type injector, common rail and high pressure pump, which enable
injection pressure up to 1600 bar. A VGT(variable geometry turbocharger), a
oxidation catalyst and DPF(Diesel Particle Filter) also were equipped. Detailed

specifications of the engine is shown in Table 2.4.

17



Figure 2.2 1.6 L Diesel engine

Table 2.4 Specifications of diesel engine

Criteria Specification
Layout In-line 4 cylinder
Displacement volume 1582 cc
Max power 94 kW @ 4000 rpm
Max torque 26.5 kg.m @ 1900~2750 rpm
Bore 77.2 mm
Stroke 84.5 mm
Connecting rod 140 mm
Compression ratio 17.3
Fuel injector type Solenoid type
ECU version EDC 17

18



2.3 Combustion control system

Combustion control system consisted of a combustion analyzer and a combustion
controller. The combustion analyzer calculated combustion noise index by using in-
cylinder pressure signal and crank position signal. To calculate the combustion noise
index in real-time for each cycle, a NI-PXI, which can measure analog signals with
fast sampling rate and handle huge data processing, was used. The software was
developed in LabVIEW. The combustion controller was developed using ES1000,
which is a rapid prototype controller, because it can easily read and write values of
the control parameters of ECU memory by ETK communication. The software was
developed in ASCET. The calculated combustion noise index in NI-PXI was

transferred to combustion controller using CAN bus communication.

2.3.1 NI-PXI

PXI is a rugged PC-based platform for measurement and automation systems.
PXI1 combines PCI electrical-bus features with the modular, Eurocard packaging of
CompactPCI and then adds specialized synchronization buses and key software
features. The system which was used in this study included real time controller (NI
PX1-8119), FPGA board (NI PXI-7842) and CNI bus communication board (NI PXI-
8461). The pressure signal and CPS signal were measured using analog input channels
of the FPGA board. The measured signals was passed on real-time controller through
FIFO. The CNI was calculated in the real time controller and the result was sent by
the CAN bus board to combustion controller, ES-1000. Figure 2.3 shows the NI-PXI.

The detailed specifications are shown in table2.5

19



2.3.2 ES-1000

The combustion controller was developed using an ES1000. The ES1000 was a
platform which consists of various function boards. In this research, a simulation
board, CAN bus communication board, analog input board and ETK communication
board were used. The simulation board is a rapid prototype controller which has real-
time OS. It operates the combustion control algorithm which was developed in
ASCET. The CAN bus communication board was used for data transfer from NI-PXI.
ETK communication board was used to read and write values of ECU engine
operating parameters. The combustion control algorithm was coded by using ASCET.
ASCET is a model-based development of application software for embedded systems.
It was designed to develop software for the automotive industry. The application
software can be coded using block diagrams, state machine and C code and automatic

code generation for rapid prototype is accessible.

2.3.3 Pressure sensor

The in-cylinder pressure measurement is an important part because combustion
noise index was calculated by using the measurement. Therefore, the quality of the
combustion control was determined by a great extent of the quality of the measured
in-cylinder pressure signal. The pressure was measured by using a pressure sensor,
Kistler type-6056. The sensor was installed using a glow plug adopter, which has a

shape of a glowplug, and it was mounted in the 1% cylinder instead of the glowplug.

20



The charge signal from the sensor was converted to analog voltage signal through a

charge amplifier. The converted signal was measured by the FPGA board of NI-PXI.

21



Table 2.5 Specifications of NI PXI

Criteria

Specification

PXI Controller

2.3 GHz quad-core Intel Core i7-3610QE processor

Board
4GB, 1600 MHz DDR3 RAM
(NI PXI-8119)
8 analog inputs, independent sampling rates up to 200
kHz, 16-bit resolution, £10 V
8 analog outputs, independent update rates up to 1 MHz,
FPGA board 16-bit resolution, +10 V

(NI PX1-7842R)

96 digital lines configurable as inputs, outputs, counters,
or custom logic at rates up to 40 MHz
Virtex-5 LX50 FPGA programmable FPGA Module
3 DMA channels for high-speed data streaming

CAN board
(NI'PXI1-8461/2)

2 CH, 1 MBit/s
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Table 2.6 Specifications of ES1000

Criteria Specification
CPU 1 GHz
Simulation Board
RAM 256 MB SDRAM
A/D board 16 CH, 100 kHz/CH
D/A board 8CH
16 CH input, 16 CH output
Digital and PWM Channel _
2 external trigger
I/O board
Frequency 1 Hz to 60 kHz

CAN Communication

4 CAN signal

ETK Communication

1 CH, 100 MBit/s

23
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Figure 2.3 In-cylinder pressure sensor and glow plug adopter

Table 2.7 Specifications of in-cylinder pressure sensor

Criteria Specification
Measuring range 0~250 bar
Sensitivity 20 pC/bar
Operating temperature range -20~350 eC
Sensitivity shift <+ 05%
Short term drift <+ 0.5% bar
Weight with cable 3049
24



Chapter 3. Relation between diesel combustion and

combustion noise

3.1 Simulation of heat release rate using Wiebe functions

The in-cylinder pressure variation, which is the main source of combustion noise,
was produced by the heat released from burning fuel. Thus, the shape of heat release
rate directly affects combustion noise. However, it is very difficult to evaluate effect
of shapes on combustion noise by experimentally changing them. Most of combustion
control parameters, such as the pilot injection, boost pressure, SOC and compression
ratio, are strongly dependent and affect the shape of heat release rate. Thus, the heat
release rate was simulated using Wiebe function to unconstrainedly change the shape.
In this chapter, the effects of shape of heat release rate on combustion noise index
were examined and the better shapes of heat release rate to reduce the combustion
noise were found by using the Wiebe function. The figure 3.1 shows the process of

heat release rate simulation and pressure Diesel combustion and Wiebe function.
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The Wiebe function has been used to predict the pressure curve and temperatures
in many other researches. The equation (3.1) shows the Wiebe function. The
coefficient “‘a’ and ‘m’ are related to combustion characteristics and “6 j,,-qtion’ MeaNS
the combustion duration. Since the function converges to 1, the total heat can be
multiplied. The equation (3.2) shows heat release per crank angle degree when the

total heat is Q;otqi-

G_BSOC m+1]

Oduration

X=1-exp [—a . (3.1)

d_Q =a- (m + 1) ' ( QtOtal ) . <(9 — 950C)>m ‘| exp|—a- <(9 — 91) >m+1
dé eduration eduration Hduration

(3.2)

The diesel engine combustion can be divided into 3 phases, which are premixed
combustion, mixing controlled combustion and late combustion. Each phase has
different characteristics, start timing of combustion, burning rate and combustion
duration. The rapid combustions were shown during the short period in premixed
combustion phase. On the other hand, diffusive combustion has a relatively long
combustion duration because it needs extra time to be mixed with air. Therefore,
simulating diesel combustion using single Wiebe function was hard to be coincided
with the experimental results. Thus, Ghojel at el. used double Wiebe function to
describe the premixed combustion and diffusive combustion independently [43].
However, since the late combustion has a much longer combustion period than the

mixing controlled combustion, they have to be considered separately to improve the
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accuracy of the simulation. Hence, three of Wiebe function were used to simulate
diesel combustion in this study. They can be summed linearly, thus the equation is
shown as equations (3.3) and (3.4). [44-46]

0-0; m;+1
X=Y,1—exp [—ai P00 ] (3.3
ei,duration
d_Q —\'.A.. . . Qitotal . (B_Gi,soc) m .
ae B Zl % (ml + 1) (ei,duration) <9i,duration)
m;+1
(ool
gi,duration
(3.4)

3.1.1 Validation for the simulation of the heat release rate

The simulated heat release rate curves were compared with the experiment
results. The experimental cases are shown Table 3.1. The engine speed was 1500 rpm
and fuel quantity was 15 mg. To find a variation of heat release rate when the injection
strategies are changed. The parameters, SOI, injection pressure, swirl intensity and
EGR rate, which are used to affect combustion characteristics, were changed. The heat
release rates were calculated by equation (3.5). Note that heat transfer was not

considered.

aQ _ (v \,&v 1 4P
a6 (y—1)p T y—1 Ve (3.5)
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The Wiebe functions were fitted to experimental heat release rates. The fitting
was executed for only the main combustion, thought the double pilot injection were
included in the experimental results. Figure 3.1 shows the results of fitting. The Wiebe
functions were able to describe real heat release rate. Table 3.1 shows coefficients
values. One wiebe function has five coefficients, thus triple Wiebe function has 15
coefficients. To minimize the difference of the simulated heat release rate and the real
heat release rate, ‘fmincon’ function of Matlab was used. Table 3.2 shows the results
of validation. “my;.emixeq” Was varied from 2.44 t0 5, ‘M xing’ from 0.4 to 0.8 and
Mmyge "Was not significantly varied; however, the variation was just about 1.
‘Opremixed,duration. Was varied from 11.9 to 14.5, “Opemixed,duration’ from 25.8 to

29.2 and *O4te quration’ from 62.2 to 70. 91.
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Figure 3.2 Heat release rate simulation using three of Wiebe functions

Table 3.1 Experiment condition for Validation for the simulation of the heat release

rate
Injection Parameter Variation
Main Fuel Quantity +1.5mg
Main Injection Timing T3 CAD
Injection pressure +100 bar
Swirl valve +20%p / + 40%p
Pilot Quantity +0.3mg
Pilot Injection Timing +2/+4
EGR rate + 5%p
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Table 3.2 Results of validation for the simulation of the heat release rate

Coefficients of Wiebe function

A m SOC Duration Q Q ratio

Low 6.7 2.1 1.7 11.2 437 0.3
Premixed

Upper 7.1 5 7.1 14.6 533 0.4

Low 7 0.4 55 23.1 437 0.3
Diffusion

Upper 7 0.8 15 29.4 533 0.4

Low 7 0.7 55 61.7 437 0.4

Tail
Upper 7 1.2 15 69.2 533 0.2
31
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3.1.2 Pressure reconstruction using Wiebe functions

Pressure curve was reconstructed by changing the shape of heat release rate to

evaluate the excitation intensity caused by the combustion in a cylinder. To reconstruct

the pressure curve using heat release rate, an inverse operation of equation 3.5 was

used. The used values of parameters are shown in table 3.3. The engine geometries

are the same from the engine used and y was 1.3. The heat loss occurred by heat

transfer was not considered. After attaining the pressure curve, the heat release rate

was calculated again to compare the original heat release rate. The two curves of heat

release rate were almost identical.

Table 3.3 Variables for reconstruction of in-cylinder pressure

Variables Value
Bore 77.2 mm
Stroke 84.5 mm
Connecting rod length 140 mm
Compression ratio 17.3
Specific heat 1.3
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3.2 Effect of heat release rate shape on combustion noise
: Analysis of excitation of in-cylinder pressure changing Wiebe

functions coefficients

Fast Fourier Transform (FFT) was used to analyze the excitation by in-cylinder
pressure. For the FFT analysis, the time base pressure data, which are measured with
the same time interval were needed. However, the reconstructed pressure curves were
angle based data with the same crank angle interval. In real engines, the angular
velocity is not constant but it oscillates according to the strokes. In this study, the
oscillation was not considered and the angular velocity was assumed as a constant.
Thus, the time based pressure data were calculated from an interpolation of angle base
data. The results of FFT were varied accordingly to the sample number. Thus, when
the engine speed is changed, the sample number of one cycle should also be changed.

Considering that, FFT was calculated with 50 % overlap for 10 cycles. The sample

number was 4096 and hanning windows was applied to get rid of the unexpected noise.

The one third-octave band was also used to analysis of frequency of in-cylinder
pressure excitation. Moreover, to evaluate the combustion noise, the CNI was

calculated.
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3.2.1 Comparing motoring pressure and combustion pressure

The combustion noise was mainly generated by in-cylinder pressure change.
There are two main cause for the pressure changes. The first one is the compression
and expansion process of a piston. The other one is a combustion process. Thus the
effects of them on excitation were analyzed separately. Figure 3.2 shows the
combustion pressure, motoring pressure and the difference of them. The difference
was calculated by subtracting the motoring pressure from the combustion pressure.
Figure 3.3 shows the results of FFT of them. The FFT results of the motoring pressure
converges to zero above 400 Hz. Moreover, above 400 Hz, the FFT results of
combustion pressure and the pressure difference are almost the same. Therefore, the
compression and expansion processes affect only below 400 Hz, and the combustion
process only affects frequency above 400 Hz because the signals were superimposed.
Therefore, it can be concluded that the frequency signals of above 400 Hz were

generated by the combustion phenomenon.
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3.2.2 Effects of Single Wiebe function shape on combustion noise

One Wiebe function has 5 coefficients and each coefficient determines the shape
of a function. In this chapter, effects of a Wiebe function shape on combustion noise
by changing the coefficients are invested. The coefficient ‘a’ and ‘m’ affect the
burning rate. When the ‘a’ is increased, the combustion is proceeded rapidly. When
the ‘m’ is decreased, more fuel is burned early with the same combustion duration.
B 4uration Means combustion duration and 6,,. means the crank angle of the
combustion initiation. Since the function converges to 1, the total heat release can be

multiplied to apply the total heat release quantity.

3.2.2.1 Effects of coefficient ‘a’

When ‘a’ is increased, more fuel is burned in the early stage of combustion

duration. Thus, the heat release rate also increases and a rapid pressure rise occurs.

3.2.2.2 Effects of coefficient ‘m’

As ‘m’ is increased, more fuel is combusted in the late stage of combustion
duration and as ‘m’ is decreased, more fuel is burned prematurely (figure 3.4). When
‘m’ decreased, the heat release rate became sharp and higher. It caused a rapid pressure
rise. The in-cylinder pressure also became higher because the combustion phase was
advanced. However, when ‘m’ was increased, more burned fuel was combusted in an
early period and it caused a higher heat release rate and a rapid pressure rise. However,
because the combustion phase was retarded, the in-cylinder pressure did not increase

much. Since, the pressure rise made the CNI increase, when ‘m’ was 2; the CNI was
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at a minimum value. When ‘m’ was 3; the CNI slightly increased. On the other hand,
frequency above 1.6 kHz decreased. Thus, it is concluded that when ‘m’ has a value

between 2 and 3 the excitation of in-cylinder pressure is the weakest.

3.2.2.3 Effects of combustion duration

The effects of combustion duration were investigated here. Figure 3.6 shows the
variation of pressure, heat release rate and excitations. To minimize effects of other
parameters, the combustion phases of them were fixed. When the combustion duration
became short, the heat release rate became higher because the total released heat are
the same. It makes a rapid pressure rise. The 1/3 octave band results show that levels
are increased in all frequency band. It means that the combustion duration have to be
long to reduce the combustion noise. However, because it has a trade off with IMEP,

it has to be optimized for real engineering.

3.2.2.4 Effects of start of combustion

The effects of SOC were investigated and the results are shown in figure 3.5.
When the same heat is released, if the volume of the combustion chamber was
changed, then the in-cylinder pressure also changes. Thus, when the SOC was
changed, the corresponding volume also changed. The SOC was changed with the
same shape of heat release rate showin in Figure 3.5. The pressure level increased
when the SOC was advanced and the IMEP was increased as well. It was clearer with
the apparent heat release rate. When the SOC was advanced, the apparent heat release
rate shapes were not changed much, only the scales were changed. Additionally, the

important thing was that the number of in-cylinder pressure peak could not affect

37



excitation. Though, when SOC was 3° ATDC, in-cylinder pressure had 2 peaks and
when SOC was 3° BTDC, in-cylinder pressure had one peak, however, they had
similar apparent heat release rate shapes. The FFT, 1/3 octave band and CNI were not
varied much when the SOC were changed. However, because IMEP was significantly
changed, when the optimal shape of heat release rate is determined, the SOC was able
to be separately optimized to improve IMEP, though when the SOC was changed, the

heat release rate shape was also changed in real engine experiment.

3.2.2.5 Effects of total released heat

When the total heat quantities were changed with other fixed parameters, results
are shown in Figure 3.7. They look similar to the variations of combustion duration.
It was because that increased heat cause increase the maximum value of heat release
rate, thus, it caused a rapid pressure rise. FFT and 1/3 octave band showed an increase

in all frequency regions.

3.2.3 Effects of mixing controlled phase

After fuel injection, some of the injected fuel were mixed with air during an
ignition delay, and they were burned rapidly in the premixed combustion phase. With
the more burned fuel in the premixed combustion, the heat release rate became much
sharper in the early stage of the total combustion duration shown in Figure 3.8. It led
to an increase in pressure peak. In addition, as the burned fuel in the premixed
combustion phase increased, 1 kHz frequency level was increased. However,
frequency over 1.6 kHz decreased. It is because the pressure peak is affected under 1

kHz frequency and the ‘m’ of diffusive combustion phase is much less than the
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premixed combustion. Thus, as the duration of the premixed combustion became short

and the shape became sharp, effects of the premixed combustion became dominant.

