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Abstract 

Emission and fuel consumption are among the key parameters when designing a combustion system. 

Combustion CFD can assist in this task only if good enough accuracy is achieved regarding combustion 

and emission predictions.  

The aim of this master thesis is to evaluate the use of detailed reaction mechanisms (as a substitute for 

standard combustion model) in terms of computational time and result accuracy. Several mechanisms for 

n-heptane are tested. Lund University optical engine experimental case is used for this evaluation. 

Results showed that detailed chemistry can predict ignition accurately but differences are observed in the 

peak cylinder pressure. The computational time also increased significantly as size and complexity of the 

mechanism increased. Recommendations are given to improve predictions using detailed chemistry 

approach which is found to be an interesting approach especially for lift-off length predictions. 
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1 Introduction 

This thesis work has been carried out at Scania CV AB in Södertälje, Sweden. Scania is a global 

automotive industry manufacturer of commercial vehicles and its main products consist of heavy trucks 

and buses. It also manufactures diesel engines for heavy vehicles, marine, and general industrial 

applications. Scania operates in about 100 countries and has approximately 38600 employees around the 

world. Scania’s research and development operations are concentrated in Södertälje, Sweden, and employ 

around 3300 people. Scania’s Head Office is also located in Södertälje [1]. 

The NMTD “Fluid and Combustion Simulation” group at Scania initiated this thesis work. The group 

employs Computational Fluid Dynamics (CFD) to simulate fluid phenomena for various engine 

components and provides detailed insight related to these phenomena to other research and development 

groups within Scania.  

1.1 Motivation 

Recently, environmental regulations have become stricter in order to reduce the impact of greenhouse 

gases and pollutants. A major reason for reducing these emissions is their harmful effect on human health 

and environment. As a result, researches of reducing pollutant emissions speed up. Those pollutions are 

mainly coming from fossil fuels such as coal, oil and natural gas. Researches mainly focused on industries 

with combustion systems like power plants and internal combustion engines to reduce emission.  

The world is in a process of globalization and cross border trade is increasing to meet the demand of 

delivering products to a global market. As the flow of goods increases the need for transport that is 

effective, flexible and sustainable in both economic and environmental terms also grows. Diesel engines 

have important role to carry out that transportation demand. As a result, exhaust gas emissions are also 

increasing proportionally with the transportation of large amount of products [2]. These types of vehicles 

form an important portion when it comes to transportation of the goods from one place to another. 

Emissions produced by these vehicles must be reduced to decrease their harmful effect on the human 

health and environment.  

Indeed road transportation has several side effects of its own such as exhaust gases, particles and noises. 

Emission standards define the acceptable limits for exhaust emissions that can be discharged to the 

environment. There are different regulations for automobiles, heavy-duty vehicles, industries and power 

plants. Vehicle manufacturers have to comply with these emission standards.  

European emission standards define the acceptable limits for exhaust emissions of new vehicles sold in 

EU member states. The European emission standards are a series of EU directives which are gradually 

introducing stricter emission standards [3]. Nitrogen monoxide (NO) and nitrogen dioxide (NO2) together 

have the general name of NOx. Soot is the major component present in particulate matter (PM). New 

models introduced must meet current or planned standards, but minor lifecycle model revisions may 

continue to be offered with pre-compliant engines [4]. US and Japan have their own emission standards. 

Figure 1-1 shows the different EU regulations from Euro 1 to Euro 6. Regulations became stricter since 

Euro 1. Manufacturers must comply with the regulations if they want to sell trucks but they also compete 

on the performance mainly fuel consumption and robustness. The latest regulations and penalties are 

placed for vehicles which do not meet the emission standards [5]. 

http://en.wikipedia.org/wiki/EU


-12- 
 

 
Figure 1-1. European emission standards for diesel vehicles from Euro 1 to Euro 6 [6] 

Table 1-1 contains a summary of the emission standards and their implementation dates for heavy duty 

Diesel engines. Dates in the tables refer to new engine type approvals; the dates for all vehicle sales and 

registrations are in most cases one year later (unlike the US program where engine models must be 

certified every year, EU type approvals only occur once per emission level e.g. Euro V). As part of the 

Euro VI regulation, particle number (PN) limits were added, to be met in addition to the PM mass based 

limits.  

