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Abstract  

Design of Combustion for Optimized Performance 

and Emissions in a Diesel Engine 

 

Yongjoo Lee 

 

Department of Mechanical Engineering 

The Graduate School 

Seoul National University 

 

Recently, the researches for improving the performance of the internal 

combustion engines have been focused on the respect of thermal efficiency, 

emissions, noise and vibration. The thermal efficiency is related with decreasing 

carbon dioxide (CO2) emission that has affected global warming. Also, nitrogen 

oxides (NOx) and soot emissions from diesel combustion are harmful for human. 

The harmfulness of exhaust gases has motivated governments of many countries 

to make vehicle emission regulations stringent. Recently, real-driving emissions 

(RDE) regulation was enforced, considering the discrepancy between the certified 

values in laboratory and the actual emission levels on the road. Noise pollution is 

also important in the perspective of human and public health problem. The 

combustion noise from the engine depends on the cylinder pressure excitation, 

which is affected by the engine parameters and combustion characteristics. Proper 

injection strategies or combustion shape can be optimized to meet the desired 

combustion noise level. 
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The engine development process takes a lot of effort and time to optimize 

each performance of thermal efficiency, emissions and noise. To achieve desired 

optimal performance, many trials and errors and experiments are required to 

optimize combustion and engine operating parameters. As an optimization tool, 

computational fluid dynamics (CFD) simulation needs substantial calculation cost. 

Thus, it is important to develop 0-D combustion optimization methodology that 

has low calculation cost. Previously studied 0-D combustion optimization 

methods have been optimized the injection strategy or engine parameters. The 

resulting combustion comes out of a narrow range and it is similar to the 

methodology of optimizing variables experimentally in terms of diversity of 

combustion. In this study, the combustion design methodology was developed that 

used the desired performance as input and derived combustion and combustion 

parameters as outputs in a diesel engine. 

The thermal efficiency, noise and emissions were needed to be calculated by 

0-D combustion simulation for the combustion optimization. As a one of emission 

models, the 0-D soot model was developed through cooperative research with 

Youngbok Lee. The engine test that evaluated the soot emission by EGR rate, 

intake and coolant temperature was conducted to develop the 0-D soot model and 

acquire initial conditions for combustion design. The soot formation model was 

based on the simplified spray model to calculate the equivalence ratio at lift-off 

length. The equivalence ratio at the lift-off length was used as a one of the main 

factor for the soot formation model. In the combustion design process, IMEP 

represented the thermal efficiency. For the combustion noise evaluation, the 

combustion noise index was used. The 0-D NOx model from previous research 

was applied to estimate NOx emission. 

In the combustion design methodology, the initial parameters for 

constructing in-cylinder pressure were intake pressure, lambda and the mass 
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faction burned. The MFB was determined by using Wiebe function and 

polynomial function as new approach to combustion phase. The mass of in-

cylinder air and EGR rate were calculated from intake pressure, temperature, 

lambda, that were determined as initial conditions, and the chemical reaction 

equation. Compression and expansion strokes were assumed as polytropic process. 

The gas compositions during the combustion were calculated for calculation of 

polytropic index and other thermodynamic parameters. The in-cylinder pressure 

was calculated by the heat release rate and polytropic process with the estimated 

polytropic index. In the optimization process, the optimization algorithms used in 

the combustion design method were a minimum of constrained nonlinear 

multivariable function (interior-point) and particle swarm optimization. 

MATLAB was used as the optimization tool. The boundary conditions and 

constraints were determined for efficient iteration in optimization process. The 

base form of objective function for optimization allowed to find specific 

combustion of desired performance that was used as input. The objective 

functions for various design concepts were used in maximizing target 

performance.  

The results of combustion design were investigated by objective function and 

MFB function type at various operation point. The combustion design method was 

applied to WLTP by designing the steady points in WLTP operation region. The 

fuel consumption during WLTP decreased by 4.6% compared to experimental 

result The NOx and soot emissions could be reduced by 44.7% and 60.7%. In this 

study, the 0-D combustion simulation and optimization method that derived the 

combustion of desired performance were provided. This research can contribute 

to provide combustion shape with desired or optimized performance in 

combination with thermodynamic conditions, suggesting the development process 

different from existing research methods of engine and combustion strategies for 

target combustion. 
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 Introduction 

1.1 Background 

In these days, research to improve the performance of the internal 

combustion engines has been focused on thermal efficiency, emissions, noise and 

vibration. The thermal efficiency is an essential component of the engine 

performance and related with decreasing carbon dioxide (CO2) emission that has 

affected global warming. Countries worldwide are making efforts to reduce it by 

tightening the CO2 regulations. The spark ignition (SI) engines use a three-way 

catalyst (TWC) to reduce exhaust emissions to effectively reduce nitrogen oxides 

(NOx), carbon monoxide (CO) and hydrocarbons (HC). But SI engines have lower 

thermal efficiency than compression ignition (CI) engines. CI engines have higher 

thermal efficiency than SI engines due to their high compression ratio. Major issue 

of diesel engines is the emission of NOx and particulate matter (PM) due to their 

diffusion combustion characteristics. NOx formed in the high-temperature regions 

during the combustion process and PM are harmful for human and even threatens 

their lives 1-3, which have motivated governments of many countries to make 

vehicle emission regulations stringent 4, 5. Recently, real-driving emissions (RDE) 

regulation was enforced, considering the discrepancy between the certified values 

in laboratory and the actual emission levels on the road 6-13. Figure 1.1.1 shows 

the worldwide timeline of emission standards 14. 

To satisfy strict emission standards, diesel vehicles need several 

aftertreatment systems. A diesel particulate filter (DPF) is an essential 

aftertreatment system, which effectively decreases PM and easily maintain 

performance by a regeneration stage. Lean NOx trap (LNT) and selective catalytic 

reduction (SCR) are the main systems for diesel engines to reduce NOx. LNT 
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under lean engine operation conditions traps NOx as nitrates and nitrites 15. To 

maintain the NOx conversion efficiency of LNT, de-NOx regeneration, which 

releases bound NOx, is necessary 16-18. Vehicle manufacturers use models to 

control the fuel injection strategy for de-NOx regeneration, and it is important to 

calibrate the timing of de-NOx regeneration in the engine management system 17, 

19. Ko et al. 20, 21 studied the characteristics of NOx emission and aftertreatment 

system of LNT-equipped diesel vehicles in laboratory tests and under real-driving 

condition. This study showed that NOx emission was affected by various factors, 

such as ambient temperature, regeneration of the LNT and the DPF, and traffic 

congestion. SCR with urea injection has been extensively used to reduce NOx 

emission because of its high NOx conversion efficiency; however, the chemical 

reaction of an SCR is affected by the gas temperature for activating the catalyst 22, 

23. Many efforts have been made to improve the SCR system by developing highly 

active catalysts at low temperature 24-26. In addition, engine operation strategies to 

quickly reach and maintain catalyst activation temperature are closely related to 

the NOx conversion efficiency 27-29. Although the use of aftertreatment systems to 

meet the emission regulations, development of advanced combustion strategy and 

engine control methods are needed to reduce raw emission because they increase 

production costs. 

The regulation for the limits of noise from vehicle has been tightening. 

Although mandatory limits on noise emission from engines do not exist, the 

regulation indirectly forces to reduce the noise from engines 30. Noise pollution is 

also important in the perspective of human and public health problem. The 

exposure to noise in long-term and regular period can cause various harm effects 

on human body such as annoyance, heart disease, hearing impairment and sleep 

disturbance 31-33. Also, the noise in high magnitude induces permanent damage to 

human’s ear 34, 35. Since internal combustion engines generate power based on 

combustion and rotational motion, noise and vibration are generated, especially 
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for diesel engines. Manufacturers have made an effort to satisfy emission 

regulations while investing heavily in developing technologies that will improve 

fuel economy, noise and vibration for consumers’ choice. Noise and vibration 

from diesel engines are closely related to the combustion characteristics within 

the cylinders. In the premixed combustion phase of compression ignition, the 

combustion steeply increases the in-cylinder pressure and sometimes produces a 

pressure wave. The noise originated from the excitation of structure-borne by 

pressure wave can be classified to the direct combustion noise. Figure 1.1.2 shows 

the classification of engine noise and excitation model 36. The cylinder pressure 

excitation spectrum depends on various parameters of engine operation and 

combustion characteristics. Figure 1.1.3 shows excitation spectrum for 

combustion process 37. Various engine variables and combustion characteristics 

cause changes in combustion shape, so proper injection strategies or combustion 

shape can be optimized to meet the desired combustion noise level. 

The engine development process takes a lot of effort and time to optimize 

each performance of thermal efficiency, exhaust emissions, and noise. To achieve 

desired optimal performance and combustion shape, many experiments are 

required to optimize not only engine operating variables also engine hardware 

design. In the experimental process for optimization, design of experiments (DOE) 

method are used to vary the condition of combustion environments such as 

injection strategies, engine operating variables, exhaust gas recirculation (EGR) 

rate and so on to construct model that estimate each performance for deriving 

optimal combustion. Combustion simulations via computational fluid dynamics 

(CFD) are also being studied to explore combustion characteristics changes and 

conditions that are difficult to measure and acquire through the experiment 

process. Analysis using CFD simulation can provide thermal efficiency, heat loss 

and generation of emissions considering chemistry mechanisms through 

combustion process analyze at given hardware, injection strategies, boundary 
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conditions, etc. However, CFD simulation needs a lot of costs because it is based 

on 3D mesh grid calculation and considers fluid dynamics with various turbulence 

model and phenomenological emission models using detailed chemical 

mechanisms. Due to these characteristics, CFD analysis is important when the 

target components analysis is required under certain conditions, but are not cost-

effective to optimize combustion and engine operating variables at specified load. 

0-D simulation, which calculates and predicts combustion characteristics 

with simple formulas and factors, has the advantage of lower cost and faster 

computation speed compared to 3D CFD simulation, but are relatively inaccurate 

in detailed physical and chemical mechanisms. Even if it is relatively inaccurate 

than phenomenological models, using semi-empirical 0-D models that reflect the 

combustion characteristics well can significantly reduce the cost of the engine 

development process and simulate optimized combustion modes from various 

combustion shapes. Wiebe and other researchers developed non-dimensional 

analytical combustion model that is known as Wiebe function based on several 

chemical reaction equations 38. Wiebe function that expresses mass burn rate can 

be used to optimize combustion with adequate 0-D model. The methodology that 

can optimize combustion with target performance is expected to contribute the 

cost reduction and development of advanced combustion shape in the engine 

development process. 
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Figure 1.1.1 Global Emission standards timeline 14 
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Figure 1.1.2 Engine noise contributions and excitation model 36 
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Figure 1.1.3 Cylinder pressure excitation spectrum 37 
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1.2 Literature Review 

1.2.1 Combustion noise model 

To accurately measure the engine noise, the laboratory must be equipped with 

large-scale measuring equipment and facilities such as an anechoic room and 

microphones. Furthermore, the noise results from engine or vehicle dynamometer 

experiments include a large amount of ambient noise, such as the operating sound 

of the dynamometer, the high frequency noise of the fuel and cooling water pump, 

and the air flow noise of the air conditioning facility, in addition to the combustion 

noise. The exterior noise sources are hard to separate with combustion noise and 

some of them change with the engine operating range. To replace direct noise 

measurement, the cylinder pressure can be used to estimate the level of 

combustion noise in the engine experiment. The cylinder pressure is essential to 

the excitation characteristics of direct combustion noise. Among the several 

combustion characteristics, the maximum pressure rise rate (MPRR) has direct 

relationship with combustion noise. There have been many researches that use the 

MPRR as the representation of combustion noise level 39-43. However, even if the 

MPRR is directly related to combustion noise, the accuracy may decrease 

depending on the shape of combustion pressure curve. The cylinder pressure is 

transformed from the time range into the frequency domain in order to evaluate 

the cylinder pressure acoustically. This process gives the excitation spectrum. 

Commonly, the frequency range is determined from the pressure increase degree 

or increase rate and it decides the A-weighted level of the combustion noise. 

Depending on the type of engine and combustion, a model can be established to 

estimate the noise level from various frequency range. 
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 Beidl and Stucklschwaiger 44 developed the single number index that could 

be used in s a similar with A-weighted decibels (dBA) scale. The developed index, 

the Annoyance Index, contains four objective parameters that are loudness, 

periodicity, sharpness and impulsiveness. Among the four objective parameters, 

the loudness is correlated with the A-weighted sound pressure level. The authors 

developed and evaluated the index by combining not only sound pressure levels 

but also considerations for sound quality. While the assessment of individual 

sound quality is critical to the overall noise and vibration, harshness (NVH) 

performance of the vehicle, it is better to focus on direct combustion noise level 

that is calculated by in-cylinder pressure in the process of combustion design 

rather than the subjective sound quality index. 

Payri et al. 45 introduced the in-cylinder pressure method and validated the 

method with combustion noise analysis. This study proposed to decompose the 

in-cylinder pressure to pseudo-motored, combustion and resonance excitation, 

and each component was analyzed with sound pressure level. The authors focused 

on the main source of noise in diesel engines and suggested guidelines for 

combustion noise improvement from the proposed analysis. The signal processing 

for calculating the pressure noise level starts from the power spectrum of the 

signal by the ensemble average of the square magnitude of the discrete frequency 

spectra. The equation (1.2.1) shows the power spectrum from the 400 pressure 

signal in 100 continuous cycles where 𝑃𝑖
∗(𝑓) and 𝑃𝑖

∗(𝑓) are the instantaneous 

frequency components and their complex conjugates of the frequency spectrum 

of the ith time signal. The power spectrum through the average of the harmonic 

amplitudes and overall pressure levels estimated from the power spectrum in the 

frequency range between 𝑓1  and 𝑓𝑁  are shown in the equations (1.2.2) and 

(1.2.3) where N is the number of harmonics between 𝑓1 and 𝑓𝑁 and p0=20μPa. 

The structure of the equation (1.2.3) are most common form to use the Fast Fourier 

Transform (FFT) and the sum of the third octave band level of the in-cylinder 
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pressure. In this study, the results of the noise level from measurement were not 

presented and it was hard to validate noise estimation. 

Spp(𝑓) =
1

400
∑[𝑃𝑖

∗(𝑓)𝑃𝑖(𝑓)]

400

𝑖=1

 

(1.2.1) 

𝑆𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
1

𝑁
∑ 𝑆𝑝𝑝(𝑓)

𝑓𝑁

𝑓=𝑓1

 

(1.2.2) 

𝐿(dB) = 10log(
Soverall

p0
2 ) 

(1.2.3) 

Chiatti et al. 46 also studied about the engine noise emissions and analyzed to 

extract combustion related contribution. Similar to the equation (1.2.3), this study 

also calculated the noise index, combustion index, by the sum of the third octave 

band level of the in-cylinder pressure in the frequency range of 315 – 3150 Hz, 

which is expressed in the equation (1.2.4) where 𝐿𝑝 is the third octave band level. 

The accuracy of the index was validated in the study and it showed the R-squared 

values from 0.897 to 0.924. However, the minimum speed of the validation area 

was 2000 rpm, which is high speed of the operating areas of Worldwide 

Harmonized Light vehicle Test Cycle (WLTC), and thus lacked applicability in a 

wider range. 

CI = 10log(10Lp
315
10 + 10𝐿𝑝

400
10 +⋯+ 10𝐿𝑝

3150
10 )  

(1.2.4) 
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1.2.2 NOx emission model 

The NOx emission models are divided into phenomenological models that 

can be utilized for 3D CFD simulation and empirical models that can be used 

universally for engine control and diagnosis due to fast computational speed. 

Phenomenological models solve the equations and dynamics of turbulent flow 

motion and injection characteristics. During the combustion process, the chemical 

mechanisms are used to resolve combustion model and emission models. The 

complex characteristics of diesel combustion and emissions were described in 

many studies 47-49. Several studies 50-55 gave basic concepts for NOx models that 

dividing the injection spray to fuel packages, ignition and combustion, and the 

Zeldovich mechanism which is the basis for NO formation kinetics. Empirical 

models are fitted by engine parameters and combustion characteristics to estimate 

NOx emission. Although the accuracy is insufficient compared to 

phenomenological model due to the lack of considering detailed mechanisms, the 

empirical model has advantage of low computational cost and, furthermore, the 

accuracy can be improved when utilizing physical based factors. The thermal 

mechanism that described NO formation was modeled and expressed in the 

equations (1.2.5) to (1.2.7). The thermal NO formation rate can be expressed 

under the equilibrium assumption. A large number of the NOx models have been 

studied based on Zeldovich mechanism 56-63.  

N2 +O ↔ NO + N 

(1.2.5) 

N+ O2  ↔ NO+ O 

(1.2.6) 

N + OH ↔ NO+ H 

(1.2.7) 
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Andersson et al. 56 introduced a fast physically-based NOx model to predict 

the NOx emissions using single injections. This study considered injection 

characteristics, ignition delay and swirl. The model used two zone combustion 

model to calculate the adiabatic flame temperature and gas composition, and the 

table for the equilibrium temperature and concentration were used. In other paper 

57, the results for transient conditions were presented and a 10.% mean relative 

error was shown. It showed god accuracy but this study did not consider the effect 

of pilot injection in conventional diesel combustion. Arregle et al.58 developed the 

NOx model and sub-model for the adiabatic flame temperature. The adiabatic 

flame temperature was obtained as a fitted form from the combustion reaction in 

equilibrium conditions. Also, the heat release rate (HRR) from the experimental 

data was used to calculate the NOx formation mass. But other parameters such as 

swirl and spray characteristics were not considered. Scappin et al. 59 derived the 

0-D NOx emission model for marine low speed diesel engines. A two zone 

combustion model and energy balance were applied using the extended Zeldovich 

mechanism. Asprion et al. 60 also presented the physics-based NOx model for 

numerical optimal control and model-based engine calibration. Querel et al. 61, 62 

developed the mean-value NOx model by estimating the burned gas temperature 

and semi-physical NOx formation rate for diesel engine control. d’Ambrosio et al. 

64 introduced the fast control-oriented semi-empirical model for the calculation of 

NOx emissions under steady-state and transient conditions. The model considered 

the maximum in-cylinder burned gas temperature by using three-zone real-time 

thermodynamic model developed by the authors 65.  

The above studies developed semi-empirical 0-D NOx models with good 

accuracy by supplementing the physics-based principles. However, models did 

not consider swirl that has a significant effect on combustion speed and local 

equivalence ratio, or used a fixed value of polytropic index without considering 

in-cylinder gas conditions. Lee et al. 66, 67 introduced the semi-empirical model 
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with the consideration of swirl factor and two-zone combustion model for the 

adiabatic flame temperature. The 0-D model of polytropic index that can be used 

in pressure construction process by various intake temperature, pressure and in-

cylinder gas composition was developed by Lee and Min 68. The estimated 

cylinder pressure variation at the end of the compression stroke is shown in  

Figure 1.2.1 68. 

 

1.2.3 Soot emission model 

The soot emission is particularly difficult to predict by reflecting the exact 

chemical mechanisms because there are many chemical reactions involved in soot 

formation process and principle, as well as various paths of soot formation and 

oxidation. Due to the complex principle of soot formation, the studies 69-72 using 

3D CFD simulation mainly used the phenomenological models that address and 

compute the soot emission with detailed chemical mechanisms. Tao et al. 72 

developed soot model for a modern diesel engine over a wide range of engine 

conditions. The authors established the model by dividing the process of soot 

formation into the nine step: acetylene formation, precursor species formation, 

particle coagulation and so on. As mentioned in the NOx model, these 

phenomenological models consider detailed principles based on chemical reaction 

equations, which are highly accurate but have high computational costs. Empirical 

models, on the other hand, are capable of real-time computation due to low 

computational cost and high speed, and can be applied for engine control and 

diagnosis.  