3.2.4 Effects of pilot injection

Most of the modern diesel engines equipped with the common rail system use
multiple injections. The pilot injections which were injected before the main injection
were effective for reducing combustion noise because those make ignition delay of
main injection and lower heat release rate are produced. However, combustion noise
which was produced by just the combustion of pilot injection had not been
investigated. In this study, effects of the quantity and SOC of pilot injection are

examined.

3.2.4.1 Effects of pilot injection quantity

The heat released by pilot injection combustion were varied from 25 J to 45 J.
The results are shown in figure 3.9. When the injection quantity increase, the
frequency over 1.6 kHz are increase, but 1 kHz was decrease as shown in figure 3.9.
The results of CNI were not much changed. However, because high frequency

increase, the sound quality could be changed.

3.2.4.2 Effects of SOC of pilot injection

The SOC of pilot injection were changed from 5° BTDC CAD to -15° BTDC
CAD. As previously referred, when the only one Wiebe function was investigated, the

SOC does not affect CNI and other frequency characteristics. However, one more
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Wiebe, diffusive combustion, was added, the SOC affected the excitation of pressure.
The SOC of pilot is very similar to that. When the SOC were 7.5° BTDC CAD and
15° BTDC CAD, the only 1.2 kHz frequency decrease as shown in figure 3.10

3.2.4.3 Effects of combustion duration of pilot injection

The durations of combustion were changed from 5 CAD to 13 CAD. The effects
of duration variation were similar to effects of change of fuel quantities. As shown
figure 3.11, the pilot duration does not much affect in-cylinder pressure. In the
apparent heat release rate, the pressure rise is smoother in very early of combustion,
when the pilot combustion duration was longer. It significantly affected frequency
over 1.2 kHz. Thus, combustion characteristics of pilot injection was important to

reduce excitation over 1.2 kHz.
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3.3 Optimization of heat release rate shape to reduce

combustion noise

3.3.1 Optimization of heat release rate shape to minimize CNI using

Wiebe functions

In the previous chapter, the effects of heat release rate shape changing the
coefficients of Wiebe functions were described. In this chapter, the optimal shapes to
minimize the CNI are investigated. The diesel combustion was simulated using three
of Wiebe functions. The one Wiebe function had five coefficients. Thus, fifteen
coefficients had to be optimized. The coefficients are constrained by boundary
conditions, because unconstrained variables could cause unrealistic shapes. The
boundary conditions were determined through experimental results. ‘m_premixed’
was varied from 2.44 to 5, ‘m_mixing’ from 0.4 to 0.8 and m_late’was not
significantly varied; however, the variation was just about 1. ‘0 _(premixed,duration)’
was varied from 11.9 to 14.5, ‘0 (premixed,duration)’ from 25.8 to 29.2 and
‘0_(late,duration)’ from 62.2 to 70. 91. The boundary is shown in Tables 3.4~3.6. In
addition, the system, which have 15 coefficients, has many local optimum points. The
starting point can affect the optimum values. Thus, optimum points were determined
from the seven of the starting points, then, the final optimum value, which has a
minimum CNI level, was determined. The optimization was using ‘fmincon’ which is
a optimization function of matlab. The optimization is conducted when engine speed

is 1500 rpm and total released heat is 480 J.
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3.3.2 Optimized shapes of heat release rate for minimum CNI

The boundary conditions were set as shown in table 3.4. Figure 3.12 shows the
heat release rate, pressure curve and results of 1/3 octave band analysis. The
determined values of variables were close to the boundary conditions. That means that
optimum shape for the reduction of combustion noise was determined when the
burning rate was slow and the duration is long and the SOC was retarded. These were

already known as ways to reduce combustion noise.

To find new shape, constraint of the SOC was remove. The boundary conditions
are shown in table 3.5. The other results are shown in figure 3.13. The start of
combustion of figure 3.13 was 20° BTDC CAD. The combustion duration of
diffusive combustion was not on the boundary. The duration became short than first
optimization, however, the CNI decreased by 8 dB. The premixed phase and diffusive
phase were much close and they made a smooth curve. It was observed that one Wiebe

function has a long combustion duration.

However, it is impossible that the start of combustion is 20° BTDC CAD in
conventional diesel combustion. To find more realistic heat release shape, the SOC
was fixed by TDC and the premixed fuel ratio was constrained by 20%. The boundary
conditions are shown as table 3.6, and the results are shown in figure 3.14. The CNI
was 144 dB which decreased by 19 dB. It was a significant change. It is important for
the reduction of combustion noise that the heat release rate being a smooth continuous

curve.
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Table 3.4 Boundary conditions and optimal values of variables (1)

Coefficients of Wiebe function

CNI
m SOC |Duration| Q |Qratio
Low 2 -5 5 480 0.1
Premixed | Upper 5 5 15 480 0.4
Optimum 2 5 15 480 0.3
Low 04 -5 20 480 0.1
Diffusion | Upper 0.8 20 60 480 0.4 163.11
Optimum 0.8 10 35 480 0.4
Low 04 -5 40 480 -
Tail Upper 1 20 70 480 -
Optimum 1 10 70 480 -
54
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Table 3.5 Boundary conditions and optimal values of variables (2)

Coefficients of Wiebe function

CNI
m SOC | Duration Q | Qratio
Low 2 -20 5 480 0.1
Premixed | Upper 5 5 15 480 0.4
Optimum 2 -20 143 480 03
Low 04 -20 20 480 0.1
Diffusion | Upper 038 20 60 480 0.4 155.35
Optimum 0.8 -13 24.27 480 0.4
Low 04 -5 40 480 -
Tail Upper 1 20 70 480 -
Optimum 0.7 -13 485 480 -
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Table 3.6 Boundary conditions and optimal values of variables (3)

Coefficients of Wiebe function

CNI
m SOC | Duration| Q | Qratio
Low 3.5 0 5 480 0.1
Premixed | Upper 5 0 15 480 0.2
Optimum 5 0 14.6 480 0.1
Low 04 0 20 480 0.1
Diffusion | Upper 0.8 15 60 480 038 144.5
Optimum 0.8 10 27.9 480 0.6
Low 04 -20 40 480 -
Tail Upper 1 20 70 480 -
Optimum 1 10.6 70 480 -
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Chapter 4. Injection strategies to reduce combustion

noise

4.1 Variation of heat release rate shape according to change of

injection strategies via experiment

The CNI variation was investigated when the injection strategies were changed.
Injection parameters, which can affect the shape of heat release rate, were SOlI,
injection pressure, Swirl ratio and EGR rate. Three level of each parameter was
compared. The engine speed was 1500 rpm and fuel injection quantity was 13.5mg.
In addition, to consider emissions, NO and PM were measured together. The CNI was

calculated by using in-cylinder pressure.

4.1.1 Main injection timing

The main injection timings were changed from 3° BTDC CAD to -3° BTDC
CAD. When the injection was advanced, the peak of heat release rate decreased. The
CNI also decreased. It was because the atmosphere temperature increased when the
SOl was advanced. Thus, the ignition delay became short and the fuel quantity of the
premixed combustion decreased. At that time, the NO emission increased because the
flame temperature increased. The PM emission was also increased because the time
to be mixed with air was not sufficient. Figures 4.1 and 4.2 show the in-cylinder

pressure, heat release rate and the emissions when the SOI was changed.
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4.1.2 Injection pressure

The injection pressures were increased and decreased by 100 bar (figure 4.3).
The peak of heat release rate were high when the pressure increased. It was because
the mixing of air and fuel was enhanced and more burned fuel in premixed combustion
phase. The CNI were also increased. When the injection pressure was low, the PM
more produced because the mixing was not enough. The NO decreased because when

the pressure decreased, the combustion phase was retarded (figure 4.4).

4.1.3 Swirl rate

The swirl ratio was not measured. The relative intensities of swirl were guessed
by the swirl valve openness. The swirl valve were 5%, 20% and 55 %. When the swirl
valve is closed, swirl ratio increases. More burned fuel in premixed combustion phase
with high swirl ratio because the higher swirl ratio enhances the mixing of air and fuel.

The NO increase and PM decrease shown in figures 4.5 and 4.6.

4.1.4 EGR rate

The EGR rate was changed by 5% . When the EGR rate was increased, the peak
of heat release rate also became high. It is because the higher EGR rate makes the
ignition delay longer. The NO was very sensitive to the EGR rate. When the EGR rate
increased 5%, the NOXx decreased by 50 %. When the EGR rate increased, the increase
in ignition delay allowed time for the fuel and air to mix, thus more fuel was burned
in the premixed combustion phase. Therefore, a higher level of EGR rate made the

peak of the heat release rate even higher (figure 4.7 and 4.8).
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4.2 Early pilot injection strategy to reduce combustion noise

4.2.1 Limitation of conventional diesel combustion

The conventional fuel injection strategies include pilot injection which is the
injection of a little fuel before the main injection. The pilot injection increases the in-
cylinder gas temperature and pressure when fuel was mainly injected. Thus, the
ignition delay was decreased and the fuel of the main injection was burned smoothly.
Moreover, some of the total fuel were already burned, the fuel of the main injection
reduced for same IMEP. The pilot injection was very effective to reduce combustion
noise. However, more fuel quantity of pilot injection was achievable to increase the

soot formation and the combustion noise caused by the pilot burning itself.

4.2.2 PCCI combustion of diesel

The low temperature combustion has been studied as a way to reduce NOx and
soot formation simultaneously. The PCCI is an injection strategy for them. In the
PCCI, the fuel was injected before TDC (usually before 30° BTDC CAD), then, was
mixed with air for much longer time before the ignition. The well-mixed fuel and air
make premixed mixture; most of fuel was burned as a premixed combustion after the
long ignition delay. Since, the flame temperature are low, less NOx was produced.
Moreover, the amount soot was reduced because the fuel and air were mixed well
without the fuel rich region, which can enhance the PM formation. However, the PCCI
combustion had a short burning duration, and caused the rapid pressure rise which

made a louder combustion noise. Moreover, The HC emission increased and the
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control of ignition timing was difficult. Thus, PCCI was not used in the manufactured

vehicles. [47-49]

4.2.3 Early pilot injection combustion

The pilot injection starts at 10~20° BTDC CAD in traditional diesel engine
injection. However, in early pilot injection, the fuel is injected before 30° BTDC CAD,
thus the injected fuel has enough time to be mixed with air with longer ignition delay.
While, the start of main injection is similar to that of the traditional injection. The fuel
of pilot injection is combusted by PCCI and fuel of the main injection is burned by
the diffusive combustion. In conventional injection strategies, the jet fuel of the main
injection is formed around the burned pilot injection, because the pilot and the main
injection are close, and local rich region appears. That is the reason why excessive
pilot quantity increases the soot formation. The early pilot injection forms a well-
mixed air-fuel mixture because it has a long ignition delay. It helps the main injection
to be mixed with air, as a result, soot formation is reduced. Therefore, using the early
pilot injection and smooth combustion are possible due to the short ignition delay of

the main injection and the increased pilot injection quantity. [50-54]

The early pilot injection was tested at 1500 rpm and 13.5 mg of fuel. Figures 4.9
and 4.10 show heat release rates and octave analysis results of a conventional case
and a PCCI case. When the early pilot injection was applied, the heat release of both
the main injection and the pilot injection was smoother than that of the conventional
case and the PCCI case. It leads to reduce the combustion excitation. The CNI
deceased from 175 dB to 170 dB. All of frequency was reduced. At that time, the NOX,
PM and indicated thermal efficiency (ITE) were equivalent to that of the conventional
data.
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When the pilot combustion and the main combustion were close, the CNI level
was at the lowest as shown in chapter 3.3. However, the strategy was not possible via
the traditional injection strategies because the closed split injection caused a lot of
smoke. While, it could be possible using the early pilot injection. The heat release rate
and frequency analysis results are shown in figure 4.11. Table 4.3 shows the emissions

and ITE. The frequency under 1.5 kHz was dramatically reduced and PM was reduced

too.
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Table 4.1 Emissions, IMEP and CNI

Case description NOXx PM IMEP CNI
[ppm] | [FSN] [bar] [dB]
Conventional Diesel 109.4 4.351 6.8 172.6
PCCIl including pilot injections 68 0.183 49 175.4
Early pilot injection 101.4 4.19 6.78 168.7
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Chapter 5. Closed loop control to reduce combustion

noise

5.1 Characteristics of diesel engine noise according to EGR rate

change during transient operation

In this study, the characteristics of diesel engine noise according to the EGR rate

change during transient operation were investigated. A 1.6 liter diesel engine was used.

The engine revolution speed and load were changed with a varied ramp time. In
addition, this study examined transient operations with a constant engine speed and
increased engine load. The EGR rate was measured by using fast response
thermocouples during the transient operations. The combustion noise was evaluated

via CNI calculation

5.1.1 EGR rate measurement

The EGR rate is usually calculated by measuring the concentration of carbon
dioxide in intake and exhaust manifolds. The concentration of carbon dioxide is
conventionally determined by the NDIR method, which usually is greater than the 1
second response time; this response time is too slow to measure the EGR rate during

a transient engine operation

The methodology of evaluating the EGR rate using the temperature of intake
manifold, the cooled air and the EGR gas was explained in the previous research [55].

The EGR rate can be calculated using equation (5.1) with the assumptions that the
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specific heat capacity of the air and the EGR are assumed to be equal and heat transfer

is neglected.
EGR rate = Mecr — Tmixture _Tair (51)
Megr + My TEGR _Tair

The cooled EGR gas and air are mixed in the intake manifold; however, the
mixture is not uniform because of the considerable temperature differences. Because
the gases are temporarily stratified, heat transfer occurs between the EGR gas, the
cooled air and the intake manifold. The EGR gas loses heat to the intake manifold
while the air gains the heat. The heat transfer model was adopted to consider this

phenomenon. [56]

If effects of heat transfer is taken into account,

|_.|mi>( = |_.|air + HEGR + Qin +Qoul (5'2)

Cpn.’]mix (Tmix,HT _TU) = Cpmair (Tair _TO) + CmeGR (TEGR _TO) + hAair (Twall +Tair) - hAEGR (TEGR _Twall)

(5.3)
Toiwr = (1— EGRrate) x T, + EGRrate x Tegp + Ay (T = Toir )~ MAecr (Tecr = Ty (54)
Tmix,HT :Tmix,noHT +AT (55)
h
AT = cm [Adir (Twall _Tair) - AEGR (TEGR _Twa" )] (5.6)
p'mix

EGRrate = mEGR — (Tmixture + AT) _Tair (57)

Megg + My Teer = Tair
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where H,, ,H., and H_ are the enthalpies of the air, the EGR gas and the

EGR

mixed gas, respectively. c andc are the specific heat capacity at constant

p,air ! Cp,EGR p,mix

pressure of the air, the EGR gas and the mixed gas, respectively. Q, is the heat that

the air gains, and Q,, is the heat loss by the EGR gas. T, ,T.,and T are measured

out ir
values. The heat transfer coefficient of h is determined from the intake manifold,
assumed to be a pipe. Nu and Re are obtained by considering the pressure, rpm and
geometry of the intake manifold. AT is the temperature variation due to the heat
transfer to the inner surface of the intake manifold. The EGR rate considering the heat
transfer is represented as equation (5.7). The radiative heat transfer to the surrounding

area is ignored.

The temperature of the air, the EGR gas and the intake manifold were measured
using fast respond thermocouples which were made by 100 um diameter R-type wires
and exposed type. The response time is less than 0.05 seconds. The gastemperature
was measured by NI- with a 100 Hz sampling rate. Figure 5.1 shows the positions of
the thermocouples to measure the temperature of cooled air, the cooled EGR gas and
the intake manifold. The EGR distribution to each cylinder is different because the
mixture of EGR gas and air is not homogenous. To evaluate the EGR rate of the #1
cylinder, the temperature of the mixture was measured close to the cylinder. (figure
5.1). The EGR rate measured using thermocouples was verified with an exhaust gas

analyzer (Horiba MEXA 7100 DEGR) at steady states.