Table 1-1. EU Emission Standards for HD Diesel Engines (g/kWh) [7] 

 

Recently, CAE tools become very useful in research and development. It can provide strong decrease in 

product development time and cost of tests.  

CFD is a CAE tool which uses numerical methods and algorithms to solve and analyze problems that 

involve fluid flows. CFD can be use either for external or internal flows. In CFD softwares such as AVL 

Fire, users can select different models to solve a given problem. Especially for combustion related issue, it 

can not only help to understand the physics involved but also help to predict pollutant emission 

formation. This is only possible if the combustion model can generate accurate results in a wide range of 

operating conditions. 
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1.2 Objectives 

In this thesis work, the focus is to evaluate several combustion models in terms of computational cost and 

accuracy. A standard combustion model, the Extended Coherent Flame – 3Zones (ECFM-3Z) was 

compared to detailed chemical reaction approaches. In order to achieve this goal several steps were 

required:  

1. What mechanisms can be used and evaluated in AVL Fire?  

2. Which cases can be used for the evaluation? 

3. What important parameters should be consider in the evaluation? 

1.3 Outline 

After introducing the topic in chapter 1, chapter 2 gives additional background to better understand this 

work. It presents how diesel engine works and how combustion processes can be studied in engine both 

experimentally and numerically. Additional information related to ECFM-3Z model and detailed 

chemistry is given. Chapter 3 presents the method and process followed in this work. Chapter 4 presents 

the calibration work and related uncertainties. Chapter 5, presents the main results of this thesis. 

Finally, the work done in this master thesis will be summarized. Some recommendations and suggestions 

for future work are also listed. 

1.4 Limitations 

In the public version of this thesis report intended for KTH and AGH; 

 Limited results for optical engine case are reported 

 Details about model settings, process, calibration, convergence criteria and analysis are excluded 

 The evaluation using Scania single cylinder engine data is excluded 
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2 Background 

In this chapter, an overview of the background and theories related to this thesis work is given. The topics 

include diesel engine description, pollutant formation, tools to study combustion processes and 

combustion models (ECFM-3Z and detailed chemistry).  

2.1 Diesel engine 

Diesel engines are working based on the compression ignition principle. The ignition is occurring without 

help from a spark as opposed to gasoline engines. In diesel engines, the fuel is directly injected into the 

cylinder towards the end of the compression stroke where it auto-ignites due to high temperature and 

pressure of the compressed air. More details about the diesel cycle are given in the following section. The 

diesel engine was invented by Rudolf Diesel in 1893. 

2.1.1 Diesel cycle 

A four strokes diesel engine cycle is shown in Fig. 2-1. The first stroke is the intake stroke (A), where the 

piston moves downwards and the intake valves open, which allows air to enter into the cylinder.  

 
Figure 2-1. Four stroke diesel Cycle [8] 

In the compression stroke (B), the intake valves close and the piston upward movement compresses the 

air increasing the temperature and pressure inside of the cylinder. When the piston reaches it’s highest 

position, liquid fuel is injected into the cylinder from the fuel injector. The injector is often positioned at 

the center of the cylinder head in diesel engines. More information regarding the injector will be given in 

2.2.2. The fuel then auto-ignites due to the high temperature of the compressed air and the resulting 

combustion releases chemical energy (heat). 

In the expansion stroke (C), the chemical energy released by combustion is converted into work. During 

the combustion, the cylinder pressure increases and pushes the piston downwards, which provides 
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mechanical work. Usually, pollutant formation occurs as soon as the combustion process start and 

continue during the expansion stroke. More details related to the formation of these emissions are given in 

section 2.2.3.  