In order to have a physical basis for empirical soot model, it is important to 

reflect the characteristics of the spray. The in-cylinder temperature, pressure, gas 
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composition, and injection pressure change the spray characteristics such as 

penetration length and atomization in fuel injection sequence, and local 

equivalence ratio has a key effect on soot generation. The information related to 

the spray characteristics improve the physical basis of the model. There have been 

many researches 73-79 on numerical and experimental analysis for spray 

characteristics. Figure 1.2.2 74 shows a schematic showing the conceptual model 

of diesel combustion. The author conceptually explained the NOx and soot 

formation region, and soot oxidation region. Naber and Sibers 73 analyzed the 

effects of gas density and vaporization on penetration length of diesel sprays. The 

authors investigated the characteristic penetration time and length scales by using 

previous research 80. In this paper, the equation (1.2.8) that shows the penetration 

correlation was introduced where �̃� and �̃� are the non-dimensional time and 

penetration distance. Also, the dependence of penetration length on orifice 

diameter, time, injection pressure and ambient gas density and pressure were 

shown in the equation (1.2.9) where 𝐶𝑣  and 𝐶𝑎  are the orifice velocity 

contraction coefficient and the area contraction coefficient, a is constant with a 

value of 0.66, 𝜃 is cone angle of the spray, 𝑃𝑓 and 𝑃𝑎 are pressure of fuel and 

ambient gas, 𝜌𝑎 is density of ambient gas, 𝑑 is the diameter of orifice exit. The 

equation (1.2.9) gave the fundamental basis for the correlation between fuel 

injection parameters and penetration length. 

�̃� =
𝑆

2

̃
+
�̃�

4
√1 + 16�̃�2 +

1

16
ln(4�̃� + √1 + 16�̃�2) 

(1.2.8) 

𝑆 = √
𝐶𝑣 ∙ √2𝐶𝑎

𝑎 ∙ 𝑡𝑎𝑛(𝜃 2⁄ )
∙ √
√(𝑃𝑓 − 𝑃𝑎)

𝜌𝑎
∙ 𝑑 ∙ 𝑡 

(1.2.9) 
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Siebers 75, 81 investigated the liquid-phase fuel penetration length and used 

the scaling law to provide a fundamental baseline on liquid fuel penetration length 

and vaporization in diesel sprays. Author analyzed the trend of the liquid length 

in the experimental with respect to injection parameter. The relationship for the 

axial variation of the fuel (�̇�𝑓) and ambient gas (�̇�𝑎) mass flow is shown in the 

equation (1.2.10) from the spray mass and momentum balance equations where 

�̃� is the axial distance in the spray normalized by the spray penetration length 

scale (𝑥+)  73. From the research 75, the scaling law for liquid length was 

developed and shown in the equation (1.2.11), where a and b are the constant 0.66 

and 0.25, 𝜌𝑓 is density of fuel, and 𝐵 is the ratio of the fuel and ambient gas 

mass flow rates at the end of liquid length. 

�̇�𝑓(𝑥)

�̇�𝑎(𝑥)
=

2

√1 + 16 ∙ �̃�2 − 1
 

(1.2.10) 

𝐿𝑖𝑞𝑢𝑖𝑑 𝑙𝑒𝑛𝑔𝑡ℎ =
𝑏

𝑎
∙ √
𝜌𝑓

𝜌𝑎
∙
√𝐶𝑎 ∙ 𝑑

𝑡𝑎𝑛(𝜃 2⁄ )
√(

2

𝐵
+ 1)

2

− 1 

(1.2.11) 

The flame lift-off length of diesel fuel jets, the distance from the injector tip 

to stabilized reaction zone, is one of important injection characteristics. The lift-

off length is determined from the condition of air-fuel mixture, so it can represent 

the degree of air-fuel mixing. Several studies have investigated the lift-off length 

through experiments and simulations 76-78, 82-86. Siebers et al. 77, 84 showed the 

correlation between the lift-off length and various parameters in the equation 

(1.2.12) where C is scale constant, 𝑈 is injection velocity, 𝑇𝑎 is the temperature 

of ambient gas and 𝑍𝑠𝑡  is stoichiometric mixture fraction. Although it was 

suggested that flame propagation played the dominant role in the flame lift-off, 
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the equation (1.2.12) did not use the laminar flame speed for lift-off length 

estimation because there was not experimental data at lower temperature 

conditions. By using the Arrhenius equation and experimental results, the fitted 

equation for residence time for the lift-off length scaling was suggested by Pickett 

et al. 78. Siebers 87 had also suggested the equations (1.2.13) based on a scaling 

law for lift-off length83 where, 𝐷T is thermal diffusivity and 𝑆𝐿 is laminar flame 

speed. Peters 83 developed a scaling law for lift-off length based on the flame 

stabilization concept. Pickett and Siebers 85 shown that the equivalence ratio at the 

lift-off length was related to soot formation. Figure 1.2.3 85 shows the 

experimental result at the constant volume chamber and it shows a good 

relationship between the soot density and the equivalence ratio at the lift-off 

length . It is confirmed that he lift-off length is a significant factor in soot 

formation. 

Lift − off length(H) = C ∙ 𝑇𝑎
−3.74𝜌𝑎

−0.85𝑑0.34 ∙ 𝑈 ∙ 𝑍𝑠𝑡
−1 

(1.2.12) 

Lift − off length = 0.2 ∙ Liquid length + C ∙
𝑈0 ∙ 𝑍𝑠𝑡 ∙ 𝐷𝑇

𝑆𝐿
2(𝑍𝑠𝑡) ∙ 𝑡𝑎𝑛(𝜃 2⁄ )

 

(1.2.13) 

Hiroyasu et al. developed a soot model 52, 88 based on the Arrhenius form and 

calculated by 1-D simulation. The authors used a multi-zone model which 

considered the spray behavior. The model was consisted with soot formation and 

oxidation model expressed in the equations (1.2.14) and (1.2.15), where 𝑚𝑠, 

𝑚𝑠,𝑓 and 𝑚𝑠,𝑜 are the mass of the total soot, the formed soot and oxidized soot, 

𝐴𝑓 and 𝐴𝑜 are the constants, 𝑚𝑓 is the mass of the injected fuel, 𝑝 is the in-

cylinder pressure, 𝑝𝑂2 is the partial pressure of oxygen, and 𝐸𝑠𝑓 and 𝐸𝑠𝑜 are 

the activation energy terms of soot formation and oxidation) each had activation 

energy term for soot formation and oxidation 88. As the soot oxidation model, 
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Nagle and Strickland-Constable 89, 90 investigated the oxidation rate of carbon in 

temperature range of a 1000 – 2400℃. The authors divided oxygen reaction 

zones to two sites A and B by correlation between chemical reaction equations 

and it is expressed in equation (1.2.15) where the 𝑥 is the fraction of the A type 

site surface, 𝑝𝑜2  is oxygen partial pressure, and kA, kB, kT, kZ are the rate 

constants from the experimental results 89, 90. The soot oxidation model has been 

used to various research about soot model 91-93. 

𝑑𝑚𝑠,𝑓

𝑑𝑡
= 𝐴𝑓 ∙ 𝑚𝑓𝑔 ∙ 𝑝

0.5 ∙ exp(−
𝐸𝑠𝑓

𝑅𝑇
) 

(1.2.14) 

𝑑𝑚𝑠,𝑜

𝑑𝑡
=  𝐴𝑜 ∙ 𝑚𝑠 ∙

𝑝𝑂2
𝑝
∙ 𝑝1.8 ∙ 𝑒𝑥𝑝(

−𝐸𝑠𝑜
𝑅𝑇

) 

(1.2.15) 

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = (
𝑘𝐴𝑝𝑜2

1 + 𝑘𝑍𝑝𝑜2
)𝑥 + 𝑘𝐵𝑝𝑜2(1 − 𝑥) 

(1.2.16) 

Cebi et al. 94 developed the 0-D model for particulate matters in diesel engine 

by using combustion durations, characteristics time, valve timings and so on. The 

authors validated the model as an efficient tool for real-time particulate matters 

calculation. The advantage of the developed model was simple and fast to 

calculate in real-time, and it was easy to implement in vehicle 95. However, even 

if the combustion characteristics, combustion duration and characteristics time, 

are reflected, the accuracy of the model may be reduced in the wider engine 

operation area because it is difficult to reflect the physics basis of soot formation. 

Finesso et al. 96 used the more various parameters related with combustion 
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characteristics such as chemical heat release at the end of the main injection and 

the equivalence ratio of the spray at start of the main combustion. The authors 

proposed two types of the soot models that were used differently depending on 

the quantity of injected fuel. The parameters used in the model were identified 

by correlation with soot formation and oxidation. This semi-empirical model 96 

reflected the physics and chemical principle for soot formation well, but the 

equivalence ratio at the start of the combustion (SOC) had weak point in soot 

formation mechanism. Since the lift-off length is the distance from the injector 

tip to the surface of the flame, it can be thought that the penetration length at the 

start of the combustion is the lift-off length. However, the lift-off length as a 

concept that occurs under the quasi-steady combustion conditions, so the 

penetration length at the start of the combustion and the lift-off length are exactly 

different parameters. It would be better to use the equivalence ratio at the lift-off 

length for more rigorous physical basis. 

 

1.2.4 Combustion optimization 

In optimization studies associated with engine combustion, the subjects to 

optimization mainly have hardware aspects such as piston shape, compression 

ratio and combustion chambers, and parameter aspects such as engine control 

parameter and combustion characteristics factors. The hardware optimization is 

performed to find optimal geometry for thermal efficiency gains, thermal loss 

reductions, or emission reduction by advanced combustion 97-99. On the other hand, 

in terms of engine parameters, optimization is performed to control combustion 

by optimizing injection parameters, inlet pressure, EGR for optimal thermal 

efficiency and emission results. 
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Many studies of the engine optimization have carried out optimization 

through experimental investigation 100-104. The experiments by changing each 

parameter inputs or DOE, which designs according to the plan with in the input 

area are used for modeling 100-102. The model of target performance is established 

by control variables with acquired data and it is utilized for optimization. There 

were various optimization methods and algorithms for optimizing parameters or 

engine hardware. Millo et al. 103used genetic algorithm for the engine calibration. 

Two cases for the calibration with a pre-existing and without data set. The pre-

existing case was optimized with one target constraint and the rest target 

optimizing, and the data absent case used with single- and multi- objective 

optimization. Liu et al. 104 applied the artificial intelligence method with 3D 

simulation for the optimization of the performance and emissions characteristics 

of duel fuel engine. 

The optimization with CFD simulations has been investigated 104-108 on 

boundary conditions and hardware to optimize performance as a result of 

calculations on input conditions. Although CFD simulation is expensive, 

optimization using CFD simulation has high accuracy because it calculates using 

detailed mechanisms in turbulent flow or chemical reactions for combustion and 

emissions. In addition, CFD simulation can also be useful for optimizing hardware, 

such as piston shape and compression ratio, because it can reflect changes in flow 

and combustion by geometry. Ge etl al. 105, 106 investigated on the optimization of 

the piston bowl geometry, spray targeting, and swirl ratio at three different load 

area. A non-dominated sorting genetic algorithm II was used. The new spray 

model was integrated and a characteristic-time combustion model was used for 

time savings. The model was validated with experiments results. In terms of the 

objective function, genetic algorithm (GA) used two types of objective function; 

single-objective and multi-objective function. Single-objective function has been 

used in several studies 109-112 by combining thermal efficiency, emissions and other 
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objectives. The single objective optimization minimizes a one objective function 

and it is important to determine the objective function and correlation between 

objectives. The equation (1.2.17) is the objective function in 111 with the 

expression about each performance objectives where the last term in denominator 

is brake-specific fuel consumption (BSFC). The multi-objective optimization 

searches the Pareto front that consists of several optimal points, so it is useful to 

find the optimal points while keeping diversity of the performances. Figure 1.2.4 

shows the Pareto solutions from the study 105.The studies 105, 106, 113 about engine 

optimization using the multi-objective function have been existed to find optimal 

performance or parameters. 

𝑓(𝑥) =
1000

(
𝑁𝑂𝑥
𝑁𝑂𝑥0

)
2

+ (
𝑃𝑀
𝑃𝑀0

)
2

+ (
𝐶𝑂
𝐶𝑂0

)
2

+ (
𝐻𝐶
𝐻𝐶0

)
2

+ (
𝐵𝑆𝐹𝐶
𝐵𝑆𝐹𝐶0

)

 

(1.2.17) 

The optimization using 0-D models has low computational cost, so the 

calculation speed for combustion or emission result is fast. It is adequate for real-

time engine control and global optimization in wide operating area. The 0-D 

models in optimization studies 114-117 for combustion and emission usually have 

been used with Wiebe function that expressed the mass fraction burned. The heat 

release rate is calculated from the mass fraction burned. The in-cylinder can be 

calculated with the initial conditions. Longanathan et al. 118 used the double Wiebe 

function model with the two-zone concept to get the heat release rate and the in-

cylinder pressure. The authors developed several thermodynamic models such as 

heat transfer model and ignition delay model to predict accurate in-cylinder 

pressure. The fitted coefficients of Wiebe functions and the comparison with 

experimental results were presented. The stochastic combustion model was 

suggested by Liu et al. 119 to simulate the combustion processes with multi-stage 
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fuel injection. A 0-D spray model for propagation and spray-to-spray interaction 

was applied. Kamaltdinov et al. 114 investigated the method for determining 

parameters of double-Wiebe function for simulation of combustion process. The 

optimization studies based on 0-D sub-models have advantages of the flexibility 

of the combustion simulation and computational cost in optimization sequence. 

Smallbone et al. 107 developed virtual mapping method for optimized performance 

and emissions. Although the model developed as a tool for CFD simulation, 

optimization was performed with the use of 0-D models in the process. Shibata et 

al. 120 presented the optimized HRR shape and connecting rod crank radius ratio 

for low engine noise and high thermal efficiency. Simulation results on the 

parameter of Wiebe functions and the effect 50% of the mass fraction burned were 

presented. The authors in other study 116 introduced the optimization method of 

multiple heat releases by a genetic-based algorithm method. The three Wiebe 

functions were used to optimize the heat release shape for noise reduction with 

maintaining high thermal efficiency. Also, the authors investigated the optimum 

number of fuel injection and heat release rate shown in Figure 1.2.5. Franken and 

Mauss 121 introduced a methodology for predictive combustion simulation with 0-

D models and optimized engine operating parameters such as injection parameters, 

air fuel ratio, speed and so on using multi objective simulated annealing 

optimization. 

The above studies used the 0-D models that well-established spray and 

thermodynamic properties to optimized the desired performance. However, for 

prediction of NOx and soot emission, 3D simulation is often applied or dependent 

on experimental values. Because the boundary conditions for calculating exhaust 

emissions are limited through experiments or CFD simulations, the combustion 

also comes out of a narrow range. It is similar to the methodology of variable 

optimization by experiment in terms of diversity of combustion. If the target of 

the input is reversed over a wide range of combustion satisfying the desired 
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performance, rather than engine parameters or combustion factors, the 

optimization of the performance can be achieved for a wide range of combustion. 
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Figure 1.2.1 The estimated pressure range at the end of the compression stroke by polytropic index 68 
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Figure 1.2.2 The conceptual model of direct injection diesel combustion 74
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Figure 1.2.3 Peak KL values from the axial profiles of KL measured 

normalized by ambient gas density to the 1.7 power versus the 

inverse of the estimated cross-sectional average equivalence ratio 

at the lift off length 85 
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Figure 1.2.4 The Pareto solutions from optimization, all citizens and baseline 
105 
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Figure 1.2.5 Optimum heat releases by the number of injection (top) and 

overall combustion noise versus indicated thermal efficiency 

(bottom) 116 
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1.3 Research Objectives and Contributions 

In this study, the combustion design method was developed that optimized 

combustion with desired performance. The 0-D models used in the research 

included the combustion noise index (CNI) 122 for combustion noise estimation, 

the NOx estimation model developed by Lee et al. 66, 67, 123. The soot model was 

developed by using engine parameters and combustion characteristics through 

cooperative research with Youngbok Lee 124 in this research. The detailed key 

research objectives are as follow: 

1. Development of the spray model and real-time 0-D soot model  

- The spray model for the equivalence ratio at lift-off length model 

- Numerical calculation of the lift-off length and validation with the 

experimental data 

- Establishing the soot model with the equivalence ratio at lift-off 

length and other combustion parameters (Youngbok Lee) 124 

2. Development of the combustion design method 

- Determining the mass fraction burned and thermodynamic in-

cylinder conditions with the initial conditions 

- Constructing the combustion pressure with the polytropic index 

developed by Lee and Min 68. 

- Investigation of the objective function for optimization 

- Optimization algorithms by the determining method of the mass 

fraction burned 

3. Analysis of the combustion design results in various optimization 

objectives 

- Introduction of the combustion design process for the target 

performance and the optimized performance. 
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- Investigation of the optimization results by the objective functions 

- Analyzing the results of the combustion design method and 

optimization at the steady state points. 

4. Application the combustion design method to transient case 

- The process for applying the combustion design method to wide 

engine operating area 

- The application results of the combustion design method on WLTP 

mode. 

The combustion design method, which has not been previously studied, can 

propose combustion with optimized performance in the engine development 

process. Furthermore, it is possible to present a form of combustion pressure and 

heat release rate in the initial engine development phase or in the development of 

a new combustion concept. These processes can be simulated by using existing 

Wiebe function for optimization of well-known mass fraction burned, or by 

substituting the new form of the mass fraction burned function. 

 

1.4 Structure of the Thesis 

This study consists of seven main chapters and begins with an introduction 

to the study. In chapter 2, experimental apparatus and results are presented. The 

experimental data were used to validate 0-D models for emission results and initial 

conditions of optimization. The semi-physical 0-D soot models used in the 

combustion design method are introduced in chapter 3. The soot estimation model 

was developed with the spray model for the equivalence ratio at the lift-off length. 

The equivalence ratio at the lift-off length is the key factor of the soot formation 

model and the soot oxidation model is established with the Nagle and Strickland-
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Constable model 89, 90 for oxidation rate. In chapter 6, other 0-D models for thermal 

efficiency, noise and NOx emission are introduced. In chapter 5, the processes of 

combustion design method are explained. This method can change the objective 

function according to the intent of the designer and the combustion shape and 

performances can be optimized by utilizing conventional Wiebe function or a new 

function to set the mass fraction burned. In the optimization using Wiebe function, 

the constrained nonlinear multivariable function was used as optimization 

algorithms and particle swarm optimization was used in the various mass fraction 

burned form. In chapter 6, the results of optimization are presented and the method 

is applied to transient condition. The processes for the application and the results 

are explained. This study is summarized and the conclusion is stated in chapter 7. 
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 Experimental Apparatus 

2.1 Experimental Setup 

2.1.1 Test engine 

The test engine was a 2.2-liter 4-cylinder direct injection diesel engine with 

a compression ratio of 16. The detailed test engine specifications are shown in 

Table 2.1.1. The test engine used solenoid type injector and the maximum rail 

pressure of this injector was up to 2200 bar. The specifications of fuel injection 

system of the test engine are shown in Table 2.1.2. This engine equipped with a 

DPF, LNT, and SCR and it used a dosing control unit as well as engine control 

unit to control the urea injection and monitor NOx emission upstream and 

downstream of the SCR. In this research, the dosing control was deactivated in 

the experimental procedure because it could cause unexpected control of air mass 

flow for the fast heating of the catalyst. 