5.1.2 Combustion noise according to the EGR rate variation

The combustion noise change according to the EGR rate variation was examined
by using the CNI. The operating condition was 1750 rpm and the fuel injection

quantities are 17.5 mg. The only EGR valve openness was changed and their EGR
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rates were 30%, 25% and 18%. Figure 5.2 shows the results and table 1 represents the
maximum pressure, pressure rise, ROHR and CNI, respectively. The CNI was at the
highest when the EGR rate was at 30%; the value reduced as the EGR rate decreased.
The EGR rate affected the ignition delay. The ignition delay became longer when the
oxygen concentration was lower. The high level EGR rate limited the concentration
due to the dilution effect. The longer ignition delay caused the more fuel to be
combusted in the premixed combustion phase, thus the RoHR peak and pressure rise

become greater, which have a considerable effect on combustion noise.
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Nl U |
Intake manifold

'EGR gas teperature |
after EGR cooer

>l Air temperature
. after intercooler

Figure 5.1 Thermocouples to measure the temperature of the air, the EGR gas and

the intake manifold
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Figure 5.2 In-cylinder pressure and RoHR variation according to EGR rate change
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5.1.3 CNI variation during transient operations

5.1.3.1 Transient operation 1. Speed and load change

The CNI was examined when the engine operating condition were changed to
1750 rpm and BMEP 8 bar from 1250 rpm and BMEP 2 bar while varying the ramp
time to 2, 5, and 10 seconds. These operating conditions usually occur when a vehicle
starts in the first or the second gear. The gear ratio is high and the engine speed rapidly
increases. Figures 5.3~ 5.5 show the results. Moreover, to compare to the steady state,
the constant engine speed and load states were examined per 100 rpm increase. The
blue lines in the figures indicate transient operation results, and the red dots indicate
the steady operation results. When the ramp time was shorter, the difference between
the transient and the steady results of the CNI were greater; particularly when the
engine speed was 1650 RPM and ramp time was 2 seconds, the CNI difference was
at the greatest at 4 dB. The EGR rate was measured using the thermocouples. The
EGR trends were very similar to that of the CNI. The difference of transient and steady

state operations was larger, when the ramp time was shorter.

Figure 5.6 shows the in-cylinder pressure and the RoHR curves of a cycle during
the transient operation with 2 seconds ramp time. The blue line shows transient
operation and red line shows steady operation. Both were operated at the same engine
speed and load, fuel injection quantity, 1650 rpm and 16.13 mg per cycle. The RoOHR
peak of transient operation was greater than at steady operation. This occured because
of the EGR rate difference effect on ignition delay. The steady operation, which has
lower EGR rate level, has a shorter ignition delay. As a result, less fuel is combusted

in the premixed combustion phase, and the pressure curve is milder. The surplus EGR
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rate in the transient operation cause the rapid combustion, which lead to the CNI

increase.

5.1.3.2 Transient operation 2. Constant speed and load change

The load was increased to 18 mg per cycle from 8 mg with a constant engine
speed of1750 rpm. This condition usually occurs when a vehicle is accelerating in a
high gear at high speed. Because the effective inertia of the vehicle in a high gear is
much greater than a lower gear, the engine speed does not vary rapidly. The ramp
times were varied to 1, 2, and 5 seconds. Steady operations were examined when the
injected fuel quantities were 10 mg, 12 mg, 14 mg and 16 mg per cycle. Figures

5.7~5.9 show the results.

The CNI was calculated to evaluate the combustion noise. The difference in CNI
between transient and steady state operation was the largest at 2 dB when the injection
fuel was 16 mg. The EGR rate was measured by the thermocouples; when the fuel
quantity changes during transient operation, the EGR rate was higher. When the fuel
guantity was 16 mg, the largest EGR rate difference occurs. The higher EGR rate
lengthened the ignition delay and raises the peak of the RoHR. Figure 10 shows the
in-cylinder pressure and the RoHR curves of a cycle during the transient operation
with 1 seconds ramp time. The surplus EGR which caused the sharp combustion lead
to higher CNI level. This phenomenon is similar to the ones found in the transient

operation.
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Table 5.1 Maximum of pressure, pressure rise, ROHR and CNI according to EGR

variation
EGR Max. Pressure Max. Max. RoHR CNI
rate [bar] Pressure rise [J/deg] [dB]
[bar/deg]
30% 55.2 3.11 62.7 178.2
25% 58.4 2.83 55.9 1775
18% 61.9 2.50 48.7 176.1
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Figure 5.3 Results of speed and load transient operation, ramp time: 2 s
(a) Engine speed, (b) CNI, (c) EGR rate
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Figure 5.5 Results of speed and load transient operation, ramp time: 10 s

(a) Engine speed, (b) CNI, (c) EGR rate

85



80 M= pressure_transient
----- pressure_steady
jron Pan RoHR_transient
60 NG s
_ J W/ sw, “—— ROHR_steady
© ’. Claad N ; "- ‘\
2,
[J)]
5 40
a
o
o
20
0
340 360 380 400 420

Crank Angle [CAD]

18

(o]
RoHR peak [kJ/s]
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5.2 Concept of control

Engine noise and emissions are sensitive to environmental condition changes
because these changes affect the combustion of diesel. For example, noise can be
worsened by reducing the amount of pilot injection due to the injector aging and EGR
rate mismatching caused by fouling occurring in the EGR system, turbo charger lag
and intake temperature variation. Moreover, the combustion noise could be changed

during a transient operation as referred in 5.1. [57-59]

Closed-loop control is one way to solve these problems. The control system uses
combustion information, such as the MFB50 and IMEP, which is calculated from the
in-cylinder pressure, measured by a pressure sensor integrated with the glow plug.
The injection strategy is determined according to the feed-back. Many researchers
have developed these technologies aim to reduce emissions. However, if combustion
noise is used as feedback in this sense, when applying this closed-loop control
principle, the sound quality deterioration could be prevented. Therefore, this study,
closed loop combustion control system using CNI for reduction of combustion noise

have been developed. [60]

Figure 5.11 shows the concept of combustion control using CNI for combustion
noise reduction. The control system consisted of CNI calculation and combustion
control. In-cylinder pressure was measured and CNI was calculated in CNI calculator.
The results of CNI calculation is passed on combustion controller which can control
of EMS variables. The combustion controller was operated to create an algorithm and
modify injection strategies to change the combustion characteristics and combustion
noise, or combustion noise index. This process was repeated until the target was

achieved
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Engine & EMS Combustion Noise Index Calculator

Engine In-cylinder Calculation
g Pressure Current CNI
EMS - s Target CNI

. |
Circumstances |
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( Modified
L Injection Strategy

Combustion Controller

W,
Figure 5.11 Concept of combustion control using CNI for combustion noise reduction
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5.3 Control parameters

To determine the control parameter for CNI control, the sensitivities of the
parameters, which are SOI, pilot quantity, injection pressure and EGR, for CNI were

investigated.

5.3.1 Start of injection

The SOI of the main injection were varied from -2° BTDC CAD to 3° BTDC
CAD. The engine speed was changed from 1250 rpm to 2500 rpm and fuel quantity
was varied from 12.5 mg to 25 mg. Figure 5.12 shows CNI when the SOI were
changed. The CNI levels were high where engine speed was 1750 rpm and fuel

guantity was about 15 mg, though the SOI were changed.

The sensitivity of SOI for CNI was examined. Figures 5.13 and 5.14 show CNI
level and SOI, respectively when the engine speed were 1500 rpm and 2000 rpm. The
fuel quantity was varied between 12.5 and 25 mg. The CNI decreased by advancing
SOI when the fuel quantity was 12.5~20 mg. However, when the fuel quantity was
over 20 mg, the correlation between of CNI and SOI is week. That means the CNI
could not be controlled by changing the SOI at the operation points. Figures 5.15 and
5.16 show the heat release rate when the SOI varied. At 15mg of fuel, when the SOI
was advanced, the peak of heat release rate lowered. However, at 22.5 mg of fuel,
when the SOI was advanced, the peak did not decrease. That was the reason why the

CNI could not be controlled by the SOI when the fuel quantity was over 20 mg.
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SOIL: -2 [CAD BTDC]

1250 1500 1750 2000 2250 2500

125 11.9 14.2 16.1 12.5 8.6 4.6
15 13.2 14.5 16.8 13.2 o3 5.2
17.5 10.7 13.3 16.2 13.2 8.8 5.5
20 6.9 11.8 149 12.3 7.9 54
225 54 11.0 134 11.7 i23 5.9
25 3.8 10.0 13.0 10.9 7.9 6.5

SOIL -1 [CAD BTDC]

1250 1500 1750 2000 2250 2500

125 12.3 14.2 16.1 124 8.7 5.0
15 12.9 134 16.2 12.8 9.1 5.1
17.5 924 12.2 15.6 12.8 8.0 5.6
20 5.6 11.2 14.3 11.8 7.3 5.8
225 4.4 104 13.6 111 7.3 5.9
25 2.8 10.5 13.2 10.9 8.1 6.8

SOIL: 0 [CAD BTD(C]

1250 1500 1750 2000 2250 2500

125 11.9 139 15.8 12.3 8.2 5.3
15 11.8 12.8 15.7 124 8.2 5.3
17.5 8.5 115 149 11.9 7.3 5.7
20 4.7 10.6 13.7 11.3 6.6 6.1
225 3.3 10.0 134 10.8 6.9 6.6
25 2.3 104 12.9 10.9 7.7 7.2

SOIL: 1 [CAD BTDC]

1250 1500 1750 2000 2250 2500

125 115 13.2 15.5 11.8 74 5.9
15 10.8 11.7 15.0 11.8 74 5.8
17.5 7 10.5 14.2 115 6.6 6.2
20 gl 9.8 13.1 10.7 6.2 6.6
225 2.9 9.8 12.7 10.2 6.6 6.9
25 1.7 10.1 13.1 10.6 7.4 7.7

SOIL: 2 [CAD BTD(C]

1250 1500 1750 2000 2250 2500

125 11.0 12.8 15.2 11.3 7.1 6.3
15 9.6 10.6 14.2 11.0 7.0 6.4
17.5 6.3 9.2 13.3 10.5 6.4 6.7
20 3.0 9.2 12.3 10.1 6.2 7.0
225 18 9.7 121 10.0 6.7 74
25 1.0 104 12.7 104 7.5 8.0

SOI: 3 [CAD BTD(]

1250 1500 1750 2000 2250 2500

125 10.7 12.7 15.1 10.7 7.0 6.7
15 7.9 10.0 13.5 10.3 6.9 6.7
17.5 4.9 8.1 12.7 o9 6.5 7.2
20 2.1 8.6 11.6 9.8 6.2 7.6
225 04 2L 12.0 9.8 6.9 7.7
25 0.6 104 12.8 104 7.8 8.6

Figure 5.12 CNI variation according to SOI change
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Figure 5.13 Sensitivity analysis of CNI for SOI change @ 1500 rpm
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Figure 5.14 Sensitivity analysis of CNI for SOI change @ 2000 rpm
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Figure 5.15 Heat release rate and in-cylinder pressure according to SOI change @ 1500 rpm
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Figure 5.16 Heat release rate and in-cylinder pressure according to SOI change @ 1750 rpm
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5.3.2 Other parameters: Pilot injection quantity, pilot injection

timing, injection pressure and EGR rate

The sensitivity of other parameters, which are pilot injection quantity, pilot
injection timing, injection pressure and EGR rate, are shown in figures 5.17 and 5.18.
The pilot injection was increased by 0.3 mg and decreased by 0.3 mg. When the fuel
quantity of pilot injection increased, the CNI decreased. However, the sensitivity was

very low at 20mg of fuel quantity.

Injection pressure was increased and decreased by 50 bar. When injection
pressure was reduced, the CNI decreased. Moreover, when the fuel quantity was even
over 20 mg, the linearity was remained. It means that the injection pressure could be
a parameter, which can control the CNI level for aboard operating region. Figure 5.19
shows the heat release rate. The peak of heat release rate decreased with a lower

injection pressure.

The pilot injection timing was also investigated because it affects the in-cylinder
gas temperature and pressure when the main fuel was injected. When the timing was
changed, the CNI was varied. According to the operating point, the tendency was
changed, thus, the pilot timing was not proper to be used as parameters to control the
CNI level.

The EGR rate was also investigated. The EGR rate changed due to oxygen
concentration in cylinder and ignition delay. When the EGR rate was high, a rapid
combustion occurred because more fuel was burned in the premixed combustion

phase. When the EGR rate was low, the CNI also decreased. The tendency and
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sensitivity were acceptable to be used as parameters to control the CNI. However, air
supply system has a delay, thus it is hard to control the CNI by changing the EGR rate.
In addition, NOx emission was very sensitive to the EGR rate, thus if the EGR rate

was decreased to control CNI, NOx emission could have increased.
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Figure 5.17 Sensitivity analysis of CNI for pilot fuel quantity and injection pressure change
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Figure 5.18 Sensitivity analysis of CNI for pilot timing and EGR rate change
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5.3.3 Interaction among injection parameters

As previously referred, the main injection timing, pilot quantity and rail pressure
were proper to be used as parameters to control CNI level. However, some of them
had different tendency according to operating conditions. Thus, if they were
simultaneously used to control the CNI level, they would make synergy or potential
conflicts with other parameters. To use them together, the interaction among of them

were investigated.

At first, the SOI, Pilot quantity and injection pressure were separately changed.
The engine speed was changed from 1250 rpm to 2750 rpm and total fuel quantity
was changed from 10 mg ~ 40 mg. That was possible to cover the general operating
condition. Figure 5.19 shows a different CNI level when the SOl was 3CAD advanced
and when the SOI was at the base condition. Blue means decreasing of the CNI and
RED means increasing of the CNI. In other words, the blue region means that the SOI
can be used as control parameter. The SOI advance was mainly effective in the region
of 1250~2000 rpm and 10~20 mg fuel quantity.

The injection pressure was reduced by 60 bar. Figure 5.21 shows the difference
of CNI level between reduced injection pressure and the base injection pressure. The
control of injection pressure was effective in all operating points. Especially, when the
engine speed is under 1500 rpm, changing the rail pressure was effective to reduce the

CNI level.

The pilot injection quantity was increased by 0.3 mg. The decreased pilot
injection quantity was effective under 25 mg of fuel and all engine speed. However,

that was less effective than the SOI and the injection pressure as shown in figure 5.20

103



To investigate the interaction among the advanced SOI, reduction of injection
pressure and increase of pilot injection, they were applied simultaneously. If there
were no cross effects among them, effects of each parameters would be linearly
summed when they are used together. Figures 5.22 and 5.23 show estimated values
when the effects of them were arithmetically summed and results when in-cylinder
pressure were measured by experiment, in which the all of parameter were changed.
The gap between estimated value and experimental results are not considerable. Thus,
they can be simultaneously used to control the CNI level, because they did not have
negative cross effects. Moreover, if the operating region, in which each of the
parameters is used, is limited, the available operating region is extended. The
application operating regions are shown in figures 5.24-26 and the results of CNI are

shown in figure 5.27.
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Fuel Quantity [mg/hub]

Engine Speed [rpm]

1250 1500

-0.20
0.24

Fuel Quantity [mg/hub]

-042

1750

0.10
0.46
-0.11
-0.14

2000 2250 2500

-0.37
0.15
0.01
-0.33 031

0.47

2750

Figure 5.19 CNI change when SOl is advanced by 3 CAD

Engine Speed [rpm]

1750

-0.38

-0.38
-0.04
0.21
0.11
-031

040 0.01

0.26

2000 2250 2500 2750
037 001  -019
032 000  -006
-047 026 008
046  -022 001  -012
024 033 002 -014
007 004  -033  -039
010 004  -014  -030
0.13 002  -013  -030
002 027 000  -018
092 032 0.06
040 007

Figure 5.20 CNI change when Pilot quantity increase by 0.2 mg
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Fuel Quantity [mg/hub]

Engine Speed [rpm]
1750 2000 2250

-0.02 -0.18

Figure 5.21 CNI change when injection pressure is reduced by 60 bar
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Engine Speed [rpm]
1500 1750 2000

Fuel Quantity [mg/hub]

-0.28 0.08

Figure 5.22 Arithmetically estimated CNI variation when SOI, pilot quantity and

injection pressure are simultaneously changed

Engine Speed [rpm]
1250 1500 1750 2000

Fuel Quantity [mg/hub]

Figure 5.23 Experimental results CNI variation when SO, pilot quantity and injection

pressure are simultaneously changed
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Fuel Quantity [mg/hub]

Engine Speed [rpm]

| 1250 1500 1750 2000 2250 2500 2750
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1 SOl Control Range <
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Figure 5.24 Control range using SOI
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& -0.07 -0.04 -0.10 0.04 -0.14 -0.30
©
>

Figure 5.25 Control range using pilot quantity
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Engine Speed [rpm]
1500 1750 2000 2250 2500

Injection pressure

Control range
0.5 1.5 -04/

Fuel Quantity [mg/hub]

Figure 5.26 Control range using injection pressure

Engine Speed [rpm]
1250 1500 1750 2000 2250 2500

Fuel Quantity [mg/hub]

Figure 5.27 CNI variation when the control ranges are limited for each parameters
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5.4 Real time combustion control system to combustion noise

5.4.1 Overview of real time combustion control system

The system has 3 parts which are measurements of in-cylinder pressure,
calculation of CNI and control of injection strategies. Figure 5.32 shows schematic
diagram of the control system. The pressure was measured by using a charge type

pressure sensor and charge amplifier. The CNI was calculation using the NI-PXI. The

software was coded by LabVIEW. The injection strategy were modified in the ES1000.