Finally, in the exhaust stroke (D), the piston starts moving upward and this motion of the piston pushes 

the exhaust gases out of the engine cylinder through the opened exhaust valves. Then, the exhaust gas can 

be used in other systems such as a turbocharger. It can also be used for exhaust gas recirculation (EGR). 

In this master thesis work, stroke B and C will be simulated and will be referred as closed cycle 

simulations. More details will be given in Section 2.3.2.1. 

2.1.1.1 Idealized thermodynamic diesel cycle 

 
Figure 2-2. p-V Diagram for the ideal diesel cycle. The cycle follows the numbers 1-4 in clockwise 

direction [9] 

Figure 2-2 shows a p-V diagram for the ideal diesel cycle; where P is pressure and V is specific volume. 

The ideal diesel cycle follows the following four distinct processes:  

 Process 1 to 2 is the isentropic compression of the fluid (blue) in which piston work (Win) is 

compressing the working fluid. 

 Process 2 to 3 is the reversible constant pressure heating (red) in which heat (Qin) is released by the 

combustion of the fuel. 

 Process 3 to 4 is the isentropic expansion (orange) in which mechanical work (Wout) is produced by 

the working fluid via the piston movement.  

 Process 4 to 1 is the reversible constant volume cooling (green) [10] in which energy (Qout) is expelled 

from the system by venting the air 

As mentioned previously in a diesel engine chemical energy is converted into mechanical work.  

2.1.1.2 Piston movement and Crank Angle Degree (CAD) convention 

The crank angle degree CAD is the angular positions at the crankshaft defining the piston position as 

shown in figure 2-3. Hence, one stroke signifies 180 crank angle degrees (CAD) and consequently one 

cycle of a four-stroke engine corresponds to 720 CAD. The highest position reached by the piston is 

referred to as top dead center (TDC) and the lowest position corresponds to bottom dead center (BDC). 

Commonly, for a four-stroke diesel engine, the piston position at TDC just after completing the 

compression stroke is referred to as 0 CAD. 

http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Specific_volume
http://en.wikipedia.org/wiki/Isentropic
http://en.wikipedia.org/wiki/Reversible_process_(thermodynamics)
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Figure 2-3. Diagram showing geometric layout of piston pin, crank pin and crank center [4] 

Figure 2-4 illustrates the piston position corresponding to all the four strokes in a four-stroke diesel 

engine. One stroke of the piston is marked when the piston has travelled between TDC and BDC. 

In this thesis work, the AVL Fire CAD convention will be used in which the end of compression TDC is 

referred to as 720 CAD. 

 
Figure 2-4. Piston position in a four-stroke diesel engine and CAD conventions [4]  

2.2 Diesel combustion 

Several processes occurs and should also be briefly mentioned here (out of the scope of this thesis) as they 

will impact the combustion. 

2.2.1 Flow dynamics 

During the compression, the charge in the cylinder often exhibits a swirling motion. The amount of swirl 

is dependent of the intake port design. The flow is also turbulent. 

2.2.2 Fuel injection    

The fuel enters into the cylinder due to the very high pressure (between 1000-2000 bar) of the injection 

system through the small nozzle holes present at the fuel injector tip. The injected fuel atomizes into small 

droplets and penetrates into the cylinder where it vaporizes. Figure 2-5 shows the combustion of the fuel, 

which is injected by four hole injector from the center of the cylinder head. 
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Figure 2-5. Four hole injector combustion diesel engine [11] 

With Scania XPI (extra-high pressure injection), fuel delivery and injection pressure can be set 

independently of engine speed. This system adjusts continually to adapt to changing speeds and loads. It 

uses up to three precisely timed fuel injections to enhance performance and economy – while reducing 

harmful emissions – through every cycle [12]. In this master thesis study, injection was occurring one time 

per each cycle. 

The event at which the fuel is injected is often referred to as start of injection (SOI). It is usually expressed 

in crank angle degrees (CAD) relative to TDC. Electric SOI is often indicated by an easily measured 

parameter such as the time at which an electric signal from the ECU is sent to the injector. 