 

2.1.2 Test cell and data acquisition systems 

The engine torque and speed were controlled by AVL PUMA AC-

dynamometer system control. The dynamometer can operate in transient 

conditions by controlling in speed/alpha or speed/torque mode. The temperature 

of coolant was kept at 85-90℃ and the temperature of downstream of intercooler 

was kept about 40℃ except intake air temperature swing cases. In the coolant 

temperature swing cases, the temperature of coolant was controlled by coolant 
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controller. The cylinder pressure was measured by a Kistler 6056A piezoelectric 

type pressure sensor and the specifications are shown in Table 2.1.3. After 

removing the glow plug in the engine, the pressure sensor was mounted via the 

glow plug adaptor to measure the pressure of 4 cylinders. The measured in-

cylinder pressure was calculated to heat release rate with crank position sensor 

(CKPS) signal at the combustion analyzer and it was used to monitor the 

combustion phase and control the injection strategy. Also, the injection signal was 

logged together with the in-cylinder pressure data for the verification of injection 

control from the engine control unit (ECU). The specifications of the combustion 

analyzer are shown in Table 2.1.4. The communication with the engine 

management system (EMS) and engine control were performed by ETAS ES592 

that provided ETK communication. The dynamometer data such as torque, speed, 

fuel rate, pressure and temperature transducer at each measurement points, and 

emission measurement data from MEXA-7100DEGR were gathered in 

dynamometer controller. The schematic experimental setup is shown in Figure 

2.1.1. The mass of fuel flow rate was measured by OVAL coriolis type flow meter.  

 

2.1.3 Emission measurement systems 

The exhaust emission from the test engine was measured by several 

equipment. In the steady state test procedure, CO, CO2, O2, NOx, THC were 

measured by HORIBA MEXA-7100DEGR and the specifications are shown in 

Table 2.1.5. The sample points of MEXA-7100DEGR were positioned at the 

upstream of the LNT and the concentration of CO2 at the intake manifold was 

also measured to calculate EGR rate. A smoke meter (AVL 415S) measured the 

soot concentration at upstream of the DPF. The specifications of the smoke meter 

are shown in Table 2.1.6. The smoke meter used the principle of filter paper 
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blackening and it needed a sample volume for measuring the concentration of the 

soot. Therefore, the smoke meter was not proper to measure the transient soot 

concentration. In the transient test case, the soot concentration was measured by 

a Cambustion DMS500 and the specifications are shown in Table 2.1.7. The 

DMS500 used corona charger and electrometer detectors as measurement 

principle. The DMS500 could classify the particles number by size and provide 

size distribution of particulate matters. Because there was a difference between 

the measurement principle in the smoke meter and DMS500, the measurement 

result values of the two equipment differed in unit and exact objective of 

measurement. The equation (2.1.1) is the conversion equations from the filtered 

smoke number (FSN) to the smoke concentration 125. To compare the results 

between the smoke meter and DMS500, the experimental results of 18 cases at 

wide range of soot emission level were compared in Figure 2.1.2. The scale was 

about 1.65 times different, but the relationship was good, so it was corrected when 

verifying the transient result of the soot model. 

𝑠𝑚𝑜𝑘𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑔 𝑚3⁄ ] =
1

0.405
4.95 ∙ 𝐹𝑆𝑁 ∙ exp(0.38 ∙ 𝐹𝑆𝑁) 

(2.1.1) 
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2.1.4 Engine operating conditions 

2.1.4.1 Steady-state conditions 

For evaluating the performances of the base engine condition, 63 cases at the 

wide operating range were tested. The cases of the intercooler out temperature 

swing (22 cases), the coolant temperature swing (28 cases) and EGR swing (56 

cases) were also conducted to obtain indicated mean effective pressure (IMEP), 

noise, NOx and soot emissions. In the process of developing the 0-D soot model, 

it was conducted that swing experiments on various intake and coolant 

temperature, and EGR conditions to establish a robust model despite changes in 

various conditions. The experimental points for each condition are shown in 

Figure 2.1.3. In the swing case of intercooler out temperature, the temperature was 

tested from 35℃ as base condition to 133℃ and it was controlled by the bypass 

valve of the intercooler. The coolant water temperature was changed at four steps 

up to 40℃ at intervals of 15℃ from the base condition of 90℃ and the 

performances were evaluated. The test engine used the both of low pressure (LP) 

EGR and high pressure (HP) EGR systems. To verify and distinguish the effect of 

LP and HP EGR, the cases of EGR swing were tested by the type of EGR and it 

was added that bypass conditions to HP EGR test conditions to experiment under 

conditions with high cooler out temperatures. The maximum temperature of intake 

air in the cases of HP EGR cooler bypass (ECB) increased up to 151℃. In addition, 

EGR swing at low coolant temperature experiments was conducted at 1750rpm 

brake mean effective pressure (BMEP) 6bar condition. 

 

2.1.4.2 Transient conditions 

The transient experiment was conducted by using Worldwide Harmonized 

Light vehicle Test Cycle (WLTP). This cycle is used in regulatory emission test 
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and considered as standardized transient experimental cycles. The profile of 

WLTP is shown in Figure 2.1.4. The dynamometer controlled speed and the EMS 

controlled torque by receiving the input as accelerator pedal signal from the 

dynamometer. The acquisition of experimental data during a WLTP was basically 

the same as steady state experiments. The measurement of soot concentration was 

different and it was measured by DMS500. 
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Table 2.1.1 Test engine specifications 

Type 4-cylinder(in-line) CI engine 

Bore 83.0mm 

Stroke 99.4 mm 

Displaced volume 2151 cc 

Compression ratio 16 

Maximum power and torque 154.4 kW / 45.0 kg∙m 

EGR system 
Low pressure (LP) + high pressure 

(HP) EGR 

Aftertreatment system DPF + LNT + SCR 
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Table 2.1.2 Test engine fuel injection system specifications 

Manufacturer Bosch 

Type Common rail injection (Solenoid) 

Nozzle diameter 0.127 mm 

No. of nozzle holes 8 

Spray angle 153 ֯ 

Rail pressure 2200 bar 

Fuel injection system Common rail injection (Solenoid) 

Maximum power and torque 154.4 kW / 45.0 kg∙m 
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Table 2.1.3 Specifications of the in-cylinder pressure sensor 

Manufacturer Kistler 

Model 6056A 

Pressure sensor type Relative pressure 

Measuring range (bar) 0 ~ 250 

Overload (bar) 300 

Linearity (% FSO) < ±0.4 

Sensitivity (pC/bar) -18.3 

Natural frequency (kHz) 160 

Operating temperature (°C) -20 ~ 350 
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Table 2.1.4 Specifications of the combustion analyzer 

Item Specification 

Manufacturer Kistler 

Model Kibox to go 2893 

Sampling rate for analog input 1.25 MHz 

Uncertainty Approximately 1 ms( <<1 cycle) 

Resolution of measurement data  312.5 kHz / 0.1 CA 
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Table 2.1.5 Measuring principles of MEXA 7100-DEGR by the emissions  

Emissions Measurement principle 

NOx Chemiluminecent Detector 

THC Flame Ionization Detector 

O2, CO2, CO Non Dispersive Infrared Rays 

 

Table 2.1.6 Specifications of the smoke meter 

Item Specification 

Manufacturer AVL 

Model AVL 415S 

Measurement principle Filter paper blackening 

Measurement range 0 ~ 10 FSN / 0 ~ 32,000 mg/m³ 

Resolution 0.001 FSN / 0.01 mg/m³ 

Repeatability 

(as standard deviation) 

σ ≤ ±(0.005 FSN + 3 % of 

measured value) 

Reproducibility 

(as standard deviation) 

σ ≤ ±(0.005 FSN + 6 % of 

measured value) 
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Table 2.1.7 Specifications of DMS500 

Item Specification 

Particle size range 5nm – 1μm 

Measurement principle 
Corona charger  

and electrometer detectors 

Size Classification Electrical mobility 

Number of electrometers  22 

Time response T10-90%: 200ms 

Max concentration 1×1011
 N/cc 
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Figure 2.1.1 Schematic experimental set up 
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Figure 2.1.2 The soot concentration correlation between the result form the 

smoke meter and DMS500 
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Figure 2.1.3 Steady state experimental points 
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Figure 2.1.4 Speed and torque profile of WLTP 
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 Semi-physical 0-D Soot Model 

Semi-physical soot model with collaborative work with Youngbok Lee 124 

was developed. This paper focused on developing the spray model for equivalence 

ratio at the lift-off length and Lee 124 focused on constructing the soot formation 

and oxidation model with other parameters. 

3.1 Simplified Spray Model 

3.1.1 Spray model description 

The soot formation in the diesel combustion is closely related to the behavior 

of the spray. The dynamics of the spray explain the distribution and behavior after 

the fuel injection, and the flame structure during the combustion process. The 

previous researches showed that soot formation begins after autoignition and 

pathway through the premixed combustion phase 74. The soot is continuously 

formed in the mixing-controlled phase of the combustion. In the mixing-

controlled phase, the flame structure is a major factor to the soot formation. The 

mixing-controlled diesel combustion for quiescent diesel engine conditions occurs 

in the diffusion flame mode 74, 76, 77, 85. The fuel rich area near the center of the 

spray with the high soot concentration is located past the lift-off length as shown 

in Figure 1.2.2. The lifted flame allows the fuel and air to mix in front of the lift-

off length and form premixed mixture. The equivalence ratio at the lift-off length 

can be considered as representative index for the degree of oxygen entrained in 

the fuel jet or mixing of the fuel and air 85.The equivalence ratio at the lift-off 

length was used as a main factor of the soot formation model. The equation (1.2.13) 
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in chapter 1 developed by Siebers was used for the calculation of lift-off length 87 

and the equation was re-marked to remind.  

Lift − off length(H) = 0.2 ∙ Liquid length + C ∙
𝑈0 ∙ 𝑍𝑠𝑡 ∙ 𝐷𝑇

𝑆𝐿
2(𝑍𝑠𝑡) ∙ 𝑡𝑎𝑛(𝜃 2⁄ )

 

(1.2.13) 

Based on the equation (1.2.13), the simplified spray model was developed to 

calculate the equivalence ratio at the lift-off length using the engine operating 

parameters and combustion factors. The equation (1.2.13) consists of the 0.2 times 

the liquid length and the scaling expressions of the lift-off length developed by 

Peters 83. The liquid length was numerically calculated by the maximum 

penetration distance of liquid length that was derived using jet theory applied to a 

simplified model of a diesel spray. The laminar flame speed (𝑆𝐿) was calculated 

at the stoichiometric conditions. Based on the equation developed by Kim 126, the 

laminar flame speed was corrected by considering the dilution effect of diluents. 

The 𝑈0 is the initial axial spray velocity. The simplified spray model presented 

in this study aims to calculate the lift-of length using each factor at the start of the 

injection (SOI) to obtain the equivalence ratio at the lift-off length for applying to 

the soot formation model. This model was validated with the experimental data 

from engine combustion network (ECN) that was an international collaboration 

among experimental and computational researchers in engine combustion. The 

conditions for the validation data in engine combustion network database were n-

heptane as a fuel, ambient gas temperature in range of 800-1300K, and the oxygen 

concentration of the ambient gas in range of 8-21%. The experiment to obtained 

the data in engine combustion network was conducted in the combustion vessel 

and the principle of hydroxide (OH) chemiluminescence was used to measure the 

lift-off length 76. 
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3.1.2 Liquid length calculation 

In a diesel spray, the liquid fuel penetrates to a point that the fuel evaporation 

rate in the spray and the fuel injection rate are equal 81. The liquid fuel stops 

penetrating and begins fluctuating after the equal point. The scaling law for liquid 

length developed by Siebers 75 provided a fundamental basis on liquid fuel 

penetration length in a diesel spray. The derivation of the scaling law for liquid 

length used the schematic idealized spray model shown in Figure 3.1.1 to expand 

physical relationship during the spray penetration. The idealized spray model 

needed to assume the several physical characteristics as follows 75: 

i. quasi-steady flow with a uniform growth rate 

ii. uniform velocity, fuel concentration and temperature profiles 

iii. no velocity slip between the injected fuel and the entrained ambient 

gas 

In the Figure 3.1.1, the dashed line defined as the control surface and the 

variables 𝑃, 𝑇, and 𝜌 presented the pressure, temperature and density of the fuel 

(𝑓) and ambient gas (𝑎). The 𝛼 was the spray spreading angle. The axis 𝑥 was 

the distance from the injector tip and 𝐿  was the liquid length. So, the 

thermodynamic assumptions were needed at the control surface that including 

liquid length as follows 75: 

i. the vapor phase fuel is at a saturated condition. 

ii. the vapor phase fuel is in thermodynamic equilibrium with the 

entrained ambient gas and the liquid phase fuel. 
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iii. idealized phase equilibrium assumptions apply 

iv. gas absorption in the liquid phase is neglected. 

v. the recovery of kinetic energy in the fuel vaporization region of the 

spray is neglected. 

The mass flow rate ratio (𝐵) of the fuel (�̇�𝑓) and the ambient gas (�̇�𝑎) at the 

liquid length (𝑥 = 𝐿) was derived from the mass and energy balances equations, 

and the real gas equation. The organized equation form of the mass flow rate ratio 

is shown in the equation (3.1.1) where the variables 𝑍, 𝑀 and ℎ mean the gas 

compressibility, gas molecular weights and the specific enthalpy at the state of 

fuel (𝑓), ambient gas (𝑎) and the saturation state (𝑠) 75. 

𝐵 =
�̇�𝑓(𝐿)

�̇�𝑎(𝐿)
=
𝑍𝑎(𝑇𝑠, 𝑃𝑎 − 𝑃𝑠) ∙ 𝑃𝑠 ∙ 𝑀𝑓

𝑍𝑓(𝑇𝑠, 𝑃𝑠) ∙ [𝑃𝑎 − 𝑃𝑠] ∙ 𝑀𝑎
=
ℎ𝑎(𝑇𝑎 , 𝑃𝑎) − ℎ𝑎(𝑇𝑠, 𝑃𝑎 − 𝑃𝑠)

ℎ𝑓(𝑇𝑠) − ℎ𝑓(𝑇𝑓 , 𝑃𝑎)
 

(3.1.1) 

In the combustion process and experimental data, the unknown variable 

among the parameters in the equation (3.1.1) is 𝑇𝑠. The author of the previous 

research 75 suggested to solve iteratively with the fuel and ambient gas properties 

and conditions. In this study, Cantera, the tools for solving chemical kinetics, was 

used to obtain 𝐵 by calculating the saturation temperature at the equation (3.1.1). 

The Cantera calculated the thermodynamic properties at the specific temperature 

and pressure for fuel and various gas composition, so the saturation temperature 

that satisfying the equation (3.1.1) was able to be obtained. The obtained 𝐵 was 

used to develop the scaling law for liquid length. 

The equations (3.1.2) and (3.1.3) show the spray penetration length scale (𝑥+) 

and the normalized distance (�̃�) where 𝜌𝑓 and 𝜌𝑎 are the densities of the fuel 

and air, 𝑑 is the orifice diameter, 𝛼 is the spray angle. With the equations (3.1.2) 
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– (3.1.3) and the mass and momentum balances equations, the relationship for the 

axial fuel and air mixture distribution can be derived and the equation (3.1.4) show 

the dimensionless form of the mass flow rates ratio in the spray 75. 

𝑥+ = √
𝜌𝑓

𝜌𝑎
∙

𝑑

tan(𝛼 2⁄ )
 

(3.1.2) 

�̃� =
𝑥

𝑥+
 

(3.1.3) 

�̇�𝑓(𝑥)

�̇�𝑎(𝑥)
=

2

√1 + 16 ∙ �̃�2 − 1
 

(3.1.4) 

By using the above equations, the substitution of the 𝐵 in the equation 

(3.1.4) and solving it for the dimensionless liquid length (�̃�) derives the equation 

(3.1.5) that is the scaling expression of the liquid length. The dimensional form 

of the equation (3.1.5) is the equation (1.2.11). 

�̃� = 𝑏 ∙ √(
2

𝐵
+ 1)

2

− 1 

(3.1.5) 

 

3.1.3 Laminar flame speed model 
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The laminar flame speed is a concept originally used a lot in spark-ignition 

engine to predict and analyze the combustion process. However, the laminar flame 

speed in the calculation of the lift-off length was used to induce the scaling 

formulas of the lift-off length at the stabilization point of turbulence combustion. 

Thus, unlike describing the flame propagation in the combustion process, the lift-

off length was used close to the physical and chemical properties when quasi-

steady state was achieved in the conditions at fuel injection timing. In this study, 

the basic form of the equation for the laminar flame speed followed the equation 

(3.1.6) and (3.1.7) proposed by Kim 126, where 𝑎, 𝑏, 𝜁, 𝜉, 𝜙𝑚, 𝛼 and β are 

fitting coefficients. The coefficients used in this study were listed in Table 3.1.1, 

Table 3.1.2 and Table 3.1.3. The reference temperature and pressure for the 

evaluation of the dependency were 𝑇0=600 K and 𝑃0=5 bar. 

𝑆𝐿 = 𝑎𝑒𝑥 𝑝[1 − exp{𝑏(𝜙 − 𝜙𝑚)} − exp{−𝜁(𝜙 − 𝜙𝑚)}

+ 𝜉(𝜙 − 𝜙𝑚)
2] (

𝑇

𝑇0
)
𝛼(𝜙)

(
𝑃

𝑃0
)
𝛽(𝜙)

(1 − 2.1𝑌𝑑𝑖𝑙) 

(3.1.6) 

𝛼(𝜙) =∑ 𝛼𝑖𝜙
𝑖

5

𝑖=0
 𝑎𝑛𝑑 𝛽(𝜙) =∑ 𝛽𝑖𝜙

𝑖
5

𝑖=0
 

(3.1.7) 

The last term (1 − 2.1𝑌𝑑𝑖𝑙) in the equation (3.1.6) presented the diluent 

effect developed by Metghalchi and Keck 127. In the SI engine combustion process, 

the burned gas and the internal or external exhaust recirculation gas caused the 

decrease in the laminar flame speed. Figure 3.1.2 shows experimental result of the 

burned gas mole fraction effect on laminar flame speed. However, for diesel 

combustion, it is difficult to apply the above concept of diluent effect. CI engines 

had a lower proportion of residual gas because of their high compression ratio and 

high intake pressure due to turbo charging. In addition, unlike SI engines that burn 
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under stoichiometric condition, the composition of the gas including burned gas 

varies at the same rate because CI engines burn under lean condition. Therefore, 

when calculating the lift-off length, the laminar flame speed needs to be 

considered for the effect of diluents, unlike the equation (3.1.6). When the lift-off 

length was calculated with considering the effect of diluents, the estimated lift-off 

length calculated by the equation (1.2.13) in the case of the same gas composition 

showed good relationships as shown in Figure 3.1.3 compared to the experimental 

data from engine combustion network. However, in cases with the same ambient 

temperature and pressure and different oxygen concentration as shown in Figure 

3.1.4, the estimated values showed linear errors with the experimental data 

depending on the oxygen concentration.  

The major gases that affected on the laminar flame speed by dilution were 

O2, CO2, N2 and H2O. As previous studies 128-130 have shown, the laminar flame 

speed increased with oxygen concentration and the rest of the gases (CO2, N2 and 

H2O) decreased the laminar flame speed as shown in Figure 3.1.5. Because 

oxygen acted as an oxidizer, an increase in oxygen concentration leads to an 

increase in the laminar flame speed. Other gases reduced the laminar flame speed 

by a combination of thermal effect, which decreases the adiabatic temperature due 

to increased heat capacity, and chemical effect that reduced the concentration and 

production rate of free radicals 128, 130. Using the gas composition ratio, the heat 

capacity ratio of oxygen in the entire gas can be calculated to simultaneously 

consider the change of laminar flame speed with the oxygen concentration and the 

thermal effect of other gases. The ratio of oxygen’s heat capacity to the total heat 

capacity was defined as 𝐻O2 and the equation for the calculating 𝐻 is shown in 

the equation (3.1.8) where 𝐶𝑝 is specific heat capacity and 𝑋 means the volume 

fraction of the gas. The 𝐻O2  ratio of the mixture at the condition at injection 

timing (𝐻O2,𝑚𝑖𝑥𝑡𝑢𝑟𝑒) to air (𝐻O2,𝑎𝑖𝑟) was used as a factor to compensate the effect 

of diluents for the laminar flame speed. However, the volume fraction (𝑋O2), 



53 

which shows the good correlation with the 𝐻O2 ratio as shown in Figure 3.1.6, 

was used to compensation rather than calculating the heat capacity of specific 

temperature and pressure conditions. In this study, the equation (3.1.9), which was 

modified from the equation (3.1.6) by considering the effects of diluents as 

described above, was used to calculate the laminar flame speed. The value of 0.74 

in the equation (3.1.9) is the constant value fitted by the experimental data from 

engine combustion network. 