The control software was coded by ASCET. The NI-PXI and ES1000 communicated
each other using CAN bus.

5.4.2 Calculation of CNI

The CNI was calculated using NI-PXI as shown in figure 5.33. The process of
CNI calculation included FFT, thus the pressure samples had to be measured with
same time interval. To obtain the time based samples, a Field-Programmable Gate
Array (FPGA) board was used. The FPGA board is an integrated circuit designed to
be configured by a customer or a designer after manufacturing. The in-cylinder
pressure signal was acquired with Crank Position Sensor (CPS) signal which was also
used in EMS (engine management system). Using the CPS signal, the crank angle
information of the pressure signal was measured. The CNI calculation has to be
finished within one cycle for cycle by cycle control. The whole pressure signal of one
cycle was not used, but only pressure signal from -180 CAD to 180 CAD, in which
the combustion process occurred, was used for CNI calculation. The acquired pressure

data were transferred to real time controller via FIFO in the NI-PXI. In the real time
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controller, FFT of pressure signal was first calculated. Then, octave analysis of the
FFT results were executed, and finally CNI was calculated. The CNI value transfer to
ES1000 via CAN bus communication. All of the process were completed within one

cycle. The process of calculation was described in figure 5.33.

5.4.3 Control of injection strategies

When the CNI calculation was completed, the results were transferred to
combustion controller. The combustion controller compared target CNI level and
current CNI level and modifies the injection strategies when the current CNI level
higher than target level. Figure5.34 shows the schematic diagram of combustion

controller.

The combustion controller consisted of 5 parts. The first part was data input and
output. In the part, the EMS data, such as, engine speed, fuel quantity, rail pressure,
pilot quantity, SOI, etc. were measured. In addition, the current CNI level, which was
calculated in the NI-PXI, was read and current engine operation condition was sent to

the NI-PXI via CAN bus communication.

In the control mode part, it was determined whether the control system was
activated or deactivated according to the engine operation condition. When the engine
speed was too high or when the fuel quantity was too much, the CNI could not be
controlled. Thus, the controllable operating condition had to be discriminated. It was
able to distinguish the transient of activation and deactivation. That was helpful to

reduce the shock of change of operating mode.

Next, the current CNI level, which was obtained via CAN bus, was compared to

target CNI level. The target level was determined from lookup table using engine
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speed and fuel quantity. The table was able to be changed according to operating
condition because the original injection strategies of EMS were changed when the
operating condition varied. The difference of current value and target was sent to PID

controller.

In the PID controller part, the injection parameters, which was SOI, rail pressure
and pilot quantity, was controlled to follow the target CNI level for current value. The
PID controllers was independent because they have different sensitivity and limitation.
The gains of each PID controller were tuned according operating conditions. The

limitation of them were set to improve robustness.

The last part was communication with EMS. The ES1000 and EMS
communicate via ETK protocol. The original value of variables of EMS were replaced
modified values in combustion controller. To apply next cycle, at least the bypass had
to be completed before 90° BTDC CAD.
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Figure 5.28 Schematic diagram of closed loop control system using CNI to reduce combustion noise
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5.5 Results of the closed loop control

5.5.1 Vehicle test

The closed loop control system to reduce combustion noise was applied to a
vehicle. Figure 5.36 shows the test vehicle and table 5.2 displays specification of the
vehicle. The vehicle is five door small family case and the engine is the same type of
one used in test bench. Figure5.36 shows the vehicle in which the control system is
equipped. The pressure sensor was installed in the first cylinder. The Kibox, NI-PXI
and ES1000 were set up. To power supply, 220V invertor and extra battery were

carried too.

The noise was measured in the cabin of the vehicle. A binaurales headset type
microphone are used and the noise was measured by SQuadriga Il (head acoustics).

The driver wore headset type microphone to measure the sound for driver hearing.

5.5.2 Operating conditions and Results

Figure 5.37 shows the operating condition. The vehicle was accelerated to 60
kph with light tip-in. the engine speed was varied from 800 rpm to 2000 rpm and fuel

injection quantity was changed from 5 to 23 mg/cycle-cylinder.

Figure5.38 shows the current CNI level and target value when the control system
was deactivated. There was a significant gap between the current level and the target,
which was up to 6dB. Figure5.39 shows results when the control system was activated.

The current CNI level could follow the target value during the transient operation.
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Figure 5.40 shows behaviors of injection parameters. SOI, injection pressure and pilot
quantity were adjusted to follow the target. At that time, the cabin noise was reduced.
Especially, the noise of 1.2 kHz ~2 kHz diminished up to 4 dB(A)
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Figure 5.31 test vehicle, 1.6 liter diesel enigne

Table 5.2 Specifications of test vehicle

Criteria Specification
Vehicle model K3(YD)
Transmission 6-speed automatic
Driven type Front-wheel drive

Maximum power 128 hp

Maximum torque 28.5kg-m

Weight 1,340 kg
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Figure 5.32 closed loop control system set up in test vehicle
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Chapter 6. Conclusion

The objective of this study was to look for the methodologies to reduce
combustion noise in diesel engines. The relations between diesel engine combustion
and combustion noise were examined and the closed loop control system for the noise

reduction was developed.

In this study, a 1.6 liter diesel engine was used. The in-cylinder pressure,
emissions and PM were measured by using a gas analyzer and a smoke meter. Rapid
prototype controllers were used for the real time control system and NI-PXI was used
to calculate the current CNI in real time. In addition, a vehicle, which was equipped
with the same type engine under the same bench test, was used to evaluate the effects

of closed loop control on reduction combustion noise.

First, in this study, the relations between the shape of heat release rate and
pressure excitation characteristics were studied. The heat release rate was simulated
by Wiebe functions to freely transform the shape. The 3 Wiebe funcions were used to
describe the diesel combustion. Each of the function meant the premixed combustion,
the mixing controlled combustion and the late combustion. Using the simulated heat
release rate, the pressure curve was reproduced and the frequency analysis was
conducted. When fuel was rapidly burned, the excitation level increased. When the
coefficient ‘m’, which is related with the burning speed, was in between 2 and 3 the
combustion excitation was at the lowest. When the combustion duration increased or
the fuel quantity decreased, combustion noise decreased. However, the start of
combustion did not significantly affect the combustion noise. Pilot injection, which
was used to reduce combustion noise, decreased the combustion excitation of
combustion from the main injection. However, the combustion of pilot injection

considerably affected the total excitation.
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The shape of heat release rate for reduction of combustion noise was investigated.

When the combustion duration became long and the fuel burned moderately, the
combustion noise decreased. In addition, a split injection of the main injection was
effective to reduce the excitation. When 30% fuel was burned early, the rest of fuel
continuously burned and the combustion noise was dramatically reduced with the
same IMEP.

The injection strategies for the reduction of engine noise was examined via the
engine bench tests. When injection parameters, SOI, swirl, injection pressure and
EGR rate, were changed, the heat release shape and excitation characteristics were
studied. The combustion noise could be reduced; however, more smoke was produced
except for the EGR control from changing them. The EGR rate significantly affected
the NOx emission. To prevent a formation of more emissions and to reduce the
combustion noise, early pilot injection strategy was applied. When the pilot injection
quantity increased, the main injection quantities decreased for the same IMEP.
However, an increase of pilot injection quantity may produce more smoke. To solve
the dilemma, the early injection concept was applied to the pilot injection. Since, the
early pilot was injected before 30 CAD° BTDC, the fuel of the main injection was
deliberately mixed with air; albeit, the pilot injection quantity increased. Through, the
early pilot injection, the combustion noise could be reduced without an increase of

emission.

Finally, closed loop control system using the CNI was developed to reduce
combustion noise. The controller, which can measure the in-cylinder pressure and
calculate CNI in real time, were developed using NI-PXI and LabVIEW. The
combustion controller, which can modify the injection strategies by communication
with EMS, was developed using ES1000 and ASCET. SOlI, injection pressure and

pilot quantities were used as control parameters. Since, they did not have negative
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cross effects, the controller changed them simultaneously to follow the target value
for the current combustion noise index level. The system was applied to a vehicle.
The current CNI level could be controlled to follow the target value in transient
operations. During the transient operations, the cabin noise in the vehicle was
measured with microphones. AS a result, 1.2~2 kHz frequency of the noise was
reduced down to 4 dBA.
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Abstract

Effects of Combustion Characteristics on Combustion

Noise in Diesel Engines

Seunghyun Lee

Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

The demand of diesel engines for passenger cars has increased due to their higher
thermal efficiency, however, diesel engines have weaknesses; namely, the engine
noise and the vibration. Especially, the combustion noise is significantly louder than
that of gasoline engines due to their different combustion modes. In diesel engines,
some fuel, which are already mixed with air, are rapidly burned after the ignition delay
in the premixed combustion phase and the components of the engine block experience
a rapid pressure rise, which is known as the main source of combustion noise. In this
study, the relation between combustion characteristics and in-cylinder pressure
excitation was investigated. In addition, the combustion characteristics of lower level
excitation were studied. Finally, the closed control system using combustion noise
index was developed to reduce the combustion noise.

In this study, a 1.6 liter diesel engine was used. The in-cylinder pressure, exhaust
emissions and smoke were measured. Rapid prototype controller was used for the real
time control system. Furthermore, a vehicle, which was equipped with the same
engine, was used for bench test as well as the vehicle test.

The main source of combustion noise is from the in-cylinder pressure variation.
The pressure is also affected by the change in heat release rate. Thus, in this study, the
relation between the shape of heat release rate and the pressure excitation
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characteristics were studied. Through an engine experiment, it is hard to change the
shape of heat release rate as we wish. Thus, the heat release rate was simulated by
Wiebe functions. The 3 Wiebe functions are generally used to describe the diesel
combustion. The pressure curve was reproduced by using the simulated heat release
rate. Frequency analysis, FFT and 1/3 octave band analysis, were conducted to
evaluate the excitation of the pressure curve. When more fuel was burned rapidly, the
excitation level increased. When the combustion duration increased or the fuel
guantity decreased, the combustion noise decreased. However, the start of combustion
did not affect the combustion noise much. Pilot injection, which was used to reduce
the combustion noise, decreased the combustion excitation of main combustion
injection. However, the combustion of pilot injection considerably affected the total
excitation.

The shape of heat release rate for reduction of combustion noise was investigated.
When the combustion duration became long and the fuel was burned moderately, the
combustion noise decreased. In addition, the split injection of the main injection
effectively reduced the excitation. When 30% fuel was burned early, the rest of fuel
continuously burned and the combustion noise was dramatically reduced with the
same IMEP.

The injection strategies for the engine noise reduction was examined via engine
bench tests. When injection parameters, SOI, swirl, injection pressure and EGR rate,
were changed, the heat release shape and excitation characteristics were studied. The
combustion noise could not be reduced from changing them without an emission
deterioration. To prevent a formation of more emission and to reduce the combustion
noise, early pilot injection strategy was applied. When the pilot injection gquantity
increased, the main injection fuel was burned smoothly. However, an increase of pilot
injection quantity was anticipated to produce more smoke. To solve this dilemma, the
early injection concept was applied to pilot injection because the combustion noise
can be reduced without an emission increase through an early pilot injection.

Finally, a closed loop control system using CNI was developed for the reduction
of combustion noise. The controller, which can measure the in-cylinder pressure and

iii
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calculate CNI in real time, were developed using NI-PXI and LabVIEW. The
combustion controller, which can modify the injection strategies, was developed using
ES1000 and ASCET. SOl, injection pressure and pilot quantity were used as control
parameters. The system applied to a vehicle. The current CNI level could be controlled
to follow the target value in a transient operation. At that time, 1.2~2 kHz frequency
of the cabin noise in the vehicle was reduced down to 4 dBA.

Keywords: Diesel engine, Combustion noise, Heat release rate, Closed loop
control, Combustion noise reduction, Injection strategy.

Student Number: 2013-30207
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Chapter 1. Introduction

1.1 Background and Motivation

1.1.1 Motivation

It is important to improve the fuel efficiency of manufactured vehicles because
of the strict CO2 emission regulations. Diesel engines have been rapidly substituted
for gasoline engines in light duty vehicles due to the potential for lower BSFC.
However, diesel engines emit more NOx and PM emissions. Moreover, their noise
and vibration are severe. Most countries have emission standard law, and numerous
engineers have made an effort to meet them. Many equipment such as, EGR system,
DPF, LNT and SCR have been developed and adopted in diesel engines to reduce

emissions.[1]

The regulations for noise are usually not as stringent and only the exterior noise
is restrained. The interior noise is rarely regulated. However, the interior noise directly
affects consumer preference as well as the performance power and the fuel efficiency.
When drivers and passengers ride in the vehicle to travel, they are kept in a confined
space. Thus, a majority of consumers looks for comfort and reasonably quiet engine
noise and vibration. They have requested quiet diesel engines and many efforts have

been made to meet such demands.



1.1.2 Engine noise classification

Engine noise is classified into mechanical noise, aerodynamic noise and
combustion noise shown in figure 1.1. [2] Mechanical noise which is produced by
vibration or impact of motion engine components, includes valve train noise, timing
system noise. These sounds are produced by the inertia force of engine components
and becomes louder with an increasing speed. It is usually the main noise source
during high-speed operations. Aerodynamic noise is mainly emitted by the pressure
pulse, flow friction and turbulence of air and exhaust gas during the intake and exhaust
processes. The aerodynamic noise could affect pass-by noise as well as the interior
noise, however there is a trade-off between a reduction of the noise and an
improvement of volumetric efficiency. The combustion noise is generated by the
combustion process in cylinders. The combustion noise can be broken down into

direct and indirect combustion noise. [3]

The direct combustion noise can be defined as the structure-borne noise
originated by the gas pressure change in the combustion chambers. The direct
combustion noise is radiated throughout the piston, the connecting rods, the crank
shaft and the engine block. The rapid pressure change in the cylinder impacts the
cylinder walls and makes a dynamic load on the engine parts. Moreover, a local
pressure rise in the combustion chamber produces an impulsive pressure wave. The
pressure wave then creates a high frequency oscillation through many reflections in

the cylinder. [4]

The indirect combustion noise is not excited by the gas pressure but influenced
by the combustion characteristics. The indirect combustion includes piston noise,

crank shaft noise and the main bearing noise. The piston noise is the most dominant.
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The piston impacts the cylinder wall through the secondary motion. This occurs
especially when the direction of the piston movement is downward around TDC. The
contacted wall side then changes to the opposite side, the piston strikes the cylinder
wall and a harsh noise is generated. The secondary motion of the piston impacts the
wall 2 ~ 10 times in each cycle and the noise level increases with the in-cylinder

pressure increase. [3-9]

The combustion noise occurs at mid and high frequencies, which are both
sensitive regions for human ears. The noise adversely affects the sound quality of a
diesel engine. The combustion noise needs to be reduced through a combustion

optimization.
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1.1.3 Relation between engine noise and combustion

The combustion noise of diesel engine is usually louder than that of a gasoline
engine due to a higher maximum in-cylinder pressure and the rapid pressure rise.
Diesel engine has a higher compression ratio in order to improve thermal efficiency
and combustion stability for auto-ignition. The rapid pressure rise originates from the
rapid combustion in the early process of diesel combustion, which is the premixed
combustion phase. Figure 1.2 shows the in-cylinder pressures and heat release rate of

a diesel engine and a gasoline engine.

Diesel combustion consists of ignition delay, premixed combustion, mixing
control combustion and late combustion. The injected fuel at high in-cylinder
temperature and pressure undergoes both a chemical ignition delay and a physical
ignition delay to be atomized, vaporized, and mixed with air. After the delay, auto-
ignition is commenced, and some of fuel mixed air is simultaneously combusted; the
combustion chamber suffers from a rapid rise in pressure. The dynamic load excites
the cylinder wall and the piston; therefore, the vibration is transferred via the
connecting rod, the crank shaft and the engine block. If more fuel is combusted in the
premixed combustion phase, the combustion chamber will experience a higher
dynamic load caused by a rapid pressure rise. As a result, more combustion noise will
be generated. The ignition delay is a main parameter to affect the combustion noise
emission, because the longer ignition delay supplies the more time to be prepared to

be combusted.

Ignition delay is affected by the temperature, pressure and oxygen concentration
in a cylinder. Thus, the compression ratio, injection timing and engine load which

affect in-cylinder air temperature and pressure, are directly correlated. The higher



compression ratio increases temperature and pressure. Injection timing can change the
in-cylinder pressure temperature and pressure when fuel injection starts; a too early
or a too late injection can increase the ignition delay. The higher engine load leads to
a temperature increase of the cylinder wall, the piston and the EGR gas, which can
make the in-cylinder temperature and pressure higher. In addition, the delay is affected
by the oxygen concentration. The high level EGR rate to reduce NOx emission
increases the ignition delay by reducing the concentration. The combustion noise is
mainly generated at low- and mid-engine speeds and loads that are related to long
ignition delays due to deceased oxygen concentration with higher EGR rate level. [10-
17]
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1.1.4 Reduction of combustion noise

The rapid pressure rise in cylinder is a source of combustion noise and it is caused
by the rapid combustion. Thus, it is important to make the combustion speed slow in
order to reduce combustion noise. As referred above, a rapid combustion in the
premixed combustion phase in diesel engine combustion process, thus more fuel is

burned, more rapid combustion is occurred.

Pilot injection is an effective way to reduce combustion noise because the
combustion of pilot injection causes increasing temperature and pressure in the
combustion chamber and shortens the ignition delay of the main injection when it
starts. As a result, the amount of fuel injected during the ignition delay is greatly
reduced and a smoother increase of in-cylinder pressure is obtained. The common rail
system enables the control injection strategy such as injection number, pressure and
timing. As a result, pilot injection could be applied to reduce the combustion noise.
[18-23]

The other way to reduce the fuel quantity combusted in the premixed phase is to
reduce the injection quantity of fuel. The rate shaping is an injection system which
can control the injection rate. In the early process of injection, the rate is controlled to
be reduced, after SOC the injection rate increase to inject target fuel quantity. As a
result, the heat release rate could be controlled not to be harsh. Digital rate shaping is
able to control the burning rate. Using the special injectors which have a very short
dwell time, many injections are occurred instead of a conventional main injection. As
a result, the fuel quantity, which is burned rapidly, reduces and the heat release rate

can be kept a moderate level. [24-28]



1.1.5 Noise evaluation method

1.1.5.1 Engine noise evaluation method

The engine noise measurements require an expensive facility for testing, such as
an anechoic room and microphones. Moreover, the separation of the combustion noise
is difficult work. To overcome the shortage, the method using the in-cylinder pressure
has been introduced. The pressure curve, the exciting source, is transferred through
the engine parts and emitted from the block surface. In this process, the original
excitation is attenuated according to the transfer characteristics of the parts. Both the
pressure curve and the transfer characteristics can be presented as a function of
frequency. If the attenuation characteristics are known and the in-cylinder pressure is
measured, the noise can be estimated. Another method to evaluate noise via the in-
cylinder pressure signal is using the regression equation of the variables that are the
dominant parameters for combustion noise intensity such as the maximum pressure,
the maximum pressure rise. These are effective evaluation techniques for research and
development on improving combustion noise because engine noise can accurately and

simply be estimated by measuring the in-cylinder pressure. [29-37]

1.1.5.2 Combustion noise index (CNI)

The engine noise has to be measured in a free field above a reflecting plane to
obtain reliable results. However, the facility is expensive and needs a large space.

Moreover, the many dynamometers which were previously used in facilities were not



the correct type for transient testing. Thus, evaluation methodologies using in-cylinder
pressure sensors instead of microphones have been developed. [38] In this study, the
CNI was used for the combustion noise evaluation, which was introduced by Jung et
al. The in-cylinder signal, functions of time, was converted to functions of frequency
by the FFT. Then, the CNI was calculated through the summation of the 1~3.15 kHz
range of the one third octave band level. The frequency range has a strong correlation
with the combustion noise. Each octave band values are summed using a logarithm
(equation 8). Actually, the CNI could not accurately evaluate the noise like as
measuring with microphones. However, the CNI is able to represent the combustion
noise level because the tendencies of the relation between the CNI and the combustion
noise level are consistent. As shown in figure 1.3, the CNI has a good correlation with
the measured combustion noise for broad sound level. Moreover, the correlation was
kept even throughout the injection parameter change. Therefore, a relative comparison

is possible, though an absolute comparison is difficult to achieve using the CNI. [39]

CNI (dB) — 10 Iog(lolkHzlevelllo + 101.25kHZ level /10 deeet 103.l5kHZ|Eve|/10) (1.1)
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1.1.6 Closed loop control

The control of modern Diesel engines involves a large number of parameters,
such as the start of injection, the EGR rate, the injection pressure, and the fuel quantity,
etc. These parameters must be controlled for the engine to be operated in an optimal
state. Some of these parameters are controlled in open-loop control, and others are
controlled in closed-loop control mode. Open-loop control provides a fast response
and a relatively easy control. However, it cannot handle changes in state caused by
variating conditions such as aging of the injectors and fuel quality. On the other hand,
closed-loop control monitors the present state so that any changes in conditions can
be considered in the control mechanism. For Diesel engines, many studies have
utilized closed-loop control with the closed loop collecting combustion state
information as feedback. Combustion state information can be obtained directly from
the in-cylinder pressure or indirectly from the combustion noise and vibration. For an
indirect method, an accelerometer is used to measure vibration from the engine head
or the surface of blocks and information can be obtained from these signals. This
method is economically affordable due to the fact that combustion information of
multi cylinders can be extracted by one accelerometer but obtainable information is
limited and signals can be distorted by any noise source. Using the in-cylinder
pressure is the most reliable method as well as a direct method. The rate of heat release
(RoHR) can be calculated from the pressure data, and then a combustion parameter of
interest, such as the 50 % mass fraction burned (MFB50), start of combustion (SOC)
or the location of peak pressure (LPP), can be calculated from the RoHR. The control

parameters are adjusted to set a target value for the combustion parameters. [40-42]

12



1.2 Objectives

The purpose of the present study is to look for a methodology to reduce
combustion noise in diesel engines. In this study, the relation between diesel engine
combustion and combustion noise was examined. Especially, the effects of the shape
of heat release rate on the excitations, which were caused by in-cylinder pressure
change, were investigated. In addition, the closed loop control system for the noise

reduction was developed.
The detailed objectives of this study are :

1. Investigating effect of heat release rate shape on excitation which is

generated by in-cylinder pressure change

2. Looking for the optimal shape to decrease the excitation

3. Evaluating effects of changes of injection strategies on heat release shape
and the excitation

4. Looking for the injection strategies to reduce combustion noise
5. Examining CNI characteristics change during transient operations

6. Adevelopment of closed loop control system using combustion noise index
for reduction of the noise

13



Chapter 2. Experimental Apparatus

2.1 Overall configuration

In this chapter, the experimental apparatus and test engine are introduced. The

figure 2.1 shows the schematic diagram of them.
2.1.1 Engine test bench cell

The engine test was conducted in a test bench cell equipped with dynamometer,
coolant controller, air conditioner, fuel controller and fuel meter. The engine was
coupled with a 340 kw AC dynamometer to control revolution speed and torque for
steady operations and transient operations. The specifications of the dynamometer is
shown in Table 2.1. In the facility, the air temperature was controlled at 25C. The
coolant temperature of the engine was controlled at 90 C during the experiment. The

diesel fuel temperature was also controlled at 40 °C.
2.1.2 Measurement of exhaust gas emissions

The composition of exhaust gas were measured during the test. Concentration of
02, CO2, NOx, THC and CO were measured by the exhaust gas analyzer (HORIBA,
MEXA-7100DEGR). PM was measured by a smoke meter. Tables 2.2 and 2.3 show
the specifications of smoke meter and the exhaust gas analyzer (HORIBA, MEXA-
7100DEGR). All species measured by the gas analyzer were measured in volume
fraction (vol % / ppm) in the wet condition and the PM was measured in FSN (Filtered

Smoke Number).

14
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Table 2.1 Specifications of dynamometer

Item Specification
Manufacturer AVL
PUMA 1.3 Test Automation
Model system
Capacity 340 kw
Type AC
Cooling Air cooling

Table 2.2 Specifications of smoke meter

Item Specification
Manufacturer AVL
Model AVL 415S

Measurement range

0~10FSN /0~ 32,000 mg/m?

Resolution

0.001 FSN /0.01 mg/m3

Repeatability

(as standard deviation)

o < 1(0.005FSN +3 %

of measured value)

Reproducibility

(as standard deviation)

o < +(0.005FSN +6 %

of measured value)

Table 2.3 Measurement principle of emission analyzer (MEXA-7100DEGR)

Emissions Measurement principle
NOx Chemiluminecent Detector
THC Flame lonization Detector

0,, COy, CO Non Dispersive Infrared Rays

16



2.2 Multi-cylinder Diesel engine

For this research, an in-line 4 cylinder 1.6 L Diesel engine was used. Figure 2.2
shows the target engine in this study. This engine has fuel injection equipment
including solenoide type injector, common rail and high pressure pump, which enable
injection pressure up to 1600 bar. A VGT(variable geometry turbocharger), a
oxidation catalyst and DPF(Diesel Particle Filter) also were equipped. Detailed

specifications of the engine is shown in Table 2.4.

17



Figure 2.2 1.6 L Diesel engine

Table 2.4 Specifications of diesel engine

Criteria Specification
Layout In-line 4 cylinder
Displacement volume 1582 cc
Max power 94 kW @ 4000 rpm
Max torque 26.5 kg.m @ 1900~2750 rpm
Bore 77.2 mm
Stroke 84.5 mm
Connecting rod 140 mm
Compression ratio 17.3
Fuel injector type Solenoid type
ECU version EDC 17

18



2.3 Combustion control system

Combustion control system consisted of a combustion analyzer and a combustion
controller. The combustion analyzer calculated combustion noise index by using in-
cylinder pressure signal and crank position signal. To calculate the combustion noise
index in real-time for each cycle, a NI-PXI, which can measure analog signals with
fast sampling rate and handle huge data processing, was used. The software was
developed in LabVIEW. The combustion controller was developed using ES1000,
which is a rapid prototype controller, because it can easily read and write values of
the control parameters of ECU memory by ETK communication. The software was
developed in ASCET. The calculated combustion noise index in NI-PXI was

transferred to combustion controller using CAN bus communication.

2.3.1 NI-PXI

PXI is a rugged PC-based platform for measurement and automation systems.
PXI1 combines PCI electrical-bus features with the modular, Eurocard packaging of
CompactPCI and then adds specialized synchronization buses and key software
features. The system which was used in this study included real time controller (NI
PX1-8119), FPGA board (NI PXI-7842) and CNI bus communication board (NI PXI-
8461). The pressure signal and CPS signal were measured using analog input channels
of the FPGA board. The measured signals was passed on real-time controller through
FIFO. The CNI was calculated in the real time controller and the result was sent by
the CAN bus board to combustion controller, ES-1000. Figure 2.3 shows the NI-PXI.

The detailed specifications are shown in table2.5

19



2.3.2 ES-1000

The combustion controller was developed using an ES1000. The ES1000 was a
platform which consists of various function boards. In this research, a simulation
board, CAN bus communication board, analog input board and ETK communication
board were used. The simulation board is a rapid prototype controller which has real-
time OS. It operates the combustion control algorithm which was developed in
ASCET. The CAN bus communication board was used for data transfer from NI-PXI.
ETK communication board was used to read and write values of ECU engine
operating parameters. The combustion control algorithm was coded by using ASCET.
ASCET is a model-based development of application software for embedded systems.
It was designed to develop software for the automotive industry. The application
software can be coded using block diagrams, state machine and C code and automatic

code generation for rapid prototype is accessible.

2.3.3 Pressure sensor

The in-cylinder pressure measurement is an important part because combustion
noise index was calculated by using the measurement. Therefore, the quality of the
combustion control was determined by a great extent of the quality of the measured
in-cylinder pressure signal. The pressure was measured by using a pressure sensor,
Kistler type-6056. The sensor was installed using a glow plug adopter, which has a

shape of a glowplug, and it was mounted in the 1% cylinder instead of the glowplug.

20



The charge signal from the sensor was converted to analog voltage signal through a

charge amplifier. The converted signal was measured by the FPGA board of NI-PXI.

21



Table 2.5 Specifications of NI PXI

Criteria

Specification

PXI Controller

2.3 GHz quad-core Intel Core i7-3610QE processor

Board
4GB, 1600 MHz DDR3 RAM
(NI PXI-8119)
8 analog inputs, independent sampling rates up to 200
kHz, 16-bit resolution, £10 V
8 analog outputs, independent update rates up to 1 MHz,
FPGA board 16-bit resolution, +10 V

(NI PX1-7842R)

96 digital lines configurable as inputs, outputs, counters,
or custom logic at rates up to 40 MHz
Virtex-5 LX50 FPGA programmable FPGA Module
3 DMA channels for high-speed data streaming

CAN board
(NI'PXI1-8461/2)

2 CH, 1 MBit/s

22



Table 2.6 Specifications of ES1000

Criteria Specification
CPU 1 GHz
Simulation Board
RAM 256 MB SDRAM
A/D board 16 CH, 100 kHz/CH
D/A board 8CH
16 CH input, 16 CH output
Digital and PWM Channel _
2 external trigger
I/O board
Frequency 1 Hz to 60 kHz

CAN Communication

4 CAN signal

ETK Communication

1 CH, 100 MBit/s

23
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Table 2.7 Specifications of in-cylinder pressure sensor

Criteria Specification
Measuring range 0~250 bar
Sensitivity 20 pC/bar
Operating temperature range -20~350 eC
Sensitivity shift <+ 05%
Short term drift <+ 0.5% bar
Weight with cable 3049
24



Chapter 3. Relation between diesel combustion and

combustion noise

3.1 Simulation of heat release rate using Wiebe functions

The in-cylinder pressure variation, which is the main source of combustion noise,
was produced by the heat released from burning fuel. Thus, the shape of heat release
rate directly affects combustion noise. However, it is very difficult to evaluate effect
of shapes on combustion noise by experimentally changing them. Most of combustion
control parameters, such as the pilot injection, boost pressure, SOC and compression
ratio, are strongly dependent and affect the shape of heat release rate. Thus, the heat
release rate was simulated using Wiebe function to unconstrainedly change the shape.
In this chapter, the effects of shape of heat release rate on combustion noise index
were examined and the better shapes of heat release rate to reduce the combustion
noise were found by using the Wiebe function. The figure 3.1 shows the process of

heat release rate simulation and pressure Diesel combustion and Wiebe function.
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The Wiebe function has been used to predict the pressure curve and temperatures
in many other researches. The equation (3.1) shows the Wiebe function. The
coefficient “‘a’ and ‘m’ are related to combustion characteristics and “6 j,,-qtion’ MeaNS
the combustion duration. Since the function converges to 1, the total heat can be
multiplied. The equation (3.2) shows heat release per crank angle degree when the

total heat is Q;otqi-

G_BSOC m+1]

Oduration

X=1-exp [—a . (3.1)

d_Q =a- (m + 1) ' ( QtOtal ) . <(9 — 950C)>m ‘| exp|—a- <(9 — 91) >m+1
dé eduration eduration Hduration

(3.2)

The diesel engine combustion can be divided into 3 phases, which are premixed
combustion, mixing controlled combustion and late combustion. Each phase has
different characteristics, start timing of combustion, burning rate and combustion
duration. The rapid combustions were shown during the short period in premixed
combustion phase. On the other hand, diffusive combustion has a relatively long
combustion duration because it needs extra time to be mixed with air. Therefore,
simulating diesel combustion using single Wiebe function was hard to be coincided
with the experimental results. Thus, Ghojel at el. used double Wiebe function to
describe the premixed combustion and diffusive combustion independently [43].
However, since the late combustion has a much longer combustion period than the

mixing controlled combustion, they have to be considered separately to improve the
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accuracy of the simulation. Hence, three of Wiebe function were used to simulate
diesel combustion in this study. They can be summed linearly, thus the equation is
shown as equations (3.3) and (3.4). [44-46]

0-0; m;+1
X=Y,1—exp [—ai P00 ] (3.3
ei,duration
d_Q —\'.A.. . . Qitotal . (B_Gi,soc) m .
ae B Zl % (ml + 1) (ei,duration) <9i,duration)
m;+1
(ool
gi,duration
(3.4)

3.1.1 Validation for the simulation of the heat release rate

The simulated heat release rate curves were compared with the experiment
results. The experimental cases are shown Table 3.1. The engine speed was 1500 rpm
and fuel quantity was 15 mg. To find a variation of heat release rate when the injection
strategies are changed. The parameters, SOI, injection pressure, swirl intensity and
EGR rate, which are used to affect combustion characteristics, were changed. The heat
release rates were calculated by equation (3.5). Note that heat transfer was not

considered.

aQ _ (v \,&v 1 4P
a6 (y—1)p T y—1 Ve (3.5)
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The Wiebe functions were fitted to experimental heat release rates. The fitting
was executed for only the main combustion, thought the double pilot injection were
included in the experimental results. Figure 3.1 shows the results of fitting. The Wiebe
functions were able to describe real heat release rate. Table 3.1 shows coefficients
values. One wiebe function has five coefficients, thus triple Wiebe function has 15
coefficients. To minimize the difference of the simulated heat release rate and the real
heat release rate, ‘fmincon’ function of Matlab was used. Table 3.2 shows the results
of validation. “my;.emixeq” Was varied from 2.44 t0 5, ‘M xing’ from 0.4 to 0.8 and
Mmyge "Was not significantly varied; however, the variation was just about 1.
‘Opremixed,duration. Was varied from 11.9 to 14.5, “Opemixed,duration’ from 25.8 to

29.2 and *O4te quration’ from 62.2 to 70. 91.
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Figure 3.2 Heat release rate simulation using three of Wiebe functions

Table 3.1 Experiment condition for Validation for the simulation of the heat release

rate
Injection Parameter Variation
Main Fuel Quantity +1.5mg
Main Injection Timing T3 CAD
Injection pressure +100 bar
Swirl valve +20%p / + 40%p
Pilot Quantity +0.3mg
Pilot Injection Timing +2/+4
EGR rate + 5%p
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Table 3.2 Results of validation for the simulation of the heat release rate

Coefficients of Wiebe function

A m SOC Duration Q Q ratio

Low 6.7 2.1 1.7 11.2 437 0.3
Premixed

Upper 7.1 5 7.1 14.6 533 0.4

Low 7 0.4 55 23.1 437 0.3
Diffusion

Upper 7 0.8 15 29.4 533 0.4

Low 7 0.7 55 61.7 437 0.4

Tail
Upper 7 1.2 15 69.2 533 0.2
31
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3.1.2 Pressure reconstruction using Wiebe functions

Pressure curve was reconstructed by changing the shape of heat release rate to

evaluate the excitation intensity caused by the combustion in a cylinder. To reconstruct

the pressure curve using heat release rate, an inverse operation of equation 3.5 was

used. The used values of parameters are shown in table 3.3. The engine geometries

are the same from the engine used and y was 1.3. The heat loss occurred by heat

transfer was not considered. After attaining the pressure curve, the heat release rate

was calculated again to compare the original heat release rate. The two curves of heat

release rate were almost identical.