𝐻𝑂2 =
𝑋𝑂2𝐶𝑝, 𝑂2

𝑋𝑂2𝐶𝑝, 𝑂2 + 𝑋𝑁2𝐶𝑝, 𝑁2 + 𝑋𝐻2𝑂𝐶𝑝, 𝐻2𝑂 + 𝑋𝐶𝑂2𝐶𝑝, 𝐶𝑂2
 

(3.1.8) 

𝑆𝐿 = 𝑎𝑒𝑥 𝑝[1 − exp{𝑏(𝜙 − 𝜙𝑚)} − exp{−𝜁(𝜙 − 𝜙𝑚)}

+ 𝜉(𝜙 − 𝜙𝑚)
2] (

𝑇

𝑇0
)
𝛼(𝜙)

(
𝑃

𝑃0
)
𝛽(𝜙)

(
𝑋𝑂2, 𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝑋𝑂2, 𝑎𝑚𝑏𝑖𝑒𝑛𝑡
)

0.74

 

(3.1.9) 

  

3.1.4 The equivalence ratio at the lift-off length 

The thermal diffusivity was calculated by using the Cantera with the gas 

composition, temperature and pressure at the fuel injection timing. The injection 

velocity (𝑈0) was given by Bernoulli equation and calculated by the equation 

(3.1.10) where 𝐶𝑣 is the velocity coefficient of the injector, 𝑃𝑓 and 𝑃𝑎 are the 

fuel and air pressure, 𝜌𝑓 is the fuel density. The rail pressure was used as the 

fuel pressure and it was based on the experimental value at the base engine 

condition. 
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𝑈0 = 𝐶𝑣√
2(𝑃𝑓 − 𝑃𝑎)

𝜌𝑓
 

(3.1.10) 

By using the above parameters, the lift-off length could be obtained through 

the equation (1.2.13). Figure 3.1.7 shows the validation result of the lift-off 

length from the simplified spray model with the measured lift-off length from 

the experimental data of engine combustion network. Table 3.1.4 and 3.15 show 

experimental conditions from engine combustion network for constant volume 

chamber experiment and experimental data at injection timing. The estimated 

lift-off length by the developed spray model showed good relationship with the 

measurement data. The equivalence ratio at �̃�, which is the distance from the 

injector scaled by characteristic length scale 𝑥+, was calculated from the 

equation (3.1.4) that shows the mass flow rate ratio between fuel and air and the 

equation. By substituting the lift-off length (𝐻) for the distance term of the 

induced formula, the equivalence ratio at the lift-off length can be obtained, 

which is expressed in the equation (3.1.11) where 𝛼𝑠𝑡 is air and fuel ratio at the 

stoichiometric condition. The lift-off length depended on the air entrance into 

fuel jet at the upstream of the lift-off length and the equivalence ratio at the lift-

off length was used as a one of the main factors in the soot formation model. 

𝜙H =
2𝛼𝑠𝑡

√1 + 16�̃�𝐻
2 − 1

 

(3.1.11) 
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Table 3.1.1 Model constants in the laminar flame speed fitting equations 

 𝑎 𝑏 𝜁 𝜉 𝜙𝑚 

n-heptane 2.5 1.9 1.85 9 1.1 

 

Table 3.1.2 Coefficients for fitting temperature dependency 

𝛼(𝜙) 𝛼0 𝛼1 𝛼2 𝛼3 𝛼4 𝛼5 

High temperature regime (600-900 K) 

n-heptane 6.253 -3.876 -8.627 13.795 -6.094 0.818 

Low temperature regime (400-600 K) 

n-heptane 2.368 14.331 -45.612 50.307 -23.321 3.901 

 

Table 3.1.3 Coefficients for fitting pressure dependency 

𝛽(𝜙) 𝛽0 𝛽1 𝛽2 𝛽3 𝛽4 𝛽5 

n-heptane -0.954 -1.319 8.365 -11.400 6.147 -1.161 
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Table 3.1.4 Experimental conditions of data from engine combustion network for lift-off length 

 
Lift-off length 

[mm] 

Oxygen 

concentration [%] 

Ambient 

temperature [K] 

Ambient pressure 

[bar] 

Injection pressure 

[bar] 

Min 7.7 8 750 31.6 1380 

Max 67.0 21 1300 54.8 1550 

 

 

Table 3.1.5 Experimental conditions at injection timing of experimental data for soot model 

 
Oxygen 

concentration [%] 

Ambient 

temperature [K] 

Ambient pressure 

[bar] 

Injection pressure 

[bar] 

Min 12 825 42.4 382 

Max 20 1159 109.3 1497 
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Figure 3.1.1 The schematic of the spray idealized model 75 
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Figure 3.1.2 Effect of diluent (burned gas) mole fraction on laminar burning 

velocity 131 
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Figure 3.1.3 The estimated lift-off length without considering the dilution versus experimental data from engine 

combustion network at the constant gas composition 
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Figure 3.1.4 The estimated lift-off length calculated without considering the dilution effect at various 
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Figure 3.1.5 The effects of diluents on the laminar flame speed as a function of (a) O2 129 (b) N2, CO2, H2O 128 

  

(a) (b)
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Figure 3.1.6 The correlation between the heat capacity ratio and the volume 

fraction ratio of the oxygen in 85 cases of experimental data in 

the test engine 
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Figure 3.1.7 The validation result of the estimated lift-off length (LOL) 

developed in this study with experimental data from engine 

combustion network 
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3.2 Semi-physical 0-D Soot Model 

The 0-D soot model was constructed by the local equivalence ratio and other 

parameters. Lee 124 investigated the model construction and other parameters. The 

soot model consisted with the soot formation model that calculated the formed 

soot mass from the precursor and soot oxidation model that calculated the oxidized 

soot mass by oxidizer such as oxygen and acetylene. The soot mass was calculated 

by the difference of the two models as shown in the equation (3.2.1). Each model 

was calculated by the EMS parameters and several combustion factors calculated 

from the in-cylinder pressure. Therefore, the model allowed real-time calculation 

and applied to transient condition. 

𝑚𝑠𝑜𝑜𝑡 = 𝑚𝑠𝑜𝑜𝑡,𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 −𝑚𝑠𝑜𝑜𝑡,𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 

(3.2.1) 

 

3.2.1 Soot formation model 

The major features of the soot formation model are considered several factors 

such as the amount of precursor underlying the soot formation, the degree of 

mixing of air and fuel, and duration of soot formation. The most effective factor 

for representing the amount of precursor was the fuel injection quantity (𝑚𝑓𝑢𝑒𝑙). 

The soot particle formation was triggered by the inception of precursor polycyclic 

aromatic (PAH) and growth by collision with other particles and surface growth 

with chemical reaction 132. As the objective for the initial trigger of soot formation, 

the injected fuel was proper factor for the soot formation model. Diesel engines 

have been used multi-injection strategy that consisted with pilot, main and post 
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injections. Usually, the pilot injection was used to reduce combustion noise and 

control the emissions. Since the long ignition delay of the pilot injection, 

combustion from the pilot injection was considered as premixed combustion. The 

low soot formation of premixed combustion and the low fuel mass compared to 

the main injection were enough to consider the effect of pilot injection quantity as 

relatively negligible factor compared to the main injection. Therefore, the soot 

model used the fuel mass term with excluding the pilot injection quantity. 

The representative factor for the mixing degree was the equivalence ratio at 

the lift-off length (𝛷𝐻). As described in chapter 3.1, the lift-off length was the 

distance from the injector to combustion flame, and the upstream of the lift-off 

length was the place where air entrained into the fuel jet. The equivalence ratio at 

the lift-off length could be used to representative index for the equivalence ratio 

inside the spray where the soot was formed. The duration for the soot formation 

was used the mass fraction burned (MFB) 5 to 90 (𝑀𝐹𝐵05−90). Since the soot 

could be formed through the entire combustion period, the total combustion 

duration should be considered as the soot formation period, but the combustion 

duration used in the model was set from 5 to 90 considering the uncertainty of the 

pressure measurements that required to calculate the heat release rate. The soot 

formation model takes the form of the equation (3.2.2). 

𝑚𝑠𝑜𝑜𝑡,𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝐴 ×𝑚𝑓𝑢𝑒𝑙
𝑥1 × 𝛷𝐻

𝑥2 × (𝑀𝐹𝐵05−90)
𝑥3 

(3.2.2) 

 

3.2.2 Soot oxidation model 
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The development concept of the soot oxidation model was that the mass of 

the formed soot was oxidized with oxidation rate. The formed soot was oxidized 

by the oxidizers such as oxygen, acetylene and OH at the high temperature 

condition. The reaction rate of the oxidation was calculated by conjugating the 

equation from Nagle and Strickland-Constable 89, 90. The equation (3.2.3) shows 

the oxidation reaction rate and the equations (3.2.4)-(3.2.8) show the coefficients 

and parameters for the equation (3.2.3) where 𝑘𝐴 , 𝑘𝐵 , , 𝑘𝑧  and 𝑘𝑇  are the 

reaction coefficients related with activation energy in Arrhenius equation, 𝑥 is 

the coefficient of the surface fraction by the reactive type, 𝑇  is the reaction 

temperature, and 𝑝𝑜2  is the partial pressure of the oxygen. 

�̇� = (
𝑘𝐴𝑝𝑜2

1 + 𝑘𝑍𝑝𝑜2
)𝑥 + 𝑘𝐵𝑝𝑜2(1 − 𝑥) 

(3.2.3) 

𝑥 = (1 +
𝑘𝑇
𝑝𝑜2

)

−1

 

(3.2.4) 

𝑘𝐴 = 20 ∙ 𝑒𝑥𝑝(
−15100

𝑇
) 

(3.2.5) 

𝑘𝐵 = 4.46 × 10−3 ∙ 𝑒𝑥𝑝(
−7650

𝑇
) 

(3.2.6) 

𝑘𝑇 = 1.5 × 105 ∙ 𝑒𝑥𝑝(
−48800

𝑇
) 

(3.2.7) 

𝑘𝑍 = 21.3 ∙ 𝑒𝑥𝑝(
2060

𝑇
) 

(3.2.8) 
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The partial pressure of the oxygen and temperature in calculating the reaction 

rate process were considered as the representative pressure and temperature for 

oxidation condition. Finesso et al. proposed the late combustion phase as a factor 

that was correlated with soot oxidation and the authors used the burned 

temperature at MFB95 96. In this study, the end of combustion was determined as 

MFB90, so the representative pressure and temperature for the oxidation reaction 

rate were used as the pressure and temperature at MFB90. 

In the developed soot model, heat transfer from the cylinder wall was 

considered to cope with environmental conditions with varying the coolant 

temperature. The relationship between heat flux from the wall and temperatures 

was suggested by Angelberger et al 133 in the form of the equation (3.2.9). The 

wall temperature in the equation (3.2.9) was calculated by the temperature of 

coolant and oil as shown in the equation (3.2.10) that was often used in CFD 

simulation. If the temperature of the cylinder wall dropped due to reduced coolant 

temperature, oxidation, which mainly occurs in the flame surface, would be more 

affected than generation near the center of the spray. Therefore, the heat flux was 

applied to the soot oxidation model so that it could be compensated according to 

the coolant and oil temperature. 

𝑊𝑎𝑙𝑙 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 ∝  𝑇 ∙ 𝑙𝑛 (
𝑇

𝑇𝑤𝑎𝑙𝑙
) 

(3.2.9) 

𝑇𝑤𝑎𝑙𝑙 =
𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 + 𝑇𝑜𝑖𝑙

2
+ 67 𝑘 

(3.2.10) 

The developed soot oxidation model is organized like the equation (3.2.11). 

The net soot emission can be calculated by the difference of the soot formation 

and oxidation models. The semi-empirical soot model from the soot formation and 
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oxidation models was fitted in the exponential form with the experimental data 

from the test engine and had the form of the equation (3.2.12) with the fitted 

coefficients.  

𝑚𝑠𝑜𝑜𝑡,𝑜𝑥𝑖𝑑𝑎𝑖𝑡𝑜𝑛 = 𝑚𝑠𝑜𝑜𝑡,𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 × 𝐴
′ × �̇�𝑥4 × [𝑇𝑚𝑓𝑏90 𝑙𝑛 (

𝑇𝑚𝑓𝑏90

𝑇𝑤𝑎𝑙𝑙
)]
𝑥5

 

(3.2.11) 

𝑚𝑠𝑜𝑜𝑡,𝑛𝑒𝑡 = 𝑚𝑠𝑜𝑜𝑡,𝑓𝑜𝑚𝑎𝑡𝑖𝑜𝑛 −𝑚𝑠𝑜𝑜𝑡,𝑜𝑥𝑖𝑑𝑎𝑖𝑡𝑜𝑛

= 𝐴 ×𝑚𝑓𝑢𝑒𝑙
0.18 ×𝛷𝐿𝑂𝐿

1.82 × (𝑀𝐹𝐵05−90)
4.42

× (1 − 𝐴′ × �̇�0.5 × [𝑇𝑚𝑓𝑏90 𝑙𝑛 (
𝑇𝑚𝑓𝑏90

𝑇𝑤𝑎𝑙𝑙
)]
−1.24

) 

(3.2.12) 

 

3.2.3 The model validation 

3.2.3.1 Steady state condition 

The developed soot estimation model was validated in the steady conditions 

shown in Figure 2.1.3 and the results are shown in Figure 3.2.1. The soot results 

from the base conditions and the coolant temperature swing cases showed 0.741 

and 0.62 of r-squared value and relatively lower than other parameter swing 

conditions. In the coolant temperature swing cases, the cases of the coolant 

temperature 40℃ showed low accuracy and the r-squared value except the coolant 

temperature 40℃ cases was 0.845. The EGR swing cases also showed lower 

accuracy in the EGR swing at 40℃ of the coolant temperature. For the reason of 

low accuracy in the coolant temperature of 40℃ cases, it was assumed that the 

effect of the heat transfer on the soot formation and oxidation under low coolant 



69 

temperatures were more complex than the heat transfer effect considered in the 

developed model. The developed model showed good estimation accuracy in the 

intercooler out temperature swing cases with r-squared value of 0.99. In the total 

cases, the developed soot model showed 0.90 of the r-squared value. 

 

3.2.3.2 Transient condition (WLTP) 

In transient condition, the EGR rate was hard to measure in real-time. The 

EGR rate was calculated by the CO2 concentration ratio of exhaust and intake. 

The test engine used EGR system both LP and HP EGR. Two EGR system had 

different air path and delay from exhaust to mixing point. The CO2 concentration 

from the measurement system (MEXA-7100DEGR) was hard to compensate for 

the delay and transient behavior. The EMS system incorporated the EGR model 

that could be predicted even in transient conditions. Figure 3.2.2 showed the 

comparison of EGR rates from the measurement system and EMS. The EGR rate 

from EMS showed lower delay and good correlation compared with that from the 

measurement equipment. In the process of transient condition, the EGR rate from 

EMS was used for calculating model parameters. Figure 3.2.3 and Table 3.2.1 

show the estimated soot results in the transient condition. It was confirmed that 

the developed model could respond to peak soot level and transient behavior. The 

error in phase 4 showed 12.1% compared to experimental data. The reason for the 

higher error than other phase was assumed that the model accuracy at the high 

load area was insufficient to consider different combustion phase and 

characteristics because the model had the unified form in entire operating area. 
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Figure 3.2.1 The validation results of the developed soot model in the steady state conditions 
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Figure 3.2.2 EGR rates calculated by the results from MEXA-7100 and EMS data 
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Figure 3.2.3 The transient mode result of the soot model 
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Table 3.2.1 The soot emission results from the experimental data and the developed model 

 Phase1 Phase2 Phase3 Phase4 Total 

Measured [g] 0.116 0.134 0.176 0.250 0.676 

Model [g] 0.109 0.132 0.176 0.280 0.697 

Error [%] -6.5 -1.6 0.3 12.1 3.1 
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 Other Models for Thermal Efficiency, 

Noise and NOx Emission 

4.1 Thermal Efficiency 

Thermal efficiency from the experimental results has been analyzed with 

BSFC. Since the combustion optimization methodology to be introduced later was 

a 0-D simulation, the fuel rate measured by the experiment was not presented and 

was set to the initial value. To apply the combustion design methodology, the 

IMEP was used as a factor that could represent thermal efficiency based on the 

same amount of fuel injection. The IMEP was different from BMEP because it 

could not consider loss due to friction and etc., but IMEP could be considered 

representative of thermal efficiency when optimization was achieved under the 

same operating conditions. The IMEP was obtained through the equation (4.1.1). 

𝐼𝑀𝐸𝑃 = ∮𝑃𝑑𝑉 

(4.1.1) 

4.2 Noise – Combustion Noise Index (CNI) 

In the previous researches, the maximum pressure rise rate has been used as 

the index for the combustion noise 39-43. However, the maximum pressure rise 

showed insufficient correlation with engine noise changes due to engine 

parameters or combustion phase 122, 134. In this study, the combustion noise was 

estimated by combustion noise index (CNI) developed by Jung et al. 122, 134. The 
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CNI was calculated by the pressure interpreted as frequency domain via FFT and 

the sum of the 1-3.15 kHz range of the third octave band level as shown in the 

equation (4.2.1) and Figure 4.2.1. Figure 4.2.2 shows how max pressure rise rate 

and combustion noise index relate to the measured noise data respectively at 1500 

rpm, BMEP 6 bar 122. The experimental data were test result of the sensitivity of 

injection parameters such as injection pressure, pilot injection quantity and timing, 

and main injection timing. The correlation of CNI with the measured noise were 

better than that of max pressure rise rate. 

CNI (dB) = 10 log (101𝑘𝐻𝑧
𝑙𝑒𝑣𝑒𝑙
10 ) + 10 log (101.25𝑘𝐻𝑧

𝑙𝑒𝑣𝑒𝑙
10 )

+ 10 log (101.6𝑘𝐻𝑧
𝑙𝑒𝑣𝑒𝑙
10 ) + 10 log (102𝑘𝐻𝑧

𝑙𝑒𝑣𝑒𝑙
10 )

+ 10 log (102.5𝑘𝐻𝑧
𝑙𝑒𝑣𝑒𝑙
10 ) + 10 log (103.15𝑘𝐻𝑧

𝑙𝑒𝑣𝑒𝑙
10 ) + 

(4.2.1) 

The combustion design method used the optimization process for the 

pressure satisfying the target performance. The pressure produced during each 

iteration process was calculated as the CNI to predict the noise performance.  
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Figure 4.2.1 The schematic process of calculating the combustion noise index (CNI) 
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Figure 4.2.2 The measured combustion noise compared with CNI (left) and maximum pressure rise rate (right) 122 
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4.3 The NOx Estimation Model 

The 0-D NOx estimation model developed by Lee et al. 66, 67 was used for 

estimating the NOx emissions. Although the model by Lee did not include NO2 in 

estimation process because the model originally a model for predicting NO, in this 

study, NOx was predicted and used only as a NO occurrence, ignoring the 

occurrence of NO2 that produced only a small amount under low load. The model 

was based on the extended Zeldovich mechanism expressed in the equation (4.3.1).  

𝑁𝑂 [𝑝𝑝𝑚] = ∫(
𝑑𝑁𝑂

𝑑𝑡
)
𝑚𝑎𝑥

𝑑𝑡 = ∫
𝐶1

𝑇𝑚𝑎𝑥
1 2

𝑒𝑥𝑝 (
−69090

𝑇𝑚𝑎𝑥
) [𝑂2]

1 2[𝑁2] 𝑑𝑡 

(4.3.1) 

The gas composition in calculating the concentrations of O2 and N2 was 

calculated with the consideration of pilot burned zone. The fuel of main injection 

was injected into the area where the pilot is burned, so it should be assumed that 

the temperature was high and the oxygen concentration was lower than other in-

cylinder gas conditions. The mixing of the pilot burned zone and unburned zone 

was assumed to be proportional to the swirl ratio and dwell time of pilot injection 

and main injection.  

The main concept for estimating the model was that the NO formation was 

proportional to the maximum NO formation rate 135. Due to the characteristics of 

the 0-D model which predicts physical values with one representative factor, the 

temperature used in the NOx model was determined to be the maximum burned 

gas temperature. In addition to the NO formation rate, the volume and duration 

for the NO formation should be considered. It was assumed that the fuel injection 

quantity was proportional to the product of NO formation volume and duration. 
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The equation (4.3.1) was converted to the equation (4.3.2) with the above 

assumption. 