Table 3.3 Variables for reconstruction of in-cylinder pressure

Variables Value
Bore 77.2 mm
Stroke 84.5 mm
Connecting rod length 140 mm
Compression ratio 17.3
Specific heat 1.3
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3.2 Effect of heat release rate shape on combustion noise
: Analysis of excitation of in-cylinder pressure changing Wiebe

functions coefficients

Fast Fourier Transform (FFT) was used to analyze the excitation by in-cylinder
pressure. For the FFT analysis, the time base pressure data, which are measured with
the same time interval were needed. However, the reconstructed pressure curves were
angle based data with the same crank angle interval. In real engines, the angular
velocity is not constant but it oscillates according to the strokes. In this study, the
oscillation was not considered and the angular velocity was assumed as a constant.
Thus, the time based pressure data were calculated from an interpolation of angle base
data. The results of FFT were varied accordingly to the sample number. Thus, when
the engine speed is changed, the sample number of one cycle should also be changed.

Considering that, FFT was calculated with 50 % overlap for 10 cycles. The sample

number was 4096 and hanning windows was applied to get rid of the unexpected noise.

The one third-octave band was also used to analysis of frequency of in-cylinder
pressure excitation. Moreover, to evaluate the combustion noise, the CNI was

calculated.
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3.2.1 Comparing motoring pressure and combustion pressure

The combustion noise was mainly generated by in-cylinder pressure change.
There are two main cause for the pressure changes. The first one is the compression
and expansion process of a piston. The other one is a combustion process. Thus the
effects of them on excitation were analyzed separately. Figure 3.2 shows the
combustion pressure, motoring pressure and the difference of them. The difference
was calculated by subtracting the motoring pressure from the combustion pressure.
Figure 3.3 shows the results of FFT of them. The FFT results of the motoring pressure
converges to zero above 400 Hz. Moreover, above 400 Hz, the FFT results of
combustion pressure and the pressure difference are almost the same. Therefore, the
compression and expansion processes affect only below 400 Hz, and the combustion
process only affects frequency above 400 Hz because the signals were superimposed.
Therefore, it can be concluded that the frequency signals of above 400 Hz were

generated by the combustion phenomenon.
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3.2.2 Effects of Single Wiebe function shape on combustion noise

One Wiebe function has 5 coefficients and each coefficient determines the shape
of a function. In this chapter, effects of a Wiebe function shape on combustion noise
by changing the coefficients are invested. The coefficient ‘a’ and ‘m’ affect the
burning rate. When the ‘a’ is increased, the combustion is proceeded rapidly. When
the ‘m’ is decreased, more fuel is burned early with the same combustion duration.
B 4uration Means combustion duration and 6,,. means the crank angle of the
combustion initiation. Since the function converges to 1, the total heat release can be

multiplied to apply the total heat release quantity.

3.2.2.1 Effects of coefficient ‘a’

When ‘a’ is increased, more fuel is burned in the early stage of combustion

duration. Thus, the heat release rate also increases and a rapid pressure rise occurs.

3.2.2.2 Effects of coefficient ‘m’

As ‘m’ is increased, more fuel is combusted in the late stage of combustion
duration and as ‘m’ is decreased, more fuel is burned prematurely (figure 3.4). When
‘m’ decreased, the heat release rate became sharp and higher. It caused a rapid pressure
rise. The in-cylinder pressure also became higher because the combustion phase was
advanced. However, when ‘m’ was increased, more burned fuel was combusted in an
early period and it caused a higher heat release rate and a rapid pressure rise. However,
because the combustion phase was retarded, the in-cylinder pressure did not increase

much. Since, the pressure rise made the CNI increase, when ‘m’ was 2; the CNI was
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at a minimum value. When ‘m’ was 3; the CNI slightly increased. On the other hand,
frequency above 1.6 kHz decreased. Thus, it is concluded that when ‘m’ has a value

between 2 and 3 the excitation of in-cylinder pressure is the weakest.

3.2.2.3 Effects of combustion duration

The effects of combustion duration were investigated here. Figure 3.6 shows the
variation of pressure, heat release rate and excitations. To minimize effects of other
parameters, the combustion phases of them were fixed. When the combustion duration
became short, the heat release rate became higher because the total released heat are
the same. It makes a rapid pressure rise. The 1/3 octave band results show that levels
are increased in all frequency band. It means that the combustion duration have to be
long to reduce the combustion noise. However, because it has a trade off with IMEP,

it has to be optimized for real engineering.

3.2.2.4 Effects of start of combustion

The effects of SOC were investigated and the results are shown in figure 3.5.
When the same heat is released, if the volume of the combustion chamber was
changed, then the in-cylinder pressure also changes. Thus, when the SOC was
changed, the corresponding volume also changed. The SOC was changed with the
same shape of heat release rate showin in Figure 3.5. The pressure level increased
when the SOC was advanced and the IMEP was increased as well. It was clearer with
the apparent heat release rate. When the SOC was advanced, the apparent heat release
rate shapes were not changed much, only the scales were changed. Additionally, the

important thing was that the number of in-cylinder pressure peak could not affect
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excitation. Though, when SOC was 3° ATDC, in-cylinder pressure had 2 peaks and
when SOC was 3° BTDC, in-cylinder pressure had one peak, however, they had
similar apparent heat release rate shapes. The FFT, 1/3 octave band and CNI were not
varied much when the SOC were changed. However, because IMEP was significantly
changed, when the optimal shape of heat release rate is determined, the SOC was able
to be separately optimized to improve IMEP, though when the SOC was changed, the

heat release rate shape was also changed in real engine experiment.

3.2.2.5 Effects of total released heat

When the total heat quantities were changed with other fixed parameters, results
are shown in Figure 3.7. They look similar to the variations of combustion duration.
It was because that increased heat cause increase the maximum value of heat release
rate, thus, it caused a rapid pressure rise. FFT and 1/3 octave band showed an increase

in all frequency regions.

3.2.3 Effects of mixing controlled phase

After fuel injection, some of the injected fuel were mixed with air during an
ignition delay, and they were burned rapidly in the premixed combustion phase. With
the more burned fuel in the premixed combustion, the heat release rate became much
sharper in the early stage of the total combustion duration shown in Figure 3.8. It led
to an increase in pressure peak. In addition, as the burned fuel in the premixed
combustion phase increased, 1 kHz frequency level was increased. However,
frequency over 1.6 kHz decreased. It is because the pressure peak is affected under 1

kHz frequency and the ‘m’ of diffusive combustion phase is much less than the
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premixed combustion. Thus, as the duration of the premixed combustion became short

and the shape became sharp, effects of the premixed combustion became dominant.

3.2.4 Effects of pilot injection

Most of the modern diesel engines equipped with the common rail system use
multiple injections. The pilot injections which were injected before the main injection
were effective for reducing combustion noise because those make ignition delay of
main injection and lower heat release rate are produced. However, combustion noise
which was produced by just the combustion of pilot injection had not been
investigated. In this study, effects of the quantity and SOC of pilot injection are

examined.

3.2.4.1 Effects of pilot injection quantity

The heat released by pilot injection combustion were varied from 25 J to 45 J.
The results are shown in figure 3.9. When the injection quantity increase, the
frequency over 1.6 kHz are increase, but 1 kHz was decrease as shown in figure 3.9.
The results of CNI were not much changed. However, because high frequency

increase, the sound quality could be changed.

3.2.4.2 Effects of SOC of pilot injection

The SOC of pilot injection were changed from 5° BTDC CAD to -15° BTDC
CAD. As previously referred, when the only one Wiebe function was investigated, the

SOC does not affect CNI and other frequency characteristics. However, one more
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Wiebe, diffusive combustion, was added, the SOC affected the excitation of pressure.
The SOC of pilot is very similar to that. When the SOC were 7.5° BTDC CAD and
15° BTDC CAD, the only 1.2 kHz frequency decrease as shown in figure 3.10

3.2.4.3 Effects of combustion duration of pilot injection

The durations of combustion were changed from 5 CAD to 13 CAD. The effects
of duration variation were similar to effects of change of fuel quantities. As shown
figure 3.11, the pilot duration does not much affect in-cylinder pressure. In the
apparent heat release rate, the pressure rise is smoother in very early of combustion,
when the pilot combustion duration was longer. It significantly affected frequency
over 1.2 kHz. Thus, combustion characteristics of pilot injection was important to

reduce excitation over 1.2 kHz.
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3.3 Optimization of heat release rate shape to reduce

combustion noise

3.3.1 Optimization of heat release rate shape to minimize CNI using

Wiebe functions

In the previous chapter, the effects of heat release rate shape changing the
coefficients of Wiebe functions were described. In this chapter, the optimal shapes to
minimize the CNI are investigated. The diesel combustion was simulated using three
of Wiebe functions. The one Wiebe function had five coefficients. Thus, fifteen
coefficients had to be optimized. The coefficients are constrained by boundary
conditions, because unconstrained variables could cause unrealistic shapes. The
boundary conditions were determined through experimental results. ‘m_premixed’
was varied from 2.44 to 5, ‘m_mixing’ from 0.4 to 0.8 and m_late’was not
significantly varied; however, the variation was just about 1. ‘0 _(premixed,duration)’
was varied from 11.9 to 14.5, ‘0 (premixed,duration)’ from 25.8 to 29.2 and
‘0_(late,duration)’ from 62.2 to 70. 91. The boundary is shown in Tables 3.4~3.6. In
addition, the system, which have 15 coefficients, has many local optimum points. The
starting point can affect the optimum values. Thus, optimum points were determined
from the seven of the starting points, then, the final optimum value, which has a
minimum CNI level, was determined. The optimization was using ‘fmincon’ which is
a optimization function of matlab. The optimization is conducted when engine speed

is 1500 rpm and total released heat is 480 J.

49



3.3.2 Optimized shapes of heat release rate for minimum CNI

The boundary conditions were set as shown in table 3.4. Figure 3.12 shows the
heat release rate, pressure curve and results of 1/3 octave band analysis. The
determined values of variables were close to the boundary conditions. That means that
optimum shape for the reduction of combustion noise was determined when the
burning rate was slow and the duration is long and the SOC was retarded. These were

already known as ways to reduce combustion noise.

To find new shape, constraint of the SOC was remove. The boundary conditions
are shown in table 3.5. The other results are shown in figure 3.13. The start of
combustion of figure 3.13 was 20° BTDC CAD. The combustion duration of
diffusive combustion was not on the boundary. The duration became short than first
optimization, however, the CNI decreased by 8 dB. The premixed phase and diffusive
phase were much close and they made a smooth curve. It was observed that one Wiebe

function has a long combustion duration.

However, it is impossible that the start of combustion is 20° BTDC CAD in
conventional diesel combustion. To find more realistic heat release shape, the SOC
was fixed by TDC and the premixed fuel ratio was constrained by 20%. The boundary
conditions are shown as table 3.6, and the results are shown in figure 3.14. The CNI
was 144 dB which decreased by 19 dB. It was a significant change. It is important for
the reduction of combustion noise that the heat release rate being a smooth continuous

curve.
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Table 3.4 Boundary conditions and optimal values of variables (1)

Coefficients of Wiebe function

CNI
m SOC |Duration| Q |Qratio
Low 2 -5 5 480 0.1
Premixed | Upper 5 5 15 480 0.4
Optimum 2 5 15 480 0.3
Low 04 -5 20 480 0.1
Diffusion | Upper 0.8 20 60 480 0.4 163.11
Optimum 0.8 10 35 480 0.4
Low 04 -5 40 480 -
Tail Upper 1 20 70 480 -
Optimum 1 10 70 480 -
54
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Table 3.5 Boundary conditions and optimal values of variables (2)

Coefficients of Wiebe function

CNI
m SOC | Duration Q | Qratio
Low 2 -20 5 480 0.1
Premixed | Upper 5 5 15 480 0.4
Optimum 2 -20 143 480 03
Low 04 -20 20 480 0.1
Diffusion | Upper 038 20 60 480 0.4 155.35
Optimum 0.8 -13 24.27 480 0.4
Low 04 -5 40 480 -
Tail Upper 1 20 70 480 -
Optimum 0.7 -13 485 480 -
55
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Table 3.6 Boundary conditions and optimal values of variables (3)

Coefficients of Wiebe function

CNI
m SOC | Duration| Q | Qratio
Low 3.5 0 5 480 0.1
Premixed | Upper 5 0 15 480 0.2
Optimum 5 0 14.6 480 0.1
Low 04 0 20 480 0.1
Diffusion | Upper 0.8 15 60 480 038 144.5
Optimum 0.8 10 27.9 480 0.6
Low 04 -20 40 480 -
Tail Upper 1 20 70 480 -
Optimum 1 10.6 70 480 -
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Chapter 4. Injection strategies to reduce combustion

noise

4.1 Variation of heat release rate shape according to change of

injection strategies via experiment

The CNI variation was investigated when the injection strategies were changed.
Injection parameters, which can affect the shape of heat release rate, were SOlI,
injection pressure, Swirl ratio and EGR rate. Three level of each parameter was
compared. The engine speed was 1500 rpm and fuel injection quantity was 13.5mg.
In addition, to consider emissions, NO and PM were measured together. The CNI was

calculated by using in-cylinder pressure.

4.1.1 Main injection timing

The main injection timings were changed from 3° BTDC CAD to -3° BTDC
CAD. When the injection was advanced, the peak of heat release rate decreased. The
CNI also decreased. It was because the atmosphere temperature increased when the
SOl was advanced. Thus, the ignition delay became short and the fuel quantity of the
premixed combustion decreased. At that time, the NO emission increased because the
flame temperature increased. The PM emission was also increased because the time
to be mixed with air was not sufficient. Figures 4.1 and 4.2 show the in-cylinder

pressure, heat release rate and the emissions when the SOI was changed.
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4.1.2 Injection pressure

The injection pressures were increased and decreased by 100 bar (figure 4.3).
The peak of heat release rate were high when the pressure increased. It was because
the mixing of air and fuel was enhanced and more burned fuel in premixed combustion
phase. The CNI were also increased. When the injection pressure was low, the PM
more produced because the mixing was not enough. The NO decreased because when

the pressure decreased, the combustion phase was retarded (figure 4.4).

4.1.3 Swirl rate

The swirl ratio was not measured. The relative intensities of swirl were guessed
by the swirl valve openness. The swirl valve were 5%, 20% and 55 %. When the swirl
valve is closed, swirl ratio increases. More burned fuel in premixed combustion phase
with high swirl ratio because the higher swirl ratio enhances the mixing of air and fuel.

The NO increase and PM decrease shown in figures 4.5 and 4.6.

4.1.4 EGR rate

The EGR rate was changed by 5% . When the EGR rate was increased, the peak
of heat release rate also became high. It is because the higher EGR rate makes the
ignition delay longer. The NO was very sensitive to the EGR rate. When the EGR rate
increased 5%, the NOXx decreased by 50 %. When the EGR rate increased, the increase
in ignition delay allowed time for the fuel and air to mix, thus more fuel was burned
in the premixed combustion phase. Therefore, a higher level of EGR rate made the

peak of the heat release rate even higher (figure 4.7 and 4.8).
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4.2 Early pilot injection strategy to reduce combustion noise

4.2.1 Limitation of conventional diesel combustion

The conventional fuel injection strategies include pilot injection which is the
injection of a little fuel before the main injection. The pilot injection increases the in-
cylinder gas temperature and pressure when fuel was mainly injected. Thus, the
ignition delay was decreased and the fuel of the main injection was burned smoothly.
Moreover, some of the total fuel were already burned, the fuel of the main injection
reduced for same IMEP. The pilot injection was very effective to reduce combustion
noise. However, more fuel quantity of pilot injection was achievable to increase the

soot formation and the combustion noise caused by the pilot burning itself.

4.2.2 PCCI combustion of diesel

The low temperature combustion has been studied as a way to reduce NOx and
soot formation simultaneously. The PCCI is an injection strategy for them. In the
PCCI, the fuel was injected before TDC (usually before 30° BTDC CAD), then, was
mixed with air for much longer time before the ignition. The well-mixed fuel and air
make premixed mixture; most of fuel was burned as a premixed combustion after the
long ignition delay. Since, the flame temperature are low, less NOx was produced.
Moreover, the amount soot was reduced because the fuel and air were mixed well
without the fuel rich region, which can enhance the PM formation. However, the PCCI
combustion had a short burning duration, and caused the rapid pressure rise which

made a louder combustion noise. Moreover, The HC emission increased and the
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control of ignition timing was difficult. Thus, PCCI was not used in the manufactured

vehicles. [47-49]

4.2.3 Early pilot injection combustion

The pilot injection starts at 10~20° BTDC CAD in traditional diesel engine
injection. However, in early pilot injection, the fuel is injected before 30° BTDC CAD,
thus the injected fuel has enough time to be mixed with air with longer ignition delay.
While, the start of main injection is similar to that of the traditional injection. The fuel
of pilot injection is combusted by PCCI and fuel of the main injection is burned by
the diffusive combustion. In conventional injection strategies, the jet fuel of the main
injection is formed around the burned pilot injection, because the pilot and the main
injection are close, and local rich region appears. That is the reason why excessive
pilot quantity increases the soot formation. The early pilot injection forms a well-
mixed air-fuel mixture because it has a long ignition delay. It helps the main injection
to be mixed with air, as a result, soot formation is reduced. Therefore, using the early
pilot injection and smooth combustion are possible due to the short ignition delay of

the main injection and the increased pilot injection quantity. [50-54]

The early pilot injection was tested at 1500 rpm and 13.5 mg of fuel. Figures 4.9
and 4.10 show heat release rates and octave analysis results of a conventional case
and a PCCI case. When the early pilot injection was applied, the heat release of both
the main injection and the pilot injection was smoother than that of the conventional
case and the PCCI case. It leads to reduce the combustion excitation. The CNI
deceased from 175 dB to 170 dB. All of frequency was reduced. At that time, the NOX,
PM and indicated thermal efficiency (ITE) were equivalent to that of the conventional
data.
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When the pilot combustion and the main combustion were close, the CNI level
was at the lowest as shown in chapter 3.3. However, the strategy was not possible via
the traditional injection strategies because the closed split injection caused a lot of
smoke. While, it could be possible using the early pilot injection. The heat release rate
and frequency analysis results are shown in figure 4.11. Table 4.3 shows the emissions

and ITE. The frequency under 1.5 kHz was dramatically reduced and PM was reduced

too.
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Figure 4.10 Heat release, pressure and 1/3 octave band results of PCCI combustion

including pilot injections

71
2 4 gt



70 T T T T T
— In-cylinder pressure

— Heat release rate

— Injection signal

Pressure [bar] / HRR [J/deg]

_20 1 1 1 1 1
-60 -40 -20 0 20 40 60

170 T T T T T

165 7

160 7

155 7

150 7

145+ 4

Amplitude [dB]

140 4

135 7

1000 1500 2000 2500 3000 3500

130

Frequency [Hz]

Figure 4.11 Heat release, pressure and 1/3 octave band results of early pilot injection
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Table 4.1 Emissions, IMEP and CNI

Case description NOXx PM IMEP CNI
[ppm] | [FSN] [bar] [dB]
Conventional Diesel 109.4 4.351 6.8 172.6
PCCIl including pilot injections 68 0.183 49 175.4
Early pilot injection 101.4 4.19 6.78 168.7
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Chapter 5. Closed loop control to reduce combustion

noise

5.1 Characteristics of diesel engine noise according to EGR rate

change during transient operation

In this study, the characteristics of diesel engine noise according to the EGR rate

change during transient operation were investigated. A 1.6 liter diesel engine was used.

The engine revolution speed and load were changed with a varied ramp time. In
addition, this study examined transient operations with a constant engine speed and
increased engine load. The EGR rate was measured by using fast response
thermocouples during the transient operations. The combustion noise was evaluated

via CNI calculation

5.1.1 EGR rate measurement

The EGR rate is usually calculated by measuring the concentration of carbon
dioxide in intake and exhaust manifolds. The concentration of carbon dioxide is
conventionally determined by the NDIR method, which usually is greater than the 1
second response time; this response time is too slow to measure the EGR rate during

a transient engine operation

The methodology of evaluating the EGR rate using the temperature of intake
manifold, the cooled air and the EGR gas was explained in the previous research [55].

The EGR rate can be calculated using equation (5.1) with the assumptions that the
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specific heat capacity of the air and the EGR are assumed to be equal and heat transfer

is neglected.
EGR rate = Mecr — Tmixture _Tair (51)
Megr + My TEGR _Tair

The cooled EGR gas and air are mixed in the intake manifold; however, the
mixture is not uniform because of the considerable temperature differences. Because
the gases are temporarily stratified, heat transfer occurs between the EGR gas, the
cooled air and the intake manifold. The EGR gas loses heat to the intake manifold
while the air gains the heat. The heat transfer model was adopted to consider this

phenomenon. [56]

If effects of heat transfer is taken into account,

|_.|mi>( = |_.|air + HEGR + Qin +Qoul (5'2)

Cpn.’]mix (Tmix,HT _TU) = Cpmair (Tair _TO) + CmeGR (TEGR _TO) + hAair (Twall +Tair) - hAEGR (TEGR _Twall)

(5.3)
Toiwr = (1— EGRrate) x T, + EGRrate x Tegp + Ay (T = Toir )~ MAecr (Tecr = Ty (54)
Tmix,HT :Tmix,noHT +AT (55)
h
AT = cm [Adir (Twall _Tair) - AEGR (TEGR _Twa" )] (5.6)
p'mix

EGRrate = mEGR — (Tmixture + AT) _Tair (57)

Megg + My Teer = Tair
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where H,, ,H., and H_ are the enthalpies of the air, the EGR gas and the

EGR

mixed gas, respectively. c andc are the specific heat capacity at constant

p,air ! Cp,EGR p,mix

pressure of the air, the EGR gas and the mixed gas, respectively. Q, is the heat that

the air gains, and Q,, is the heat loss by the EGR gas. T, ,T.,and T are measured

out ir
values. The heat transfer coefficient of h is determined from the intake manifold,
assumed to be a pipe. Nu and Re are obtained by considering the pressure, rpm and
geometry of the intake manifold. AT is the temperature variation due to the heat
transfer to the inner surface of the intake manifold. The EGR rate considering the heat
transfer is represented as equation (5.7). The radiative heat transfer to the surrounding

area is ignored.

The temperature of the air, the EGR gas and the intake manifold were measured
using fast respond thermocouples which were made by 100 um diameter R-type wires
and exposed type. The response time is less than 0.05 seconds. The gastemperature
was measured by NI- with a 100 Hz sampling rate. Figure 5.1 shows the positions of
the thermocouples to measure the temperature of cooled air, the cooled EGR gas and
the intake manifold. The EGR distribution to each cylinder is different because the
mixture of EGR gas and air is not homogenous. To evaluate the EGR rate of the #1
cylinder, the temperature of the mixture was measured close to the cylinder. (figure
5.1). The EGR rate measured using thermocouples was verified with an exhaust gas

analyzer (Horiba MEXA 7100 DEGR) at steady states.

5.1.2 Combustion noise according to the EGR rate variation

The combustion noise change according to the EGR rate variation was examined
by using the CNI. The operating condition was 1750 rpm and the fuel injection

quantities are 17.5 mg. The only EGR valve openness was changed and their EGR
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rates were 30%, 25% and 18%. Figure 5.2 shows the results and table 1 represents the
maximum pressure, pressure rise, ROHR and CNI, respectively. The CNI was at the
highest when the EGR rate was at 30%; the value reduced as the EGR rate decreased.
The EGR rate affected the ignition delay. The ignition delay became longer when the
oxygen concentration was lower. The high level EGR rate limited the concentration
due to the dilution effect. The longer ignition delay caused the more fuel to be
combusted in the premixed combustion phase, thus the RoHR peak and pressure rise

become greater, which have a considerable effect on combustion noise.
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Intake manifold
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after EGR cooer

>l Air temperature
. after intercooler

Figure 5.1 Thermocouples to measure the temperature of the air, the EGR gas and

the intake manifold
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Figure 5.2 In-cylinder pressure and RoHR variation according to EGR rate change
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5.1.3 CNI variation during transient operations

5.1.3.1 Transient operation 1. Speed and load change

The CNI was examined when the engine operating condition were changed to
1750 rpm and BMEP 8 bar from 1250 rpm and BMEP 2 bar while varying the ramp
time to 2, 5, and 10 seconds. These operating conditions usually occur when a vehicle
starts in the first or the second gear. The gear ratio is high and the engine speed rapidly
increases. Figures 5.3~ 5.5 show the results. Moreover, to compare to the steady state,
the constant engine speed and load states were examined per 100 rpm increase. The
blue lines in the figures indicate transient operation results, and the red dots indicate
the steady operation results. When the ramp time was shorter, the difference between
the transient and the steady results of the CNI were greater; particularly when the
engine speed was 1650 RPM and ramp time was 2 seconds, the CNI difference was
at the greatest at 4 dB. The EGR rate was measured using the thermocouples. The
EGR trends were very similar to that of the CNI. The difference of transient and steady

state operations was larger, when the ramp time was shorter.

Figure 5.6 shows the in-cylinder pressure and the RoHR curves of a cycle during
the transient operation with 2 seconds ramp time. The blue line shows transient
operation and red line shows steady operation. Both were operated at the same engine
speed and load, fuel injection quantity, 1650 rpm and 16.13 mg per cycle. The RoOHR
peak of transient operation was greater than at steady operation. This occured because
of the EGR rate difference effect on ignition delay. The steady operation, which has
lower EGR rate level, has a shorter ignition delay. As a result, less fuel is combusted

in the premixed combustion phase, and the pressure curve is milder. The surplus EGR
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rate in the transient operation cause the rapid combustion, which lead to the CNI

increase.

5.1.3.2 Transient operation 2. Constant speed and load change

The load was increased to 18 mg per cycle from 8 mg with a constant engine
speed of1750 rpm. This condition usually occurs when a vehicle is accelerating in a
high gear at high speed. Because the effective inertia of the vehicle in a high gear is
much greater than a lower gear, the engine speed does not vary rapidly. The ramp
times were varied to 1, 2, and 5 seconds. Steady operations were examined when the
injected fuel quantities were 10 mg, 12 mg, 14 mg and 16 mg per cycle. Figures

5.7~5.9 show the results.

The CNI was calculated to evaluate the combustion noise. The difference in CNI
between transient and steady state operation was the largest at 2 dB when the injection
fuel was 16 mg. The EGR rate was measured by the thermocouples; when the fuel
quantity changes during transient operation, the EGR rate was higher. When the fuel
guantity was 16 mg, the largest EGR rate difference occurs. The higher EGR rate
lengthened the ignition delay and raises the peak of the RoHR. Figure 10 shows the
in-cylinder pressure and the RoHR curves of a cycle during the transient operation
with 1 seconds ramp time. The surplus EGR which caused the sharp combustion lead
to higher CNI level. This phenomenon is similar to the ones found in the transient

operation.
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Table 5.1 Maximum of pressure, pressure rise, ROHR and CNI according to EGR

variation
EGR Max. Pressure Max. Max. RoHR CNI
rate [bar] Pressure rise [J/deg] [dB]
[bar/deg]
30% 55.2 3.11 62.7 178.2
25% 58.4 2.83 55.9 1775
18% 61.9 2.50 48.7 176.1
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Figure 5.3 Results of speed and load transient operation, ramp time: 2 s
(a) Engine speed, (b) CNI, (c) EGR rate
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5.2 Concept of control

Engine noise and emissions are sensitive to environmental condition changes
because these changes affect the combustion of diesel. For example, noise can be
worsened by reducing the amount of pilot injection due to the injector aging and EGR
rate mismatching caused by fouling occurring in the EGR system, turbo charger lag
and intake temperature variation. Moreover, the combustion noise could be changed

during a transient operation as referred in 5.1. [57-59]

Closed-loop control is one way to solve these problems. The control system uses
combustion information, such as the MFB50 and IMEP, which is calculated from the
in-cylinder pressure, measured by a pressure sensor integrated with the glow plug.
The injection strategy is determined according to the feed-back. Many researchers
have developed these technologies aim to reduce emissions. However, if combustion
noise is used as feedback in this sense, when applying this closed-loop control
principle, the sound quality deterioration could be prevented. Therefore, this study,
closed loop combustion control system using CNI for reduction of combustion noise

have been developed. [60]

Figure 5.11 shows the concept of combustion control using CNI for combustion
noise reduction. The control system consisted of CNI calculation and combustion
control. In-cylinder pressure was measured and CNI was calculated in CNI calculator.
The results of CNI calculation is passed on combustion controller which can control
of EMS variables. The combustion controller was operated to create an algorithm and
modify injection strategies to change the combustion characteristics and combustion
noise, or combustion noise index. This process was repeated until the target was

achieved
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Engine & EMS Combustion Noise Index Calculator

Engine In-cylinder Calculation
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Figure 5.11 Concept of combustion control using CNI for combustion noise reduction

92

ﬂau“
-;:. _I_a

ﬁ-
Sk -—.
SECHIL MATHCORAL | BJNE



5.3 Control parameters

To determine the control parameter for CNI control, the sensitivities of the
parameters, which are SOI, pilot quantity, injection pressure and EGR, for CNI were

investigated.

5.3.1 Start of injection

The SOI of the main injection were varied from -2° BTDC CAD to 3° BTDC
CAD. The engine speed was changed from 1250 rpm to 2500 rpm and fuel quantity
was varied from 12.5 mg to 25 mg. Figure 5.12 shows CNI when the SOI were
changed. The CNI levels were high where engine speed was 1750 rpm and fuel

guantity was about 15 mg, though the SOI were changed.