𝑁𝑂 [𝑝𝑝𝑚] =
𝐶2

𝑇𝑚𝑎𝑥
1
2

𝑒𝑥𝑝 (
−69090

𝑇𝑚𝑎𝑥
) [𝑂2]

1
2[𝑁2] × 𝑓𝑢𝑒𝑙 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑟𝑝𝑚 

(4.3.2) 

The equation (4.3.2) calculated the NO concentration in the burned zone, so 

it was needed to convert the concentration in the burned zone to the concentration 

in total area. The concentration correction factor was used for the spatial 

concentration correction that was expressed in the terms of the global equivalence 

ratio and the ratio of the maximum temperature and the unburned gas temperature 

67. During the combustion process, NO was produced through a chemical reaction, 

but there was also a decomposition reaction. The activation energy constant 

−69090  in the equations (4.3.1) and (4.3.2) were modified to −33050  by 

considering decomposition reaction through the fitting of experimental results. 

The estimated NOx, in this study, was calculated by the equation (4.3.3). 

𝑁𝑂 [𝑝𝑝𝑚] =
𝐶3

𝑇max
1
2

exp (
−33050

𝑇max
) [O2]

1
2[N2] ×

Fuel quantity

rpm
× PHI(∅) ×

𝑇max
𝑇unburned

 

(4.3.3) 

The NOx emission from the test engine was used to verify the NOx 

estimation model. Figure 4.3.1 shows the results of the NOx model and measured 

NOx emissions in base cases. 
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Figure 4.3.1 The comparison of the NOx results between the measured values 

and estimated values 
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 Combustion Design Methodology 

5.1 Concept of Combustion Design Method 

In the engine development process, the engine parameters were calibrated to 

have high thermal efficiency and exhaust performance to satisfy regulatory limit 

after the base hardware specification had been determined. The calibration process 

first determined the swing range of the target engine parameters and then 

generated variables swing experimental points with DOE plan. After conducting 

performance evaluation experiments in the range of variations of many parameters, 

the models for various performances were generated to find the optimal points. 

The optimal points were needed to evaluation process to verify the actual 

performance because the calibration process by DOE and most of the generated 

models were not based on the physical principle. The performance evaluation 

needed various equipment by the target performance. The fuel rate was needed to 

be measured accurately with a fuel flowmeter and the emissions should be 

measured by highly reliable measuring equipment. Especially for noise 

measurement, an anechoic room was needed to separate ambient noise from the 

equipment such as dynamometer, pumps, air conditional system and so on. These 

processes were repeated until satisfactory performance was achieved.  

The combustion design method developed in this study can suggest the new 

process for the engine development. The traditional development process 

produced optimal performance as output after many attempts with various engine 

operation strategies and parameters as input. A new engine development strategy 

utilizing the combustion design method begin with the concept of reversing the 

inputs and outputs of the traditional development process. Figure 5.1.1 shows the 

concept for the new engine development process. The combustion design method 
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uses the performance of thermal efficiency, emissions and noise as the input for 

desired combustion. In the early stages of the combustion design, the combustion 

phase established by Wiebe functions or other forms goes through the design 

process so that the combustion phase satisfies the performance given by input. 

Figure 5.1.2 shows the schematic process of the combustion design method. 

The combustion design process was conducted under specific fixed engine speed 

and fuel injection quantity. Input parameters were IMEP representing thermal 

efficiency, noise index, NOx and soot emissions. The parameters for building in-

cylinder conditions were intake pressure, lambda and the mass fraction burned. 

EGR rate was determined by intake pressure and lambda. The intake air 

temperature, which could be changed by the cooling of the intercooler and the use 

of HP EGR, was fixed at room temperature (35℃). The mass burn fraction 

contained combustion parameters such as start of the combustion and combustion 

duration. The heat release rate could be derived from the mass burn fraction.  

Next, the gas composition was calculated by combustion sequence. The gas 

composition ratio of the intake was used for polytropic index calculations. In 

addition, the gas composition at the start of combustion was used for calculating 

the maximum temperature and burned gas temperature. The in-cylinder pressure 

from the start of the compression stroke to the start of combustion was constructed 

by intake pressure and polytropic index. From the start of the combustion, the 

combustion pressure was shaped by solving the differential equation of the heat 

release rate.  

The fuel injection timing was derived by calculation using the ignition delay 

model, not from the optimization variables. The ignition delay model allowed to 

calculate reversely the injection timing from the thermodynamic conditions and 

parameters at the start of the combustion. The developed combustion design 

method did not suppose a fuel injection profile. Assuming a fuel injection, the 
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combustion phase from the optimization was not different with that from a 

conventional engine, and the result will be similar with the combustion derived 

from the experiments. 

The optimization was conducted in the direction of minimizing the objective 

function that was calculated from the performance of designed combustion and 

target values. A minimum of constrained nonlinear multivariable function 

(interior point) and particle swarm optimization (PSO) were used as optimization 

algorithms. The optimization using Wiebe function as the mass burn fraction 

function used the minimum of constrained nonlinear multivariable function and 

the optimization using other functions used PSO due to characteristics of each 

algorithm. Finally, the combustion phase with the closet performance to the target 

performance value was derived. 
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Figure 5.1.1 The concept for newly developed engine development process 
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Figure 5.1.2 Schematic process of the combustion design method 
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5.2 Process of Constructing Combustion Pressure 

5.2.1 Mass fraction burned and heat release rate 

The first step in the combustion design was to set up the mass fraction burned. 

The MFB allowed analysis of the combustion speed and duration, and the HRR 

was calculated from the MFB with the cumulative heat release. In this study, the 

previously widely known Wiebe function and other functions as a new approach 

for a method of establishing MFB. Since Wiebe function could simulate general 

engine combustion, it could present realistic combustion phases. On the other 

hand, other functions were able to suggest the possibility of exploring new 

combustion concept, although the physical feasibility was hard to clarify. 

5.2.1.1 Using Wiebe function 

Wiebe function expressed the mass fraction burn developed by Wiebe and 

other researchers based on several chemical equations 38. The equation (5.2.1) 

shows the basic form of Wiebe function where 𝑥𝑏 is mass fraction burned, 𝑎 is 

efficiency parameter, 𝑚  is shape factor, 𝜃  is crank angle, 𝜃0  is start of 

combustion and  𝜃 is combustion duration. 

𝑥𝑏 = 1 − 𝑒𝑥𝑝(−𝑎 ∙ (
𝜃 − 𝜃0
 𝜃

)
𝑚+1

) 

(5.2.1) 

Generally, the diesel combustion can be divided into three phases; the 

premixed combustion, the diffusion combustion and the late combustion phases. 

Several researches used two or three Wiebe functions to simulate diesel 

combustion 38, 114-117. The pilot combustion can be expressed more simply than 
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main combustion because the pilot injection quantity is less than main injection 

and the ignition delay is longer, so most of the pilot injection is burned as 

premixed combustion. In this study, three Wiebe functions were used, one for the 

pilot combustion and two for the main combustion. Table 5.2.1 shows the 

parameters list in the determining the coefficients of three Wiebe functions. 

The function of mass fraction burned starts from 0 and converges to 1. The 

heat release rate was derived from the mass fraction burned with total heat (𝑄𝑡𝑜𝑡𝑎𝑙) 

as shown in the equation (5.2.2).  

𝑑𝑄

𝑑𝜃
= 𝑎 ∙ (𝑚 + 1) ∙ (

𝑄𝑡𝑜𝑡𝑎𝑙
 𝜃

) ∙ (
𝜃 − 𝜃0
 𝜃

)
𝑚

∙ (exp [−𝑎 ∙ (
𝜃 − 𝜃0
 𝜃

)
𝑚+1

]) 

(5.2.2) 

The net heat release can be obtained from the total heat release, the mass of 

fuel, the fuel lower heating value (LHV), and heat loss. The total heat release is 

reduced by heat transfer, crevice effects, and heat of vaporization and the 

summation becomes the net heat release. In this study, the net heat release was 

calculated from the difference of the total heat release and the heat loss. The model 

for the heat loss was obtained simply with operation parameters; engine speed and 

the fuel injection quantity. The equation (5.2.3) shows the heat loss equation and 

Figure 5.2.2 shows a comparison between the calculated total heat release and the 

net heat release results from the test engine experiment. The coefficients in the 

equation (5.2.3) were fitted by experimental data.  

𝑄𝑙𝑜𝑠𝑠 = 119.16 × 𝑆𝑝𝑒𝑒𝑑−0.57 ×𝑚𝑓
1.31 

(5.2.3) 

Experimental data were represented as Wiebe function to utilize them to 

validate the 0-D combustion models and use as the initial values in optimization 



88 

process. Figure 5.2.3 is the fitted mass faction burned and HRR by Wiebe function 

at 1500rpm, BMEP 4bar. Although the peak of HRR from the Wiebe function was 

slightly lower than the experimental value, the overall shape was well matched 

with the experimental data. The lower peak was due to the use of only two Wiebe 

functions to simulate the main combustion. However, when the main combustion 

was simulated with three Wiebe functions, there were too many optimization 

variables compared to the gain, so the number of Wiebe function for the main 

combustion was maintained at two functions. 

5.2.1.2 Using other functions 

Much of the combustion design results were evaluated using Wiebe function, 

but new mass fraction burned forms were also used to suggest the combustion. 

There were several conditions for functions that expressed the mass fraction 

burned in the combustion design method. 

i. The function starts from 0 and ends at 1. 

ii. The function has the form of a monotonically increasing function. 

iii. The start of combustion and combustion duration can be expressed 

with the coefficients in the function. 

The condition i explains the basic characteristics for the function of mass 

fraction burned. The derivation of HRR was similar with Wiebe function and total 

heat release was also calculated and used in the same way. The condition ii refers 

to the basic physical law that mass fraction burned, which means the rate of 

combustion of fuel, cannot be reduced. The condition iii explains that the factors 

of the start of combustion and combustion duration needed to establish 

combustion model and utilize performance models. The equation (5.2.4) shows 

the mass fraction burned of polynomial form and Figure 5.2.4 shows the shape of 
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functions. In the equation (5.2.4), the coefficient Δ𝜃 means combustion duration, 

𝜃0 is the start of combustion and 𝜃0 + Δ𝜃 is the end of combustion. The shape 

of the function varies by the coefficient 𝑎. Basically, it has a polynomial form, so 

when a is 1, it has a simple straight line form, but if a is less than 1, the function 

has a convex form upward and a convex form downward if it is greater than 1. 

Table 5.2.2 shows the parameters from polynomial functions to determine the 

MFB. 

𝑥𝑏 = (
1

Δ𝜃
(𝑥 − 𝜃0))

𝑎

 

(5.2.4) 

Combustion from these various functions was hard to clarify the possibility 

of reality and it was suggested the performances and development direction of 

new combustion shape. 
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Table 5.2.1 The parameters for determining the MFB by Wiebe function 

 Parameters 

Pilot combustion 𝑎𝑝 𝑚𝑝 𝜃0,𝑝  𝜃𝑝 𝑄𝑡𝑜𝑡𝑎𝑙,𝑝 

1st main combustion 𝑎𝑚1 𝑚𝑚1 𝜃0,𝑚1  𝜃𝑚1 𝑄𝑡𝑜𝑡𝑎𝑙,𝑚1 

2nd main combustion 𝑎𝑚2 𝑚𝑚2 𝜃0,𝑚2  𝜃𝑚2 𝑄𝑡𝑜𝑡𝑎𝑙,𝑚2 

 

Table 5.2.2 The parameters for determining the MFB by polynomial function 

 Parameters 

Pilot combustion 𝑎𝑝 𝜃0,p Δ𝜃𝑝 𝑄𝑡𝑜𝑡𝑎𝑙,𝑝 

Main combustion 𝑎𝑚 𝜃0,m Δ𝜃𝑚 𝑄𝑡𝑜𝑡𝑎𝑙,𝑚 
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Figure 5.2.1 Heat release and losses during combustion 49 
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Figure 5.2.2 The results of the heat loss and total heat in 169 cases of test engine. 
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Figure 5.2.3 The mass fraction burned and heat release rate from the experiment and Wiebe function at 1500 rpm, 

BMEP 4bar 
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Figure 5.2.4 The function of mass fraction burned using the polynomial form 
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5.2.2 Calculation of in-cylinder air flow and EGR rate 

The process of obtaining the correct in-cylinder air mass in the 0-D 

combustion model is important because it is fundamental to obtaining 

thermodynamic parameters and ensuring reliability and accuracy when 

calculating the performance models. Previous researches 136, 137 used the delta-p 

method to estimate in-cylinder air mass. The delta-p method used the pressure at 

two points in the compression process. By using the pressure and volume at the 

two points, the trapped mass could be derived with the ideal gas law. In this study, 

it was impossible to apply the delta-p method because the pressure was unknown 

in the initial step. From the ideal gas equation with the intake pressure and 

temperature, the cylinder trapped mass was obtained.  

The intake system such as the air filter, intake manifold, intake valve has a 

resistance that prevents the air from entering the cylinder. The volumetric 

efficiency (𝜂𝑣 ) is the parameter of the effectiveness of an engine’s induction 

process. The volumetric efficiency is influenced by a variety of factors as well as 

speed and load. The design of the intake system, along with engine operating 

variables such as intake air temperature and pressure, ratio of intake and exhaust 

pressure, compression ratio, and characteristics of intake and exhaust valves, is 

also an influential parameter. In addition, dynamic effects, such as friction losses, 

ram effect, and reverse flow of in-cylinder air are also compounded in the 

volumetric efficiency. The volumetric efficiency was used as map-based data 

acquired by engine manufacturers in advance, rather than individually identifying 

and quantifying multiple complex effects. Figure 5.2.5 shows a map of the 

normalized volumetric efficiency for the test engine. Combining the ideal gas 

equation and volumetric efficiency, the equation for the estimating trapped mass 

with initial condition has a form as shown in the equation (5.2.5). Figure 5.2.6 
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shows the result of the trapped mass from the equation (5.2.5) and from the EMS 

that calculated as the sum of the fresh air mass and EGR.  

𝑃𝑉 =
𝑚

𝜂𝑣𝑀
𝑅𝑇 

(5.2.5) 

where 𝑃  is the intake pressure, 𝑉  is the volume at bottom dead center 

(BDC), 𝑇 is the intake temperature, 𝑚 is the in-cylinder mass and 𝑀 is the 

molar mass of air. 

Prior to calculating the EGR rate from the above parameters, in this study, 

EGR system was assumed to use only LP EGR. The HP EGR has disadvantages 

of the higher temperature at mixing with fresh air, loss of the enthalpy in exhaust 

gas that leads to loss of thermal efficiency. Modern engines used more LP EGR 

than HP EGR in the fraction of EGR systems due to the above reasons, and HP 

EGR is mainly used for specific purposes at cold start sequence and warm-up of 

aftertreatment system. The EGR rate can be estimated from the calculated in-

cylinder air mass and lambda using the equation of combustion expressed in the 

equations (5.2.6) – (5.2.10). 

𝐶𝑥𝐻𝑦 + 𝜆𝛾(𝑂2 + 𝜓𝑁2) + 𝐸𝐺𝑅(𝑎𝑂2 + 𝑏𝑁2 + 𝑐𝐶𝑂2 + 𝑑𝐻2𝑂)

→ 𝑎𝑂2 + 𝑏𝑁2 + 𝑐𝐶𝑂2 + 𝑑𝐻2𝑂 

(5.2.6) 

𝑎 = 𝛾(𝜆 − 1) (1 − 𝐸𝐺𝑅)⁄  

(5.2.7) 

𝑏 = 𝛾𝜆𝜓 (1 − 𝐸𝐺𝑅)⁄  

(5.2.8) 

𝑐 = 𝑥 (1 − 𝐸𝐺𝑅)⁄  

(5.2.9) 
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𝑑 = 𝑦 (2(1 − 𝐸𝐺𝑅))⁄  

(5.2.10) 

where 𝑥  and 𝑦  are the composition ratio of the fuel, 𝜆  is lambda 

determined in initial step, 𝛾 is equal with 𝑥 + 𝑦 4, 𝜓 is the constant of 3.773 

and 𝑎, 𝑏, 𝑐, 𝑑 are the mole number expressed by 𝜆, 𝛾, 𝑥, 𝑦 and 𝐸𝐺𝑅 138. 

The left terms in the equation (5.2.6) are the composition of in-cylinder 

mixture. Among them, the terms of 𝜆𝛾(𝑂2 + 𝜓𝑁2) + 𝐸𝐺𝑅(𝑎𝑂2 + 𝑏𝑁2 +

𝑐𝐶𝑂2 + 𝑑𝐻2𝑂), excluding fuel, represent the composition of gas mixed with fresh 

air and EGR. The ratio of the total mole number of the equation (5.2.6) from the 

mass and the molar weight of fuel can be obtained, and the mole number of the 

gas can be calculated from the chemical equation as molar weight and the equation 

of mole number from the trapped air mass. It is expressed in the equation (5.2.11). 

The EGR rate was expressed as the equation (5.2.12) using lambda, the in-cylinder 

mass and coefficients by combination with the equations (5.2.7) – (5.2.11). 

𝜆𝛾(𝑀𝑂2 + 𝜓𝑀𝑁2) + 𝐸𝐺𝑅(𝑎𝑀𝑂2 + 𝑏𝑀𝑁2 + 𝑐𝑀𝐶𝑂2 + 𝑑𝑀𝐻2𝑂) =
𝑚𝑐𝑦𝑙

1000
×

1

𝑀𝑓𝑢𝑒𝑙
 

(5.2.11) 

where 𝑀𝑋 means the molar weight of 𝑋 and 𝑚𝑐𝑦𝑙 is the in-cylinder air 

mass. 

𝐸𝐺𝑅 𝑟𝑎𝑡𝑒

=

𝑚𝑐𝑦𝑙

1000
×

1
𝑀𝑓𝑢𝑒𝑙

− 𝜆𝛾(𝑀𝑂2 +𝜓𝑀𝑁2)

(𝛾(𝜆 − 1)𝑀𝑂2 + 𝛾𝜆𝜓𝑀𝑁2 + 𝑥𝑀𝐶𝑂2 +
𝑦
2

 𝑀𝐻2𝑂) +
𝑚𝑐𝑦𝑙

1000
×

1
𝑀𝑓𝑢𝑒𝑙

− 𝜆𝛾(𝑀𝑂2 + 𝜓𝑀𝑁2)
 

(5.2.12) 
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The EGR calculated from the equation (5.2.12) showed offset compared with 

the measured EGR rate from experimental data, which was an error due to the 

residual gas. Diesel engines had a lower proportion and small deviation of residual 

gas according to the operating area because of their high compression ratio and 

turbo-charged intake pressure. In this study, the residual gas fraction was 

considered as a constant of 6% regardless of operating area and conditions. Figure 

5.2.7 shows the comparison of the calculated EGR rate considering residual 

fraction and the measured EGR rate from the experiment.  
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Figure 5.2.5 The volumetric efficiency map of the test engine 
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Figure 5.2.6 The trapped air mass from the EMS and equation (5.2.5) 
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Figure 5.2.7 The EGR rate calculation results compared with the experimental 

data 
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5.2.3 Gas composition during the combustion process 

The gas composition during the combustion process was an essential 

condition for the thermodynamic properties such as temperature and heat capacity. 

The properties were used in calculation of adiabatic temperature, polytropic index 

and other parameters. When obtaining the adiabatic temperature, the gas 

composition calculated the fuel concentration assumed to be a stoichiometric 

condition for oxygen concentration. Basically, the average temperature in the 

cylinder during the combustion was calculated from the ideal gas equation. At the 

start of combustion, the unburned gas temperature was calculated by the equation 

(5.2.13) where 𝑚𝑆𝑂𝐶 is the mass at the start of combustion including the fuel 

mass.  

𝑇𝑆𝑂𝐶 =
𝑃𝑆𝑂𝐶𝑉𝑆𝑂𝐶
𝑚𝑆𝑂𝐶𝑅

 

(5.2.13) 

The adiabatic temperature (𝑇𝑎𝑑) was calculated using Cantera under the gas 

composition and thermodynamic conditions such as the unburned gas temperature 

at SOC. The 0-D NOx model used the maximum burned gas temperature as one 

of the index for NOx formation rate. It was assumed that the maximum burned 

gas temperature occurred where the pressure was maximized. Then, the maximum 

burned gas temperature was calculated by using the adiabatic temperature at SOC 

as shown in the equation (5.2.14) where 𝑘 is the polytropic index. . 

𝑇𝑚𝑎𝑥,𝑏𝑢𝑟𝑛𝑒𝑑 = 𝑇𝑎𝑑,𝑆𝑂𝐶 × (
𝑃𝑚𝑎𝑥
𝑃𝑆𝑂𝐶

)

𝑘−1
𝑘
  

(5.2.14) 
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5.2.4 Polytropic index and constructing cylinder pressure 

To construct the pressure precisely during the compression stroke, the 

polytropic index was important factor by the in-cylinder conditions. The 

estimation method for the polytropic index developed by Lee and Min 68 

considered the heat loss during the compression stroke and the correlation of 

compression ratio and polytropic index. The polytropic index in this study was 

calculated by the equation (5.2.15) 68 where 𝑛𝑖𝑠𝑒𝑛  is the polytropic index in 

isentropic process, 𝑄𝑙𝑜𝑠𝑠 is heat loss and 𝑆 is the degree of decrease in n with 

the increase of heat loss. The parameter 𝑆  was calculated by the inverse 

proportional to compression ratio during the compression stroke as shown in 

(5.2.16) where 𝑐 is the constant. The isentropic index (𝑛𝑖𝑠𝑒𝑛) was obtained by 

the fitted equation of temperature (𝑇), heat specific ratio (𝛾) and compression ratio. 

The fitted form is shown in the equation (5.2.17). The heat loss term was 

calculated by the equation (5.2.17) by considering the heat convection coefficient 

(ℎ) and engine speed. In the sequence of calculating the polytropic index, the gas 

composition calculated by EGR rate and lambda, and initial pressure were used. 

𝑛 = 𝑛𝑖𝑠𝑒𝑛 +
𝑄𝑙𝑜𝑠𝑠
𝑇

× 𝑆 

(5.2.15) 

𝑆 = −
c

𝑅𝑐.𝑐𝑜𝑚𝑝.
 

(5.2.16) 

𝑛𝑖𝑠𝑒𝑛 = 𝐴1 × 𝑇
−𝐴2 × 𝛾𝐴3 × 𝑅𝑐.𝑐𝑜𝑚𝑝.

−𝐵4  

(5.2.17) 
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𝑄𝑙𝑜𝑠𝑠 =
𝐶0 × ℎ × (𝑇 − 𝑇0)

𝑆𝑝𝑒𝑒𝑑 × 𝑚
− 𝐶1 

(5.2.18) 

The in-cylinder pressure construct process started from the intake pressure. 

The intake pressure was compressed from the IVC point to the SOC point 

determined by the MFB with the calculated polytropic index. After the SOC, the 

combustion phase started with the previously established MFB. The heat release 

rate was available to obtain in the preceding phase from the determined MFB, 

which had the meaning of cumulative heat release. A principle of calculating heat 

release rate from combustion pressure was the apparent net heat release rate 

equation that is shown in the equation (5.2.19). Solving the equation (5.2.19) can 

derive pressure from heat release rate. Therefore, the combustion pressure during 

the combustion duration from SOC to end of combustion (EOC) was constructed 

by a solution of the differential equation with the pressure at the end of 

compression stroke as the initial value. 

dQ

𝑑𝑡
=

𝛾

𝛾 − 1
𝑃
𝑑𝑉

𝑑𝑡
+

1

𝛾 − 1
𝑉
𝑑𝑃

𝑑𝑡
  

(5.2.19) 

After the combustion, in expansion stroke, the in-cylinder pressure was 

calculated by the polytropic process in the same way as the compression stroke. 

The in-cylinder pressure was constructed through the above sequences and used 

to calculate the models for each performance. Figure 5.2.9 shows schematic whole 

processes of pressure construction. 
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Figure 5.2.8 The pressure at SOC from Wiebe function calculated by modeled 

n. 
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Figure 5.2.9 Schematic process of in-cylinder pressure construct 
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5.2.5 Calculation of the fuel injection timing 

Through the preceding processes, the combustion pressure was finally built. 

Thermal efficiency, noise and exhaust emissions could be calculated with to input 

variables, parameters derived by the gas composition and thermodynamic 

conditions, and estimated in-cylinder pressure during combustion. However, since 

the combustion model presented in this study did not consider the injection 

parameters, so the timings of the pilot and main injection that required for NOx 

and soot models should be provided. If the injection required for the exhaust 

model was replaced by the start of combustion, the main injection had ignition 

delay of less than 5 degrees, so there was a small difference in timing, but the 

difference in the temperature and pressure at the start of combustion caused a non-

negligible error in the NOx and soot model results. 

In this study, the injection timing was derived from the thermodynamic 

conditions at the start of combustion. Generally, the ignition delay models 

estimated the start of combustion timing by the pressure and temperature at the 

injection timing based on the characteristics of autoignition. The widely used 

ignition delay relationships in autoignition is the equation (5.2.20) 49 where τid 

is the ignition delay, 𝐸𝐴 is an activation energy for the autoignition, �̃� is the 

universal gas constant, and 𝐴 and 𝑛 are the constants.  

τid = 𝐴𝑝−𝑛exp(
𝐸𝐴

�̃�𝑇
) 

(5.2.20) 

The ignition delay models including the equation (5.2.20) did not consider 

the oxygen concentration in the pilot burned zone that was important concept in 

multiple injection engines. The ignition delay model developed by Lee et al. 139 
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applied the swirl factor to consider the oxygen concentration in the pilot burned 

zone. The concept was that the entrained unburned gas into the pilot burned zone 

was proportional with the multiplication of swirl ratio, the separation time of pilot 

and main injection, and engine speed. The atomization and vaporization effects 

was also considered as the rail pressure and hole size of the injector. The equation 

(5.2.21) shows the ignition delay model 139 used in this study where 𝐴, 𝑥𝑛 were 

the coefficients, 𝑚pilot is the pilot injection quantity and 𝑃𝑟𝑎𝑖𝑙 is the injection 

pressure. 

𝐼𝑔𝑛𝑖𝑡𝑖𝑜𝑛 𝑑𝑒𝑙𝑎𝑦 = 𝐴 × 𝜌𝑆𝑂 
𝑥1 × 𝑒𝑥𝑝 (

2100

𝑇𝑆𝑂 
) × 𝑂2,𝑆𝑂 

𝑥2 ×𝑚𝑝𝑖𝑙𝑜𝑡
𝑥3 × (

𝑃𝑟𝑎𝑖𝑙
ℎ𝑜𝑙𝑒 𝑠𝑖𝑧𝑒

)
𝑥4

 

(5.2.21) 

The thermodynamic properties used in the ignition delay model were 

represented based on the fuel injection timing. However, the injection parameters 

except the mass of fuel were not presented in the combustion design method. The 

start of combustion and combustion duration were determined by the function that 

expressed mass fraction burned. Therefore, it was established the inverse 

calculation method to predict the injection point from the parameters and 

thermodynamic properties at the start of the combustion. The oxygen 

concentration at the start of the combustion was the same with that at the injection 

timing. The density (𝜌𝑆𝑂 ) and temperature (𝑇𝑆𝑂 ) at the injection timing was 

calculated by the equations (5.2.22) and (5.2.23). The mass of the in-cylinder 

mixture at the two points was the same, so the densities could be expressed in 

terms of their relationship with volume. The temperature at the injection timing 

was derived from the polytropic process.  

𝜌𝑆𝑂 = 𝜌𝑆𝑂𝐶
𝑉𝑆𝑂𝐶
𝑉𝑆𝑂 

 

(5.2.22) 
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𝑇𝑆𝑂 = 𝑇𝑆𝑂𝐶 (
𝑉𝑆𝑂 
𝑉𝑆𝑂𝐶

)
1−𝑛

 

(5.2.23) 

The equation (5.2.4) was derived by substitution of the equations (5.2.22) 

and (5.2.23) into the equation (5.2.21). The ignition delay model modified with 

the thermodynamic properties at the start of combustion and the unknown 

parameter was only the volume at the injection timing. To find the injection timing 

from the modified ignition delay model, the ignition delay candidates at each 

crank angle before the start of combustion and the ignition delay values from the 

model by using the volume at each crank angle were compared. The point where 

the two values met could be determined as the injection timing. The schematic 

principle of the above process is shown in Figure 5.2.10. 

𝐼𝐷 = 𝐴 × (𝜌𝑆𝑂𝐶 ×
𝑉𝑆𝑂𝐶
𝑉𝑆𝑂 

)
𝑥1

× 𝑒𝑥𝑝 (
2100

𝑇𝑆𝑂𝐶
× (

𝑉𝑆𝑂𝐶
𝑉𝑆𝑂 

)
1−𝑛

) × 𝑂2,𝑆𝑂𝐶
𝑥2 ×𝑚𝑝𝑖𝑙𝑜𝑡

𝑥3

× (
𝑃𝑟𝑎𝑖𝑙

ℎ𝑜𝑙𝑒 𝑠𝑖𝑧𝑒
)
𝑥4

 

(5.2.24) 

The injection timing from the modified ignition delay model was estimated 

about main injection and pilot injection. The application of the model at each 

injection had difference in the terms of the pilot injection quantity (𝑚𝑝𝑖𝑙𝑜𝑡) and the 

oxygen concentration (𝑂2,𝑆𝑂𝐶). When applying the model for pilot injection, the 

pilot injection quantity term was ignored because there was no preceding fuel 

injection and combustion. In the case of the oxygen concentration, average oxygen 

concentration was used for pilot injection, and the oxygen concentration in pilot 

burned zone was used for main injection. Figure 5.2.11 and Figure 5.2.12 show 

the estimated results of the ignition delay and injection timing from the modified 

ignition delay model using parameters of SOC conditions.  
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Figure 5.2.10 Schematic process to calculate the injection timing from the modified ignition delay model 
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Figure 5.2.11 Estimated ignition delay from the modified ignition delay model 
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Figure 5.2.12 Estimated injection timing from the modified ignition delay model 

  

-5

0

5

10

15

20

25

30

35

40

-5 0 5 10 15 20 25 30 35 40

S
O

I 
fr

o
m

 t
h

e
 m

o
d

e
l 
[d

e
g

]

SOI from the experiment [deg]

SOI of the main injection

SOI of the pilot injection

R2=0.9792

Injection timing



113 

5.3 Optimization Methodology 

As a final step in the combustion design, the optimization was conducted to 

derive combustion phases with target performance. The variables subject to 

optimization were the coefficients used in determining mass fraction burned, 

intake pressure and lambda. The MATLAB was used for optimization. All 

processes were coded for the combustion design, such as the previously described 

combustion pressure construction, IMEP calculation, combustion noise index 

calculation, and the emission models for each iteration sequence during the 

optimization.  

 

5.3.1 Optimization algorithms 

The optimization algorithm provides specific principles and methods for 

finding optimization variables with minimum objective functions. The 

optimization algorithms used in the combustion design were a minimum of 

constrained nonlinear multivariable function (interior-point) and particle swarm 

optimization. 

The interior-point method is one of the most widely used algorithms in 

optimization studies. The algorithm solved a sequence of approximate 

minimization problems. During the iteration, the algorithm directs the objective 

function to a feasible region and optimizes it using the conjugate gradient to 

minimize. The algorithm uses the gradient during the iteration to find optimized 

solution, it is easy to find local optimized point and highly sensitive to initial 

values. Therefore, in order to obtain a good optimal value, it is necessary to 
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intuitively grasp the determination range of optimization variables when 

determining the initial value. On the other hand, due to the low load of calculations, 

the convergence takes a short time. In this study, a minimum of constrained 

nonlinear multivariable function (interior-point) was used when the mass fraction 

burned was determined by Wiebe function. Wiebe function had many parameters 

and specific boundary for appropriate combustion phase. When the mass fraction 

burned was defined by Wiebe function, the interior-point algorithm allowed 

convergence results to be sensitive to initial values but with a physics-based 

combustion form in boundary conditions and constraints. 

The particle swarm optimization is based on the algorithm suggested by 

Kennedy and Eberhart 140. The particle swarm optimization begins by creating 

initial particles in space within boundary conditions and determining initial 

velocity. The objective function values are calculated at each location of the initial 

particle and the optimal point is determined. In the next iteration, the location and 

velocity in the next step are determined by considering the location and objective 

performance of the neighbors based on the current speed and location. The 

performance at the determined location is evaluated and conducted iteration 

through a series of processes to find the optimal point. Figure 5.3.1 shows the 

particles of lambda and intake pressure during the optimization using PSO. The 

PSO optimizes by distributing particles in space within boundary conditions of 

optimization variables. Therefore, the PSO does not specify an initial value. The 

algorithm has less risk of finding local minimum, but has larger computation load. 

In the combustion design, the PSO was used to optimize the combustion 

determined from the various MFB functions. The other MFB functions had lower 

coefficient than Wiebe function for determining the shape and there was no 

intuition for initial values because they were not physically known and 

experimentally uncertain to implement. 
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Figure 5.3.1 The particles positions of intake pressure and lambda using particle swarm optimization. 
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5.3.2 Boundary conditions and constraints 

In the optimization of nonlinear programming solver, the problem is defined 

as the equation (5.3.1). 

min
𝑥
𝑓(𝑥) such that

{
 
 

 
 

𝐴 ∙ 𝑥 ≤ 𝑏
𝐴𝑒𝑞 ∙ 𝑥 = 𝑏𝑒𝑞

𝑐(𝑥) ≤ 0
𝑐𝑒𝑞(𝑥) = 0
𝑙𝑏 ≤ 𝑥 ≤ 𝑢𝑏

 

(5.3.1) 

where 𝑥 is the solution of optimization parameter, 𝑓(𝑥) is the objective 

function, 𝑙𝑏 and 𝑢𝑏 are the boundary conditions, and 𝐴, 𝐴𝑒𝑞, 𝑏, 𝑏𝑒𝑞, 𝑐 and 

𝑐𝑒𝑞 are the matrices and vectors for constraints. 

The 𝐴 and 𝑏 are linear inequality constraints. Linear inequality constraints 

decided the inequality relationship between the parameters. The optimization 

using Wiebe function had the linear inequality constraints as shown in the 

equations (5.3.2) – (5.3.5) that represented the order of pilot and main injections, 

and the pilot fuel injection quantity limit. The constraints of the equations (5.3.2) 

– (5.3.5) helped efficient iteration of variables.  

𝜃0,𝑝 − 𝜃0,𝑚1 ≤  0 

(5.3.2) 

𝜃0,𝑚1 − 𝜃0,𝑚2 ≤  0 

(5.3.3) 

𝑄𝑡𝑜𝑡𝑎𝑙,𝑝 −𝑄𝑡𝑜𝑡𝑎𝑙,𝑚1 ≤  0 

(5.3.4) 
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𝑄𝑡𝑜𝑡𝑎𝑙,𝑝 −𝑄𝑡𝑜𝑡𝑎𝑙,𝑚2 ≤  0 

(5.3.5) 

The 𝐴𝑒𝑞  and 𝑏𝑒𝑞  are the constraints for linear equality constraints. 

Similar with inequality constraints, linear equality constraints determined the 

equality correlation of the parameters. There was a one linear equality constraint 

for the optimization that the sum of the heat of each MFB function was equal to 

the calculated heat output from the fuel injection quantity. At one operation point, 

the total fuel injection quantity was fixed as a constant, but during the optimization, 

each injection quantity was determined by this equality condition. The equation 

(5.3.6) shows the linear equality constraint used in the optimization. 

𝑄𝑡𝑜𝑡𝑎𝑙,𝑝 + 𝑄𝑡𝑜𝑡𝑎𝑙,𝑚1 + 𝑄𝑡𝑜𝑡𝑎𝑙,𝑚2 = 𝑄𝑡𝑜𝑡𝑎𝑙 

(5.3.6) 

The 𝑐 and c𝑒𝑞 are the nonlinear inequality and equality constraints. The 

constraints that are hard to express with linear equations are determined by 

nonlinear constraints. In this study, the EGR rate was determined from the intake 

pressure and lambda, so it was impossible to designate the parameter for constraint 

and determine the boundary condition using 𝑙𝑏 and 𝑢𝑏. In terms of the limitation 

of the difference between intake pressure and exhaust pressure, and the geometric 

characteristics of intake and exhaust paths, the EGR rate was limited. It was 

decided not to exceed 15% higher from the base EGR rate through the nonlinear 

inequality constraint. The equation (5.3.7) shows the nonlinear constraint for EGR 

rate. 

𝑚𝑐𝑦𝑙

1000
×

1
𝑀𝑓𝑢𝑒𝑙

− 𝜆𝛾(𝑀𝑂2 + 𝜓𝑀𝑁2)

(𝛾(𝜆 − 1)𝑀𝑂2 + 𝛾𝜆𝜓𝑀𝑁2 + 𝑥𝑀𝐶𝑂2 +
𝑦
2

 𝑀𝐻2𝑂) +
𝑚𝑐𝑦𝑙

1000
×

1
𝑀𝑓𝑢𝑒𝑙

− 𝜆𝛾(𝑀𝑂2 + 𝜓𝑀𝑁2)

≤ 𝐸𝐺𝑅𝑏𝑎𝑠𝑒 + 15%  
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(5.3.7) 

Constraints were needed to optimization for desired process of iteration in 

the appropriate range of parameters. However, the optimization using the PSO as 

optimization algorithm was impossible to set constraint. To apply the constraint 

in the optimization, the constraints were augmented in the objective function as a 

penalty function. The augmented constraint was the limitation of EGR rate.  

The 𝑙𝑏 and 𝑢𝑏 are the boundary conditions for the optimization variables. 

The parameters for the MFB from Wiebe function was determined as the wider 

range of the representative conventional combustion. The accumulative heat 

release from the pilot injection was limited to the half of total heat. The upper 

boundary condition for intake pressure was also limited to not exceed 0.5 bar 

higher than the base intake pressure. In the optimization process using the PSO as 

optimization algorithm, the linear equality constraint for the total heat was 

impossible, so the parameter r was added that meant the ratio of heat from the 

pilot injection of the total heat and the upper boundary for the r was set to 0.5. 

Table 5.3.1 and Table 5.3.2 show the lower and upper boundary conditions for the 

optimization using Wiebe function and polynomial function. 
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Table 5.3.1 The lower and upper boundary conditions for the optimization variables using Wiebe function 

Parameters         ,      𝑸 𝒐  𝒍,            ,        𝑸 𝒐  𝒍,   

𝒍  0.1 0.01 -30 0.2 0 0.1 0.01 -20 0.2 0 

   50 5 20 60 
𝑸 𝒐  𝒍

 
 50 5 20 80 𝑸 𝒐  𝒍 

 

Parameters           ,        𝑸 𝒐  𝒍,   Pin 𝛌 

𝒍  0.1 0.01 -10 0.2 0 0.6 1 

   50 5 50 100 0 Base+0.5 2 
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Table 5.3.2 The lower and upper boundary conditions for the optimization variables using polynomial function 

Parameters 𝑎𝑝 𝜃0,𝑝 𝛥𝜃𝑝 𝑸 𝒐  𝒍,  𝑎𝑚 𝜃0,𝑚 𝛥𝜃𝑚 𝑸 𝒐  𝒍,  r Pin 𝛌 

𝒍  0.1 -30 3 0 0.1 -10 3 0 0.01 0.5 1 

   2 40 50 
𝑸 𝒐  𝒍

 
 2 40 80 𝑸 𝒐  𝒍 0.5 

Base+

0.5 
2 
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5.3.3 Determination of the objective function 

5.3.3.1 Base form of the objective function 

In the optimization process, iterations were conducted based on the direction 

of minimizing objective function. Objective function represents the performances 

of each subjective performance as a one index. The optimization designer sets the 

criteria on the performances to optimize. In this study, the subject performances 

were IMEP for thermal efficiency, CNI for combustion noise, NOx and soot 

emissions. The base objective function has a form of the equation (5.3.8). 