The sensitivity of SOI for CNI was examined. Figures 5.13 and 5.14 show CNI
level and SOI, respectively when the engine speed were 1500 rpm and 2000 rpm. The
fuel quantity was varied between 12.5 and 25 mg. The CNI decreased by advancing
SOI when the fuel quantity was 12.5~20 mg. However, when the fuel quantity was
over 20 mg, the correlation between of CNI and SOI is week. That means the CNI
could not be controlled by changing the SOI at the operation points. Figures 5.15 and
5.16 show the heat release rate when the SOI varied. At 15mg of fuel, when the SOI
was advanced, the peak of heat release rate lowered. However, at 22.5 mg of fuel,
when the SOI was advanced, the peak did not decrease. That was the reason why the

CNI could not be controlled by the SOI when the fuel quantity was over 20 mg.
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SOIL: -2 [CAD BTDC]

1250 1500 1750 2000 2250 2500

125 11.9 14.2 16.1 12.5 8.6 4.6
15 13.2 14.5 16.8 13.2 o3 5.2
17.5 10.7 13.3 16.2 13.2 8.8 5.5
20 6.9 11.8 149 12.3 7.9 54
225 54 11.0 134 11.7 i23 5.9
25 3.8 10.0 13.0 10.9 7.9 6.5

SOIL -1 [CAD BTDC]

1250 1500 1750 2000 2250 2500

125 12.3 14.2 16.1 124 8.7 5.0
15 12.9 134 16.2 12.8 9.1 5.1
17.5 924 12.2 15.6 12.8 8.0 5.6
20 5.6 11.2 14.3 11.8 7.3 5.8
225 4.4 104 13.6 111 7.3 5.9
25 2.8 10.5 13.2 10.9 8.1 6.8

SOIL: 0 [CAD BTD(C]

1250 1500 1750 2000 2250 2500

125 11.9 139 15.8 12.3 8.2 5.3
15 11.8 12.8 15.7 124 8.2 5.3
17.5 8.5 115 149 11.9 7.3 5.7
20 4.7 10.6 13.7 11.3 6.6 6.1
225 3.3 10.0 134 10.8 6.9 6.6
25 2.3 104 12.9 10.9 7.7 7.2

SOIL: 1 [CAD BTDC]

1250 1500 1750 2000 2250 2500

125 115 13.2 15.5 11.8 74 5.9
15 10.8 11.7 15.0 11.8 74 5.8
17.5 7 10.5 14.2 115 6.6 6.2
20 gl 9.8 13.1 10.7 6.2 6.6
225 2.9 9.8 12.7 10.2 6.6 6.9
25 1.7 10.1 13.1 10.6 7.4 7.7

SOIL: 2 [CAD BTD(C]

1250 1500 1750 2000 2250 2500

125 11.0 12.8 15.2 11.3 7.1 6.3
15 9.6 10.6 14.2 11.0 7.0 6.4
17.5 6.3 9.2 13.3 10.5 6.4 6.7
20 3.0 9.2 12.3 10.1 6.2 7.0
225 18 9.7 121 10.0 6.7 74
25 1.0 104 12.7 104 7.5 8.0

SOI: 3 [CAD BTD(]

1250 1500 1750 2000 2250 2500

125 10.7 12.7 15.1 10.7 7.0 6.7
15 7.9 10.0 13.5 10.3 6.9 6.7
17.5 4.9 8.1 12.7 o9 6.5 7.2
20 2.1 8.6 11.6 9.8 6.2 7.6
225 04 2L 12.0 9.8 6.9 7.7
25 0.6 104 12.8 104 7.8 8.6

Figure 5.12 CNI variation according to SOI change
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Figure 5.13 Sensitivity analysis of CNI for SOI change @ 1500 rpm
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Figure 5.14 Sensitivity analysis of CNI for SOI change @ 2000 rpm
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Figure 5.15 Heat release rate and in-cylinder pressure according to SOI change @ 1500 rpm
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Figure 5.16 Heat release rate and in-cylinder pressure according to SOI change @ 1750 rpm
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5.3.2 Other parameters: Pilot injection quantity, pilot injection

timing, injection pressure and EGR rate

The sensitivity of other parameters, which are pilot injection quantity, pilot
injection timing, injection pressure and EGR rate, are shown in figures 5.17 and 5.18.
The pilot injection was increased by 0.3 mg and decreased by 0.3 mg. When the fuel
quantity of pilot injection increased, the CNI decreased. However, the sensitivity was

very low at 20mg of fuel quantity.

Injection pressure was increased and decreased by 50 bar. When injection
pressure was reduced, the CNI decreased. Moreover, when the fuel quantity was even
over 20 mg, the linearity was remained. It means that the injection pressure could be
a parameter, which can control the CNI level for aboard operating region. Figure 5.19
shows the heat release rate. The peak of heat release rate decreased with a lower

injection pressure.

The pilot injection timing was also investigated because it affects the in-cylinder
gas temperature and pressure when the main fuel was injected. When the timing was
changed, the CNI was varied. According to the operating point, the tendency was
changed, thus, the pilot timing was not proper to be used as parameters to control the
CNI level.

The EGR rate was also investigated. The EGR rate changed due to oxygen
concentration in cylinder and ignition delay. When the EGR rate was high, a rapid
combustion occurred because more fuel was burned in the premixed combustion

phase. When the EGR rate was low, the CNI also decreased. The tendency and
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sensitivity were acceptable to be used as parameters to control the CNI. However, air
supply system has a delay, thus it is hard to control the CNI by changing the EGR rate.
In addition, NOx emission was very sensitive to the EGR rate, thus if the EGR rate

was decreased to control CNI, NOx emission could have increased.
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Figure 5.17 Sensitivity analysis of CNI for pilot fuel quantity and injection pressure change
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Figure 5.18 Sensitivity analysis of CNI for pilot timing and EGR rate change

102



5.3.3 Interaction among injection parameters

As previously referred, the main injection timing, pilot quantity and rail pressure
were proper to be used as parameters to control CNI level. However, some of them
had different tendency according to operating conditions. Thus, if they were
simultaneously used to control the CNI level, they would make synergy or potential
conflicts with other parameters. To use them together, the interaction among of them

were investigated.

At first, the SOI, Pilot quantity and injection pressure were separately changed.
The engine speed was changed from 1250 rpm to 2750 rpm and total fuel quantity
was changed from 10 mg ~ 40 mg. That was possible to cover the general operating
condition. Figure 5.19 shows a different CNI level when the SOl was 3CAD advanced
and when the SOI was at the base condition. Blue means decreasing of the CNI and
RED means increasing of the CNI. In other words, the blue region means that the SOI
can be used as control parameter. The SOI advance was mainly effective in the region
of 1250~2000 rpm and 10~20 mg fuel quantity.

The injection pressure was reduced by 60 bar. Figure 5.21 shows the difference
of CNI level between reduced injection pressure and the base injection pressure. The
control of injection pressure was effective in all operating points. Especially, when the
engine speed is under 1500 rpm, changing the rail pressure was effective to reduce the

CNI level.

The pilot injection quantity was increased by 0.3 mg. The decreased pilot
injection quantity was effective under 25 mg of fuel and all engine speed. However,

that was less effective than the SOI and the injection pressure as shown in figure 5.20
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To investigate the interaction among the advanced SOI, reduction of injection
pressure and increase of pilot injection, they were applied simultaneously. If there
were no cross effects among them, effects of each parameters would be linearly
summed when they are used together. Figures 5.22 and 5.23 show estimated values
when the effects of them were arithmetically summed and results when in-cylinder
pressure were measured by experiment, in which the all of parameter were changed.
The gap between estimated value and experimental results are not considerable. Thus,
they can be simultaneously used to control the CNI level, because they did not have
negative cross effects. Moreover, if the operating region, in which each of the
parameters is used, is limited, the available operating region is extended. The
application operating regions are shown in figures 5.24-26 and the results of CNI are

shown in figure 5.27.
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Figure 5.19 CNI change when SOl is advanced by 3 CAD

Engine Speed [rpm]

1750

-0.38

-0.38
-0.04
0.21
0.11
-031

040 0.01

0.26

2000 2250 2500 2750
037 001  -019
032 000  -006
-047 026 008
046  -022 001  -012
024 033 002 -014
007 004  -033  -039
010 004  -014  -030
0.13 002  -013  -030
002 027 000  -018
092 032 0.06
040 007

Figure 5.20 CNI change when Pilot quantity increase by 0.2 mg
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Engine Speed [rpm]
1750 2000 2250
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Figure 5.21 CNI change when injection pressure is reduced by 60 bar
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Engine Speed [rpm]
1500 1750 2000

Fuel Quantity [mg/hub]

-0.28 0.08

Figure 5.22 Arithmetically estimated CNI variation when SOI, pilot quantity and

injection pressure are simultaneously changed

Engine Speed [rpm]
1250 1500 1750 2000

Fuel Quantity [mg/hub]

Figure 5.23 Experimental results CNI variation when SO, pilot quantity and injection

pressure are simultaneously changed
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Figure 5.24 Control range using SOI
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Figure 5.25 Control range using pilot quantity
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Engine Speed [rpm]
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Figure 5.26 Control range using injection pressure

Engine Speed [rpm]
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Figure 5.27 CNI variation when the control ranges are limited for each parameters
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5.4 Real time combustion control system to combustion noise

5.4.1 Overview of real time combustion control system

The system has 3 parts which are measurements of in-cylinder pressure,
calculation of CNI and control of injection strategies. Figure 5.32 shows schematic
diagram of the control system. The pressure was measured by using a charge type

pressure sensor and charge amplifier. The CNI was calculation using the NI-PXI. The

software was coded by LabVIEW. The injection strategy were modified in the ES1000.

The control software was coded by ASCET. The NI-PXI and ES1000 communicated
each other using CAN bus.

5.4.2 Calculation of CNI

The CNI was calculated using NI-PXI as shown in figure 5.33. The process of
CNI calculation included FFT, thus the pressure samples had to be measured with
same time interval. To obtain the time based samples, a Field-Programmable Gate
Array (FPGA) board was used. The FPGA board is an integrated circuit designed to
be configured by a customer or a designer after manufacturing. The in-cylinder
pressure signal was acquired with Crank Position Sensor (CPS) signal which was also
used in EMS (engine management system). Using the CPS signal, the crank angle
information of the pressure signal was measured. The CNI calculation has to be
finished within one cycle for cycle by cycle control. The whole pressure signal of one
cycle was not used, but only pressure signal from -180 CAD to 180 CAD, in which
the combustion process occurred, was used for CNI calculation. The acquired pressure

data were transferred to real time controller via FIFO in the NI-PXI. In the real time
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controller, FFT of pressure signal was first calculated. Then, octave analysis of the
FFT results were executed, and finally CNI was calculated. The CNI value transfer to
ES1000 via CAN bus communication. All of the process were completed within one

cycle. The process of calculation was described in figure 5.33.

5.4.3 Control of injection strategies

When the CNI calculation was completed, the results were transferred to
combustion controller. The combustion controller compared target CNI level and
current CNI level and modifies the injection strategies when the current CNI level
higher than target level. Figure5.34 shows the schematic diagram of combustion

controller.

The combustion controller consisted of 5 parts. The first part was data input and
output. In the part, the EMS data, such as, engine speed, fuel quantity, rail pressure,
pilot quantity, SOI, etc. were measured. In addition, the current CNI level, which was
calculated in the NI-PXI, was read and current engine operation condition was sent to

the NI-PXI via CAN bus communication.

In the control mode part, it was determined whether the control system was
activated or deactivated according to the engine operation condition. When the engine
speed was too high or when the fuel quantity was too much, the CNI could not be
controlled. Thus, the controllable operating condition had to be discriminated. It was
able to distinguish the transient of activation and deactivation. That was helpful to

reduce the shock of change of operating mode.

Next, the current CNI level, which was obtained via CAN bus, was compared to

target CNI level. The target level was determined from lookup table using engine
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speed and fuel quantity. The table was able to be changed according to operating
condition because the original injection strategies of EMS were changed when the
operating condition varied. The difference of current value and target was sent to PID

controller.

In the PID controller part, the injection parameters, which was SOI, rail pressure
and pilot quantity, was controlled to follow the target CNI level for current value. The
PID controllers was independent because they have different sensitivity and limitation.
The gains of each PID controller were tuned according operating conditions. The

limitation of them were set to improve robustness.

The last part was communication with EMS. The ES1000 and EMS
communicate via ETK protocol. The original value of variables of EMS were replaced
modified values in combustion controller. To apply next cycle, at least the bypass had
to be completed before 90° BTDC CAD.
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Figure 5.28 Schematic diagram of closed loop control system using CNI to reduce combustion noise
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Figure 5.29 CNI calculation using NI-PXI & LabVIEW
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5.5 Results of the closed loop control

5.5.1 Vehicle test

The closed loop control system to reduce combustion noise was applied to a
vehicle. Figure 5.36 shows the test vehicle and table 5.2 displays specification of the
vehicle. The vehicle is five door small family case and the engine is the same type of
one used in test bench. Figure5.36 shows the vehicle in which the control system is
equipped. The pressure sensor was installed in the first cylinder. The Kibox, NI-PXI
and ES1000 were set up. To power supply, 220V invertor and extra battery were

carried too.

The noise was measured in the cabin of the vehicle. A binaurales headset type
microphone are used and the noise was measured by SQuadriga Il (head acoustics).

The driver wore headset type microphone to measure the sound for driver hearing.

5.5.2 Operating conditions and Results

Figure 5.37 shows the operating condition. The vehicle was accelerated to 60
kph with light tip-in. the engine speed was varied from 800 rpm to 2000 rpm and fuel

injection quantity was changed from 5 to 23 mg/cycle-cylinder.

Figure5.38 shows the current CNI level and target value when the control system
was deactivated. There was a significant gap between the current level and the target,
which was up to 6dB. Figure5.39 shows results when the control system was activated.

The current CNI level could follow the target value during the transient operation.

116

(25 A=detw



Figure 5.40 shows behaviors of injection parameters. SOI, injection pressure and pilot
quantity were adjusted to follow the target. At that time, the cabin noise was reduced.
Especially, the noise of 1.2 kHz ~2 kHz diminished up to 4 dB(A)
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Figure 5.31 test vehicle, 1.6 liter diesel enigne

Table 5.2 Specifications of test vehicle

Criteria Specification
Vehicle model K3(YD)
Transmission 6-speed automatic
Driven type Front-wheel drive

Maximum power 128 hp

Maximum torque 28.5kg-m

Weight 1,340 kg
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Figure 5.32 closed loop control system set up in test vehicle
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Chapter 6. Conclusion

The objective of this study was to look for the methodologies to reduce
combustion noise in diesel engines. The relations between diesel engine combustion
and combustion noise were examined and the closed loop control system for the noise

reduction was developed.

In this study, a 1.6 liter diesel engine was used. The in-cylinder pressure,
emissions and PM were measured by using a gas analyzer and a smoke meter. Rapid
prototype controllers were used for the real time control system and NI-PXI was used
to calculate the current CNI in real time. In addition, a vehicle, which was equipped
with the same type engine under the same bench test, was used to evaluate the effects

of closed loop control on reduction combustion noise.

First, in this study, the relations between the shape of heat release rate and
pressure excitation characteristics were studied. The heat release rate was simulated
by Wiebe functions to freely transform the shape. The 3 Wiebe funcions were used to
describe the diesel combustion. Each of the function meant the premixed combustion,
the mixing controlled combustion and the late combustion. Using the simulated heat
release rate, the pressure curve was reproduced and the frequency analysis was
conducted. When fuel was rapidly burned, the excitation level increased. When the
coefficient ‘m’, which is related with the burning speed, was in between 2 and 3 the
combustion excitation was at the lowest. When the combustion duration increased or
the fuel quantity decreased, combustion noise decreased. However, the start of
combustion did not significantly affect the combustion noise. Pilot injection, which
was used to reduce combustion noise, decreased the combustion excitation of
combustion from the main injection. However, the combustion of pilot injection

considerably affected the total excitation.
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The shape of heat release rate for reduction of combustion noise was investigated.

When the combustion duration became long and the fuel burned moderately, the
combustion noise decreased. In addition, a split injection of the main injection was
effective to reduce the excitation. When 30% fuel was burned early, the rest of fuel
continuously burned and the combustion noise was dramatically reduced with the
same IMEP.

The injection strategies for the reduction of engine noise was examined via the
engine bench tests. When injection parameters, SOI, swirl, injection pressure and
EGR rate, were changed, the heat release shape and excitation characteristics were
studied. The combustion noise could be reduced; however, more smoke was produced
except for the EGR control from changing them. The EGR rate significantly affected
the NOx emission. To prevent a formation of more emissions and to reduce the
combustion noise, early pilot injection strategy was applied. When the pilot injection
quantity increased, the main injection quantities decreased for the same IMEP.
However, an increase of pilot injection quantity may produce more smoke. To solve
the dilemma, the early injection concept was applied to the pilot injection. Since, the
early pilot was injected before 30 CAD° BTDC, the fuel of the main injection was
deliberately mixed with air; albeit, the pilot injection quantity increased. Through, the
early pilot injection, the combustion noise could be reduced without an increase of

emission.

Finally, closed loop control system using the CNI was developed to reduce
combustion noise. The controller, which can measure the in-cylinder pressure and
calculate CNI in real time, were developed using NI-PXI and LabVIEW. The
combustion controller, which can modify the injection strategies by communication
with EMS, was developed using ES1000 and ASCET. SOlI, injection pressure and

pilot quantities were used as control parameters. Since, they did not have negative
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cross effects, the controller changed them simultaneously to follow the target value
for the current combustion noise index level. The system was applied to a vehicle.
The current CNI level could be controlled to follow the target value in transient
operations. During the transient operations, the cabin noise in the vehicle was
measured with microphones. AS a result, 1.2~2 kHz frequency of the noise was
reduced down to 4 dBA.
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