 𝐽 = (𝑐𝑖𝑚𝑒𝑝
𝑖𝑚𝑒𝑝𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑖𝑚𝑒𝑝

𝑖𝑚𝑒𝑝𝑡𝑎𝑟𝑔𝑒𝑡
)

2

+  (𝑐𝐶𝑁 (𝐶𝑁𝐼𝑡𝑎𝑟𝑔𝑒𝑡 − 𝐶𝑁𝐼))
2

+  (𝑐𝑁𝑂𝑥
𝑁𝑂𝑥𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑁𝑂𝑥

𝑁𝑂𝑥𝑡𝑎𝑟𝑔𝑒𝑡
)

2

+ (𝑐𝑆𝑜𝑜𝑡(𝑆𝑜𝑜𝑡𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑆𝑜𝑜𝑡))
2
 

(5.3.8) 

where 𝑱 is the performance index and      ,  𝑪𝑵𝑰,  𝑵   and  𝒔𝒐𝒐  are the 

scale factors for each performance. The target of performance is the input for 

desired performance 

Among the four performances in the equation (5.3.8), IMEP and NOx were 

normalized by the target value because these performances had the large scale 

differences by engine operating range. The principle of optimization by the 

objective function was that the closer the performance from designed combustion 

approached the target value, the closer the calculated objective function value 

became to zero, as shown in Figure 5.3.2. The scale factors were determined in 

the criteria of the lower and upper boundary for the performances. Based on the 

performance value obtained in the base experiment, the boundaries for the 

marginal gain of each performance that could be obtained as a result of 
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optimization and determined the scale factors so that the difference between the 

target and base performances at the boundary points could be normalized by -1 at 

lower boundary and 1 at upper boundary. Table 5.3.3 – Table 5.3.6 show the 

criteria of each performance and the boundary performances at two operation 

appoints that have representative different scale. The determined scale factors for 

IMEP, CNI, NOx and soot emissions were shown in Table 5.3.7. 

The objective function suggested in this section optimizes the combustion 

that had performances close to the desired performances. If the combustion was 

designed by specifying target performances, the desired performance could have 

been derived, but there could be potential gain. The objective function needed to 

be modified for finding a point where performances were maximized. 

 

5.3.3.2 Objective functions for various design concept 

The objective function was modified to maximize specific performance. 

Target performances were thermal efficiency, NOx and soot emissions. The 

principle was that, instead of a form that allowed convergence to target 

performance, the output was located alone in the denominator or numerator, so 

that the value of the performance function decreased as the performance improved. 

Figure 5.3.3 shows the form of objective functions according to the target 

performance. Figure 5.3.4 shows the tendency of the performance index by 

changed term. In the case of performance maximization term, the target value was 

meaningless in itself and used for normalization purpose. The scale factors were 

used as the same to the base objective function that the difference in the 

performance index at the lower and upper boundaries was two. 

In general, the combustion noise was not a priority of calibration target 

because noise was kept below a certain level, maximizing thermal efficiency or 
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exhaust emissions. If noise performance was to be a priority, the same method 

could be used. In this study, noise was not used as a target to maximize 

performance, but the limiting function was used to prevent noise from being 

determined above a certain level. Figure 5.3.5 shows the applied mechanism of 

limiting function. The liming function did not affect the performance index below 

the baseline limit, but penalized it by adding a large performance index above the 

limit. 
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Table 5.3.3 The lower and upper boundary for determining the scale factor of IMEP 

IMEP [bar] Lower limit Target (base) Upper limit 

Criterion -6% 0 +6% 

Operating area 

1500 rpm, BMEP 4 bar 4.87 5.18 5.49 

2000 rpm, BMEP 10 bar 21.35 22.71 24.07 

 

Table 5.3.4 The lower and upper boundary for determining the scale factor of CNI 

CNI [dB] Lower limit Target (base) Upper limit 

Criterion -6 0 6 

Operating area 

1500 rpm, BMEP 4 bar 168.0 174.0 180.0 

2000 rpm, BMEP 10 bar 174.9 180.9 186.9 
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Table 5.3.5 The lower and upper boundary for determining the scale factor of NOx emission 

NOx [ppm] Lower limit Target (base) Upper limit 

Criterion -90% 0 90% 

Operating area 

1500 rpm, BMEP 4 bar 6.4 64.1 121.9 

2000 rpm, BMEP 10 bar 52.6 526.3 999.9 

 

Table 5.3.6 The lower and upper boundary for determining the scale factor of soot emission 

Soot [FSN] Lower limit Target (base) Upper limit 

Criterion -1.5 0 1.5 

Operating area 

1500 rpm, BMEP 4 bar 0.023 1.523 3.023 

2000 rpm, BMEP 10 bar 0 0.558 2.058 
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Table 5.3.7 The scale factors for subject performances 

IMEP Noise NOx Soot 

        𝑪𝑵𝑰  𝑵    𝒔𝒐𝒐  

16.67 0.17 1.11 0.67 
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Figure 5.3.2 The performance index by the difference of target performance (base form) 
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Figure 5.3.3 Schematic graph of objective functions for various design concepts 
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Figure 5.3.4 The performance index by the difference of performance (various design concept) 
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Figure 5.3.5 The objective function modification – Performance limits function 
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 Results of Combustion Design 

6.1 Results from Base Objective Function 

In this section, the results of the combustion design using Wiebe function for 

the constructing MFB with base objective function were presented. The operating 

points were 1500 rpm, BMEP 4 bar representing low load and 2000 rpm, BMEP 

8 bar for high load.  

6.1.1 Low load: 1500 rpm, BMEP 4 bar 

The results from base experiment was used as reference performances that 

IMEP of 5.18 bar, CNI of 174 dB, 64 ppm and 1.52 FSN of NOx and soot 

emissions. The target values were determined in terms of thermal efficiency 

improvement, emissions reduction, and optimal set. Figure 6.1.1 shows the results 

of thermal efficiency improvement. The target value of IMEP was set to 5.4 bar 

that was a 4.2% improved result compared to the base. The target values of CNI 

and NOx emission were set to higher than base results for giving a wide range of 

thermal efficiency improvement. Except for soot emission, all the other 

performances were close to the target. Heat release rate showed higher peak and 

shorter combustion duration than that of experiment. It was due to peak pressure 

and heat release rate approaching top dead center (TDC) as optimization result for 

high thermal efficiency. Also, soot emission benefited from the combustion with 

low soot emission. NOx emission was largely formed by increased combustion 

temperature with high peak pressure, even though the EGR rate increased over the 

experimental value (43.2%).  
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The result of combustion design for low emission was shown in Figure 6.1.2. 

The target performance was set to IMEP and CNI similar to experimental value, 

and NOx and soot emissions with high reduction rate. The EGR rate was increased 

to 52.9% and the intake pressure was 0.78 bar. The low intake pressure and high 

EGR rate mainly affected NOx reduction with maintaining similar thermal 

efficiency level. In the emission reduction case, the performances The designed 

combustion performances were all similar to the target values. In terms of 

combustion phase, the peaks of pressure and HRR were lower than experiment 

and thermal efficiency improvement case, but the combustion duration was also 

shorter. Figure 6.1.3 shows the results of combustion design with optimal 

performance target. The target values were set to improve performances except 

noise. The target noise was set to be 1 dB higher than the experimental value to 

increase the margin of overall performance improvement. Fuel efficiency, noise 

and NOx emission results were similar to the target value, with low soot emission. 

The combustion phase featured a combination of thermal efficiency 

improvements and emission reduction cases. The EGR rate and intake pressure 

were higher than other cases, and the pilot combustion was merged to the first 

main combustion. Although the maximum pressure was high, due to the high EGR, 

NOx emission was able to be reduced by 38% compared to base condition. 
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Figure 6.1.1 The combustion design results of thermal efficiency improvement with the base objective function at 

1500 rpm, BMEP 4 bar 
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Figure 6.1.2 The combustion design results of emissions reduction with the base objective function at 1500 rpm, 

BMEP 4 bar 
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Figure 6.1.3 The combustion design results of optimal set with the base objective function at 1500 rpm, BMEP 4 bar
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6.1.2 High load: 2000 rpm, BMEP 8 bar 

The combustion design concept was also determined by improving thermal 

efficiency, reducing emissions, and optimal set in 2000 rpm, BMEP 8 bar. The 

results of thermal efficiency improvement case are shown in Figure 6.1.4. The 

target for IMEP was set to improve 7.6% and the target for NOx was also set to 

increase to 93.6% for margin of thermal efficiency improvement. IMEP of 

designed combustion was improved by 6% to 10.1 bar, but it did not reach the 

target. On the other hand, NOx and noise showed deterioration beyond target. This 

result implied that the target performance values were set beyond the performance 

limits at the operating point. Combustion pressure and heat release rate were 

similar to those at low load, with peak pressure and heat release rate advancing 

closer to TDC and intake pressure higher than the experimental value. Soot 

emission also showed similar tendency that low emission due to short combustion 

duration. The EGR rate was 14.1% higher than the experiment, but the effects of 

increased intake pressure and maximum pressure were more dominant, resulting 

in a significant increase in NOx emission.  

In the emission reduction case, the performances showed similar results to 

the target performance values except soot with lower results. The results are 

shown in Figure 6.1.5. As the intake pressure was 0.35 bar lower than the 

experimental value, lambda became rich. The combustion pressure was lower than 

the experimental value due to the low intake pressure, which helped significantly 

reduce NOx with a high EGR rate. Heat release rate in main combustion showed 

to maintain a similar level to the peak heat release rate of approximately 15 

degrees, indicating that the combustion rate of the fuel was maintained at a similar 

rate in that combustion duration. Although it was uncertain that the rate of 
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combustion maintained constant, it proposed a combustion strategy that could 

help reduce emissions while preventing loss of thermal efficiency.  

Figure 6.1.6 shows the results of combustion design with optimal target 

values. The target IMEP was set to improve 3.4% by experiment IMEP and NOx 

emission was set to reduce 35.5% by experiment NOx emission. The designed 

combustion showed 4.8% improved IMEP and 32.1% decreased NOx emission 

with low soot emission. CNI was increased 2.4 dB. These results showed that 

thermal efficiency improved 1.2% less compared to thermal efficiency 

improvement case, but NOx emission was inversely reduced. From the result, it 

was suggested that although NOx emission was bound to increase at the limit level 

of the improvement range of thermal efficiency, a small reduction in the 

improvement margin in thermal efficiency could achieve a more optimized level 

overall.  
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Figure 6.1.4 The combustion design results of thermal efficiency improvement with the base objective function at 

2000 rpm, BMEP 8bar 
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Figure 6.1.5 The combustion design results of emissions reduction with the base objective function at 2000 rpm, 

BMEP 8bar 

IMEP
[bar]

CNI
[dB]

NOx 
[ppm]

Soot
[FSN]

Experiment 9.573 181.8 124.0 1.354

Designed 9.567 182.0 19.4 0.034

Target 9.600 182.0 20.0 0.300

Pin
[bar]

1.134

Lambda
[-]

1.082

EGR
[%]

43.3

9.573 9.567 9.600

9.4

9.6

9.8

10.0

10.2

10.4

IM
EP

 [
b

ar
]

IMEP

181.8 182.0 182.0

180

181

182

183

184

185

186

C
N

I [
d

B
]

CNI

124.0

19.4 20.0

0

50

100

150

200

250

N
O

x 
[p

p
m

]

NOx

1.354

0.034
0.300

0

1

1

2

2

So
o

t [
FS

N
]

Soot

0

20

40

60

80

100

-20 -10 0 10 20 30 40

Pr
es

su
re

 [b
ar

]

Crank angle [deg]

Pressure
Experiment

Designed

0

20

40

60

80

-20 -10 0 10 20 30 40

H
ea

t r
el

ea
se

 ra
te

 [J
/d

eg
]

Crank angle [deg]

HRR
Experiment

Designed

0

0.2

0.4

0.6

0.8

1

1.2

-20 0 20 40 60

M
FB

Crank angle [deg]

Mass fraction burned

Experiment

Designed



140 

 
Figure 6.1.6 The combustion design results of optimal set with the base objective function at 2000 rpm, BMEP 8bar 
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6.2 Results by various design concept 

In the combustion design applying objective functions for various design 

concept, it was established that design concept to the desired combustion 

performance rather than targeting specific performance value to maximize 

performance. The first design concept for each performance at 1500 rpm, BMEP 

4 bar was assumed as follow: 

- Maximization of IMEP 

- CNI does not exceed 4 dB by experimental value. 

- NOx emission below 40 ppm 

- Soot emission less than 0.6 FSN 

The sequence and results of the combustion design sequence to satisfy the 

above concepts are shown in Figure 6.2.1. As a first step, the optimization using 

the modified objective function was conducted to maximize IMEP. The noise 

criterion was penalized to prevent it from exceeding the level set in terms of 

limitation. The result of first optimization showed similar values with the target 

performance except for IMEP. IMEP result was 5.33 bar less than the target of 5.4 

bar. It was considered that the results had maximized thermal efficiency gains at 

the targets, and conducted a second optimization to evaluate the possibility of 

further NOx reduction. The second optimization used the modified objective 

function to minimize NOx emission. The NOx result of second optimization was 

6 ppm that reduced significantly, but IMEP was decreased simultaneously. Since 

the benefits of thermal efficiency had reached limit, it was confirmed that 

additional NOx reduction required the loss of thermal efficiency. In a third step, 

it was evaluated that the optimization potential using the base objective function. 
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The target performance except NOx emission based on the result of first 

optimization and the target NOx emission was set to decreased value. The result 

from the third optimization were showed similar tendency to increase in thermal 

efficiency and decrease in NOx emission. Combining the results during the 

optimization process, all of them reduced NOx compared to base experimental 

value and improved thermal efficiency as shown in Figure 6.2.2. In the 

optimization step the soot results remained low and the trade-off relationship was 

shown between IMEP and NOx emission. According to the initial design concept, 

the result of first optimization, which had a 2.9% thermal efficiency improvement 

while satisfying the emission level, was determined as optimal combustion.  

The design concept at 2000 rpm, BMEP 8 bar was established as follow: 

- Improvement of IMEP by 3% or more 

- CNI does not exceed 4 dB by experimental value. 

- Minimization of NOx emission 

- Soot emission less than 0.54 FSN 

The results and process in the combustion design were shown in Figure 6.2.3. 

The NOx emission was set to minimize and it was optimized with the modified 

objective function by minimizing NOx emission. Target performances were set to 

3.4% improvement of IMEP, same level of CNI, and decreased soot level in first 

optimization. The target NOx emission was 60% reduced value but it was 

meaningless in the NOx minimization process. The noise criterion was also 

applied in the form of constraint function. The NOx result from the designed 

combustion was 11 ppm and soot emission also showed low level of 0.12 FSN. 

However, since the improvement rate of thermal efficiency was insufficient for 

the desired thermal efficiency as 2.5%, a margin on NOx for further improvement 
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of thermal efficiency was set as 30 ppm that was 75.8% reduced value. The second 

optimization with the modified objective function for maximizing thermal 

efficiency was conducted. The result of second step showed 5.16% increased 

thermal efficiency result compared with the experimental IMEP. The NOx also 

remained at set value about 32.4 ppm, but the soot emission was increased to 0.53 

FSN. The third optimization was conducted by changing the objective function to 

the minimization form of soot emission under equivalent conditions to evaluate 

the potential for further soot reduction although the soot result from the second 

step satisfied the requirements. Low soot result was derived through the third step 

optimization but IMEP decreased to 9.82 bar. Similar to the low load case, three 

factors of IMEP, NOx and soot emissions showed trade-off relationship at the 

boundary performance level. Figure 6.2.4 shows the results of combustion design 

under the design concept. The most appropriate result for the design intention 

could be determined as a result of step 2 with the highest thermal efficiency while 

satisfying the exhaust emission criteria.  

According to the methods introduced in this section, the combustion design 

with the modification of the objective function by design intention could find 

optimal combustion that met specific criteria. In addition to the two design 

concepts presented in this section, the combustion design methodology can apply 

various performances criteria by utilizing a limit function and modification to 

maximize target performance. 
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Figure 6.2.1 The optimization steps to satisfy combustion design concept at 1500 rpm, BMEP 4 bar 
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Figure 6.2.2 Trade-off relationship between IMEP and NOx emission in the optimization step at 1500 rpm, BMEP 4 
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Figure 6.2.3 The optimization steps to satisfy combustion design concept at 2000 rpm, BMEP 8 bar 
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   . 𝑱 =       ×
          

    
+  𝑪𝑵𝑰 × (𝑪𝑵𝑰      −𝑪𝑵𝑰)

 

+  𝑵  ×
𝑵        −𝑵  

𝑵        

 

+   𝒐𝒐 × ( 𝒐𝒐       − 𝒐𝒐 )
 
+  𝒐 𝒔      (𝑪𝑵𝑰 <    .  )
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   . 𝑱 =       ×
          −     

          

 

+  𝑪𝑵𝑰 × (𝑪𝑵𝑰      −𝑪𝑵𝑰)
 

+  𝑵  ×
𝑵        −𝑵  

𝑵        

 

+   𝒐𝒐 × ( 𝒐𝒐 ) +  𝒐 𝒔      (𝑪𝑵𝑰 <    .  )

Step 1.

Step 2.

Step 3.

IMEP CNI NOx Soot

Experiment 9.573 181.8 124.0 1.354
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Figure 6.2.4 The optimization results during the combustion design at 2000 rpm, BMEP 8bar 
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6.3 Results Using Polynomial Function as MFB 

In this section, the combustion design was performed by representing MFB 

as a polynomial function in 1500 rpm and BMEP 4 bar region. The PSO method 

was used as optimization algorithm. The objective function was used with a 

modified form to maximize thermal efficiency, and the target performance applied 

the same value as the targets used in finding the optimal set in Section 6.1.1. Two 

polynomial functions representing pilot and main combustion were used to build 

the MFB. The function that was earlier than the start of combustion meant pilot 

combustion and the total heat of the pilot combustion was limited at the half of 

the total heat. In addition, the constraint of EGR rate was removed for the wide 

variety of combustion phases and combustion conditions. In a polynomial, since 

the shape of the graph changes with respect to the value of a, so the combustion 

design was performed by dividing it into two cases, less than one and more than 

one. 

Figure 6.3.1 shows the combustion design results in the case that 𝑎 was less 

than one. IMEP increased by 20.1% as a result of the combustion design, and NOx 

and soot emissions were also reduced by 88.1% and 44.7%, respectively, resulting 

in an overall increase of performance. The improvement rate of IMEP was 

difficult to show in the conventional engine development or calibration processes. 

It was confirmed that the combustion phase approached an ideal combustion cycle. 

Due to the high intake pressure and advanced combustion phase, the adiabatic 

temperature would be higher than the experimental value, but NOx emission 

showed below 10 ppm because of extremely high EGR rate. Noise was 

deteriorated to 177.9 dB by the high pressure rise rate. The results from the case 

of 𝑎 above one showed similar thermal efficiency as shown in Figure 6.3.2. 

Although the shape of heat release rate was different with the case of 𝑎 less than 
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one, the pressure and heat release rate were advanced and focused near TDC. 

Figure 6.3.3 shows the PV diagram with the experimental data and the results 

from combustion design using polynomial functions. Compared to the results 

from the cases of Wiebe function, the increase in thermal efficiency was greater. 

The fuel burned at high intake pressure and the combustion speed was fast around 

TDC, making it closer to ideal combustion cycle. On the other hand, NOx 

emission was reduced by excessive EGR rate, which was expected to result in 

higher NOx emission from high pressure when using EGR rate in typical level. 

Despite excessive EGR rate, soot emission was able to be reduced due to short 

combustion duration. 

Representing the MFB as a polynomial function does not result in a 

physically reasonable combustion phase. However, this attempt is meaningful not 

in terms of evaluating physical feasibility, but in an attempt to take a new approach 

to the characteristics of combustion. 
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Figure 6.3.1 The combustion design result by using the polynomial function as MFB (𝑎 < 1) 
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Figure 6.3.2 The combustion design result by using the polynomial function as MFB (𝑎 ≥ 1) 
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Figure 6.3.3 The PV diagram from the experiment and combustion design using polynomial functions 
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6.4 Application of Combustion Design to WLTP 

6.4.1 Combustion design at steady points in WLTP 

operating area 

Based on WTLP data acquired through experiment, the combustion design 

methodology was applied. At first, during the WLTP test, the design target 

operating region of the engine was selected and the combustion design was 

applied to each point. Figure 6.4.1 shows the engine operation area during WLTP 

and selected optimization steady points. The 46 points were selected that were 

able to cover operation region during the WLTP. Validation of the combustion 

model underlying the combustion design methodology was carried out in the 

selected area. At each point, the combustion pressure acquired from the 

experiment was expressed as a Wiebe function, and then the models for each 

performance were calculated from the base engine parameters and the Wiebe 

function were evaluated for correlation with the experimental value. 

Figure 6.4.2 and Figure 6.4.3 show correlations of the results from 

combustion models for each performance with experimental values. IMEP and 

NOx emission showed good relationship that had above 0.9 R-squared values. 

CNI from the noise estimation was affected by the noise at acquired in-cylinder 

pressure. The soot emission from the model contained the error from the estimated 

injection timing. Despite these error factors, each model showed a good 

relationship at steady points. The coefficients and engine parameters that 

expressed the in-cylinder pressure from the experiment were used as the initial 

conditions in the optimization process. 
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In the optimization process, the base form of objective function was used to 

avoid a divergence of optimization results. The performance targets at each steady 

points were determined based on the results from the experiment. Although it was 

used only for normalization purposes in objective function, desired thermal 

efficiency was determined targets of 2 to 7% increase depending on the operating 

area. Similar to the target of thermal efficiency, NOx reduction target was set as 

a target of 20 to 50%, which was different depending on the operating area. Fuel 

efficiency and NOx emission had a decreased ratio of improvement in high load 

area above BMEP 10 bar. In this case, determining the degree improvement were 

decreased because the optimization results did not reach the target. Noise target 

was determined as an increase of 1 dB compared to CNI from the base experiment. 

Instead of determining the target CNI in low noise level, the upper limit constraint 

function of noise was removed to further improve thermal efficiency even if the 

deterioration of noise was significant in area of less thermal efficiency 

improvement. The target for soot emission was determined on the criterion of 60% 

reduction.  

Figure 6.4.4 and Figure 6.4.5 show the combustion design result at the steady 

points expressed in the map. The maximum IMEP improvement was 17.5% at 

1500 rpm, BMEP 6bar. The low thermal efficiency increase effect in high load 

conditions compared to low load region. In the graph, the brighter in operation 

area, the more improved thermal efficiency. Averaged thermal efficiency 

improvement rate was 5.15% in overall design points. Noise deteriorated in all 

areas, with only 0.88 dB worsening in 2000 rpm, BMEP 4 bar, while 12.9 dB 

worsening in 1750 rpm, BMEP 12 bar. At 1750 rpm, BMEP 12bar case, the 

thermal efficiency improvement effect was higher than that of the nearby area, but 

the noise deteriorated further. The maximum reduction rate of NOx emission was 

84.5% at 1750 rpm, BMEP 8 bar. Overall, the greater the increase in thermal 

efficiency, the smaller the reduction rate in NOx emission. Overall design points 
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showed an average reduction rate of 43.3%. In terms of the reduction rates of soot 

emission, largely reduced region of more than 99% were dominant across the 

entire operation area.  

Figure 6.4.6 to Figure 6.4.8 show the results of combustion phase at three 

points 1750 rpm, BMEP 8bar, 2000 rpm, BMEP 6 bar, and 2250 rpm, BMEP 8 

bar. In 1750 rpm, BMEP 8bar case, the NOx reduction rate showed the maximum 

reduction rate of the total designed points. 2000 rpm, BMEP 6 bar case showed 

unusual shape of the heat release rate that had three peaks. The designed 

combustion high thermal efficiency improvement and NOx reduction rate with 

low level of soot emission. The maximum pressure point that caused by the last 

combustion of the distributed main injection quantity had small area of NOx 

formation and low adiabatic temperature with low intake pressure. The heat 

release rate of 2250 rpm, BMEP 8bar case showed similar shape with the heat 

release rate of the emission reduction design result at 2000 rpm, BMEP 8bar in 

section 6.1.1. The peak pressure was low while maintaining a high level of heat 

release rate to achieve emission reduction. 
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Figure 6.4.1 Operating area during WLTP and optimization points 
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Figure 6.4.2 The models validation using Wiebe function in steady points: IMEP and CNI models 
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Figure 6.4.3 The models validation using Wiebe function in steady points: NOx and soot models 
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Figure 6.4.4 The combustion design results at steady state points for WLTP application: IMEP improvement rate and 

CNI increase 
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Figure 6.4.5 The combustion design results at steady state points for WLTP application: NOx and soot reduction rate 
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Figure 6.4.6 The combustion design result for WLTP application at 1750 rpm, BMEP 8 bar 
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Figure 6.4.7 The combustion design result for WLTP application at 2000 rpm, BMEP 6 bar 
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Figure 6.4.8 The combustion design result for WLTP application at 2250 rpm, BMEP 8 bar 
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6.4.2 Results of an application to WLTP  

From the combustion design results at steady point in WLTP, the coefficients 

for Wiebe function, intake pressure and lambda were determined, and the 

parameters were modeled by speed and fuel injection quantity. Based on the 

experiment result of fuel injection quantity and speed at each cycle of WLTP, the 

parameters for combustion model were derived as an output of the parameter 

models. In this process, fuel injection quantity was derived that had the same 

IMEP with that of base condition. The fuel consumption, NOx and soot reduction 

rate were assessed by phase and entire cycle when the engine operated with 

designed combustion. The results for each performance and comparison with the 

experimental data are shown in Figure 6.4.9 to Figure 6.4.11. 

The fuel mass consumption decreased by 4.7% compared to the base when 

calculated as average in total phase. Among the phases, the fuel mass decreased 

the most in phase 3 to 5.0%. In phase 3, there were the dominant area of BMEP 6 

to 8 bar that had the high thermal efficiency improvement rate. The NOx emission 

from the combustion design showed 44.7% of reduction rate in entire test cycle. 

Compared to phase 1 and 2, which were dominated by low load region, the 

reduction rate of NOx decreased as it moved into the area with high load. In phase 

4, the NOx reduction rate showed 36.5% because the NOx reduction effect was 

reduced at high load above BMEP 14 bar as a result of steady optimization. In 

terms of soot emission, the total reduction rate of soot was 60.7%. In the steady 

results, the reduction rate of soot emission exceeded 90% in most areas, but the 

WLTP application results were less than that. The designed combustion of steady 

points varied in shape unlike conventional diesel combustion. When applying the 

result of combustion design at steady state to WLTP, fuel injection quantity and 

speed were used to derive parameters that determined combustion. In this process, 
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the transition of the combustion phase between the steady points could lead 

undesired combustion shape. The soot estimation model used combustion 

characteristics such as combustion temperature and duration, and injection 

parameters at injection timing. The soot reduction effect could be decreased by 

the mismatch of above parameters due to transition of combustion phase. 

Nevertheless, soot emission showed prominent reduction. 
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Figure 6.4.9 The fuel consumption result of combustion design application to WLTP 
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Figure 6.4.10 The NOx emission result of combustion design application to WLTP 
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Figure 6.4.11 The soot emission result of combustion design application to WLTP 
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 Conclusions 

In this study, the combustion design methodology was developed with 0-D 

models to derive the combustion that had desired performance of thermal 

efficiency, combustion noise, NOx and soot emissions. For the soot estimation, 

the semi-empirical 0-D soot model developed in this study was used. As part of 

the combustion design methodology, the simulation sequence for calculating 

thermodynamic properties and constructing combustion pressure was developed. 

Optimization methodology including the optimization algorithms, boundary 

conditions and constraints, and the objective function was provided for 

optimization sequence in the combustion design method. 

The engine test was conducted in base condition, EGR swing, intake 

temperature and coolant temperature swing conditions. The soot emission results 

in different environmental conditions was used to develop the robust soot model 

construction. The two main factors of the soot deterioration with intake 

temperature increase were decrease in the ignition delay and lift-off length. The 

results of base condition experiment were used as initial conditions for 

optimization and criteria for target performance setting. 

The simplified spray model was established to develop the 0-D soot models 

that was used in the combustion design method. The equivalence ratio at the lift-

off length can be considered as representative index for the degree of air entrained 

in the fuel jet and mixing degree. The simplified spray model used lift-off length 

equation suggested by Siebers 87. The scaling law for liquid length developed 

using the idealized spray model by Siebers 75. In the process of derivation of the 

scaling law for liquid length, the mass flow ratio of the fuel and the ambient gas 

was calculated by Cantera that was a 0-D chemical simulation tool. The basic form 

of the laminar flame speed equation was developed by Kim 126. When the laminar 
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flame speed was used in the lift-off length calculation, the laminar flame speed 

needed to be considered for the effect of diluents differently with the basis 

equation. The laminar flame speed increased with oxygen concentration and other 

gases (CO2, N2 and H2O) decreased because of the chemical effect and thermal 

effect. By using the gas composition ratio, the heat capacity ratio of oxygen in the 

ambient gas was calculated to consider the diluents effect. The volume fraction of 

oxygen which showed good correlation with the heat capacity ratio was used in 

diluents effect term. The thermal diffusivity was calculated by using Cantera with 

the gas composition, temperature and pressure at the fuel injection timing. By 

using the above parameters, the lift-off length could be obtained. The equivalence 

ratio at the lift-off length from the simplified spray model was validated with the 

experimental data from engine combustion network and showed 0.9548 of R-

squared value. Based on the scaling law of liquid length, the liquid fuel penetration 

length was calculated numerically. Also, the relationships for the fuel and air 

mixture distribution could be derived. By the substitution of the lift-off length into 

the relationships, the equivalence ratio at the lift-off length was obtained. The 

equivalence ratio used as the main factor in the 0-D soot formation model.  

The 0-D soot model was developed by cooperative research with Youngbok 

Lee 124. Developed soot model consisted of the soot formation model and soot 

oxidation model. The soot formation model was established with the fuel injection 

quantity as a factor representing the amount of precursor underlying the soot 

formation, the equivalence ratio at the lift-off length as a representative factor for 

the mixing degree, and the MFB 5 to 90 for the duration of soot formation. The 

soot oxidation model used the oxidation rate developed by Nagle and Strickland-

Constable 89, 90 and heat flux compensation term to consider the heat transfer from 

the cylinder wall. The developed 0-D semi-empirical model was validated with 

the test engine cases including environmental condition and EGR swing cases. In 

the total cases, the model showed 0.901 of R-squared value.  
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Other performances, thermal efficiency, combustion noise and NOx 

emission in the combustion design method were evaluated by other 0-D models. 

IMEP was used as the indicator of thermal efficiency. The combustion noise index 

developed by Jung et al. 122 was used as the index for the combustion noise. The 

CNI showed better correlation with the measured noise than the maximum 

pressure rise rate. The index was calculated by the in-cylinder pressure interpreted 

as frequency domain via FFT and the sum of the 1 – 3.15 kHz range of the third 

octave band level. The 0-D NOx model developed by Lee et al. 67, 123 was used for 

the NOx estimation. The model based on the extended Zeldovich mechanism and 

the maximum NO formation rate as representing factor of the NO formation. The 

adiabatic temperature was calculated for the maximum temperature and the spatial 

concentration correction was applied in the model.  

The concept of combustion design method suggested the new process for 

engine and combustion development. The combustion phase and parameters were 

derived as the output through the combustion design process from the desired 

performance, thermal efficiency, combustion noise, NOx and soot emissions, as 

the input. The parameters for constructing in-cylinder pressure were intake 

pressure, lambda and the mass faction burned. The MFB was determined by using 

Wiebe function and polynomial function as new approach to combustion phase. 

The total heat during the cycle was calculated by the difference between the gross 

heat release and a heat loss. A heat loss was modeled by speed and fuel injection 

quantity that were determined in the initial step of combustion design. From the 

MFB and total heat, the heat release rate was derived. The mass of in-cylinder air 

and EGR rate were calculated from intake pressure, temperature, lambda, that 

were determined as initial conditions, and the chemical reaction equation. The gas 

compositions during the combustion were calculated for calculation of polytropic 

index and other thermodynamic parameters. Polytropic index by the gas 

composition, intake temperature and pressure was calculated based on the 
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estimation method developed by Lee and Min 68. The in-cylinder pressure in 

compression stroke was calculated by polytropic process with the estimated 

polytropic index. In the combustion duration, the combustion pressure was 

constructed by solving the differential equation of the heat release rate with the 

pressure. In expansion stroke, the in-cylinder pressure was also calculated by 

polytropic process. The timing of pilot and main injection used in the NOx and 

soot model were calculated reversely by using the ignition delay model developed 

by 139. IMEP, CNI, NOx and soot emissions were calculated from the 

thermodynamic parameters and combustion pressure by using the 0-D models.  

In the optimization process, the optimization algorithms used in the 

combustion design method were a minimum of constrained nonlinear 

multivariable function (interior-point) for Wiebe function and particle swarm 

optimization for polynomial function. The boundary conditions and constraints 

were determined for efficient iteration in optimization process. The base form of 

objective function for optimization allowed to find specific combustion of desired 

performance that was used as input. The objective functions for various design 

concepts were used in maximizing target performance. The limit function 

determined the performance limit.  

The results of combustion design using Wiebe function for the MFB and base 

objective function were presented at low load (1500 rpm, BMEP 4 bar) and high 

load (2000 rpm, BMEP 8 bar). In each operation point, the desired performance 

was determined in terms of thermal efficiency improvement, emission reduction, 

and optimal sets. The performance of output combustion well followed the target 

performance except soot emission with different combustion shape. The 

combustion design using the modified objective function were performed in 

assumption of the specific design concepts. The results were considered to show 

the maximum combustion performance in the operating point with the trade-off 
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relationship between the performance index. The combustion design results using 

polynomial function as the MFB suggested the potential for performance 

improvements that were hard to achieve in conventional engine calibration or 

development process, with new combustion patterns different from existing 

combustion shape. The combustion design method was applied to WLTP by 

designing the steady points in WLTP operation region. The fuel consumption 

during WLTP improved by 4.7% compared to experimental result. The NOx and 

soot emissions showed 44.7% and 60.7% of reduction rates. 

This research includes the combustion design methodology by using 0-D 

models for thermal efficiency, combustion noise, NOx and soot emissions. From 

the results, the 0-D combustion simulation and optimization method that derive 

the combustion of desired performance are provided. This study can present 

combustion shape with desired or optimized performance in combination with 

thermodynamic conditions, suggesting the development process different from 

existing research methods of engine and combustion strategies for target 

combustion. 
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국 문 초 록 

최근 내연기관 성능향상을 위한 연구는 연비, 배출량, 소음, 진동 

등의 측면에 초점이 맞춰지고 있다. 연비는 지구온난화에 영향을 준 

이산화탄소 배출 감소와 관련이 있다. 또한, 디젤 연소로 인한 질소산

화물과 그을음 배출은 인간의 건강에 해로우며 생명까지도 위협한다. 

배기 가스의 유해성은 많은 나라들의 정부들로 하여금 차량 배출 규

제를 엄격하게 만들도록 동기를 부여하고 있다. 최근에는 실험실의 인

증치와 도로의 실제 배출량 수준 간의 차이를 고려해 Real-driving 

emissions 규제가 시행됐다. 소음 공해는 또한 인간과 공중 보건 문제

의 관점에서 중요한 주제이다. 엔진에서 발생하는 연소 소음은 엔진 

변수 및 연소 특성에 의해 영향을 받는 실린더 압력 배출에 따라 달

라진다. 적절한 분사 전략 또는 연소 형태는 원하는 연소 소음 수준을 

만족하도록 최적화할 수 있다. 

엔진 개발 과정 중에 연비, 배기 배출물 및 소음의 각 성능을 최적

화하기 위한 많은 노력과 시간이 소모된다. 최적의 성능을 얻으려면 

연소 및 엔진 작동 변수를 최적화하기 위해 많은 실험이 필요하다. 실

험 없이 엔진 성능을 최적화하기 위해 전산유체역학 시뮬레이션을 수

행하려면 높은 계산 비용이 필요하다. 따라서, 계산 비용이 낮은 0-D 

연소 최적화 방법론을 개발하는 것이 중요하다. 이전 연구들에 의한 

0-D 연소 최적화 방법은 분사 전략 또는 엔진 변수를 최적화했다. 결

과로 도출되는 연소는 기존 연소 형상의 범위 내에 있으며 연소 형상

의 다양성 측면에서 실험적으로 변수를 최적화하는 방법과 다를 바 
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없다. 본 연구에서는 원하는 성능을 입력으로, 최적 연소 및 연소 변

수를 출력으로 도출되는 연소 디자인 방법론을 개발하였다.  

첫 번째 단계로 엔진 실험을 수행하여 베이스 조건, EGR 스윙, 흡

기 온도 및 냉각수 온도 스윙 조건에서의 연비 및 배기 배출의 기본 

성능을 평가하였다. 이 결과는 연소 디자인에 활용되는 0-D soot 모델 

수립과 최적화 과정에서 초기 조건으로 사용되었다. Soot 생성 모델은 

lift-off length에서 당량비를 계산하는 단순화된 스프레이 모델을 기반으

로 했다. Lift-off length에서의 당량비는 그을음 형성 모델의 주요 요인 

중 하나로 사용되었다. 연소 디자인 과정에서 IMEP는 연비를 대변하

는 인자로 사용되었다. 연소 소음 평가에는 연소 소음 지수가 사용되

었다. NOx 배출량 예측에는 이전 연구로부터 개발된 0-D NOx 모델이 

적용되었다. 

연소 디자인 방법론에서, 실린더 내 압력 계산에 필요한 변수는 흡

기 압력, 람다 및 질량 연소율이었다. 질량 연소율은 기존에 널리 사

용되는 위베 함수와 연소상에 대한 새로운 접근법으로 다항식 함수를 

사용하여 결정되었다. 실린더 내 공기의 질량과 EGR율은 초기 조건으

로 결정된 흡기 압력, 온도, 람다 및 화학 반응 방정식으로 계산되었

다. 연소 중의 기체 조성비는 polytropic 지수 및 여러 열역학적 변수의 

계산을 위해 계산되었다. 실린더 내 압력은 polytropic 과정과 열 발생

률으로 계산되었다. 최적화 과정에서 연소 디자인 방법에 사용된 최적

화 알고리즘은 제한된 비선형 다변량 함수(Interior-point 기법)와 입자 

군집 최적화의 최소값이었다. 경계 조건과 제약 조건은 최적화 과정의 

효율적인 iteration을 위해 결정되었다. 최적화를 위한 목적 함수의 기
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본 형태는 입력으로 사용된 원하는 성능을 가지는 특정한 연소를 찾

을 수 있게 했다. 목표 성능을 최대화하는 다양한 디자인 목적에 따라 

목표 함수는 변형되어 사용되었다. 

연소 디자인의 결과는 다양한 운전 영역에서 MFB와 목적 함수에 

따라 연구되었다. WLTP 운전 영역에서 정상 상태 연소들을 디자인하

여 연소 디자인 방법론을 WLTP에 적용하였다. 적용 결과, WLTP 중 연

료 소모량은 4.7% 감소되었다. NOx와 soot 배출은 각각 44.7%와 60.7%

의 감소율을 보였다. 본 연구에서는 원하는 성능의 연소를 도출하는 

0-D 연소 시뮬레이션 및 최적화 방법을 제공하였다. 이 연구는 원하는 

성능 혹은 최적화된 성능을 가지는 연소상을 열역학적인 조건들과 함

께 제시할 수 있어 이를 바탕으로 기존의 연구 방법과 다른 목표 연

소를 구현하기 위한 엔진과 연소 전략 개발 방향을 제시할 수 있다. 

 

주요어: 연소 디자인 방법론, 엔진 연소 최적화, 0-D 연소 시뮬레이션, 0-

D soot 모델, 스프레이 모델, 디젤 엔진 
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