2.2.2.1 Fundamental about combustion process 

After the liquid fuel enters to the system with high velocity, the fuel droplets beak-up and evaporates. This 

first process is endothermic. It corresponds to the injected liquid fuel evaporation and it absorbs heat 

from the system. The fuel, then starts to mix with oxygen without any combustion occurring. After this 

endothermic process, the exothermic reaction occurs, in which the fuel air mixture ignite. This ignition 

process is influenced by oxygen, EGR content, temperature and pressure. It is worth to mention that the 

ignition process is a complex phenomena involving low temperature (approx. 300-1000 K) chemistry 

which is out of the scope of this thesis. However this chemistry is expected to be accounted for when 

using detailed chemistry mechanisms. After the ignition process, a conventional diesel combustion is 

observed. In reality, these processes can occur simultaneously and compete. Conventional diesel 

combustion is often referred to as a diffusion flame that is spray driven. In 1997, John Dec, presented a 

conceptual model of a quasi steady model of diesel combustion, based on laser-sheet imaging [13], shown 

in Fig. 2-6. No auto-ignition is pictured in this model and therefore the model corresponds to an event 

where spray and combustion are considered quasi-steady – for example in the middle of the injection 

event. 
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Figure 2-6. Nonpremixed turbulent combustion flame [13] 

The above mentioned injection, evaporation and mixing are depicted in brown and dark brown regions in 

Fig 2-6. When the fuel and ambient air are mixed a premixed mixture is formed. At the center of the spray 

(blue region), it will burn as a premixed flame. Since the equivalence ratio is high (limited air amount), it is 

a fuel rich premixed flame. It should be pointed out that if the equivalence ratio is too high in this region 

the mixture will not burn. Incomplete combustion will lead to the formation of CO and unburned fuel. It 

is also in this region that soot formation is observed (grey region). The soot formation and oxidation 

process (purple and orange region) will be described in 2.2.3.2. The flame plume (main flame front) 

correspond to a non-premixed flame (orange line). This mean that the fuel (including CO and unburned 

hydrocarbon) and the air are not mixed prior to react. They will mix and burn at the flame front. That is 

why diesel combustion consists primarily of a diffusion flame also referred as mixing controlled 

combustion. The flame fronts, premixed or non-premixed, can be identified by the presence of OH* 

radical (short life time).   

The distance between the injector and the first encountered combustion reaction region is called the lift-

off length. Depending on the surrounding conditions and on the injection strategy, the lift-off will be 

different as it is governed by chemical kinetics (auto-ignition) and/or by flow dynamics (triple flame). The 

mechanisms controlling lift-off are not well understood and are being studied in several research center.  

2.2.3 Emission Formation 

Pollutant formation is one of the important task while developing new product, especially in combustion 

related industries. Internal combustion engines with compression ignition produces mainly NOx and soot 

as pollutant. Figure 2-7 presents the soot and NOx production depending on temperature and equivalence 

ratio of the charge.  
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Figure 2-7. NOx and soot formation as a function of equivalence ratio and temperature [14] 

2.2.3.1 NOx formation 

NOx refers to a class of compounds called nitrogen monoxide (NO) and nitrogen dioxide (NO2) formed 
during combustion. The main types of NOx produced during the combustion processes are thermal NOx, 
fuel NOx and prompt NOx [15]. 

Thermal NOx refers to NOx formed through high temperature oxidation of the diatomic nitrogen found 
in combustion air [16]. The formation rate is primarily a function of temperature and the residence time of 
nitrogen at that temperature. At high temperatures, usually above 1600 °C, as shown on Fig. 2-7, 
molecular nitrogen (N2) and oxygen (O2) in the change disassociate into their atomic states and participate 
in a series of reactions. 

The three principal reactions (the extended Zeldovich mechanism) producing thermal NO are: 

 

Zeldovich was the first to suggest the importance of the first two reactions. The last reaction of atomic 
nitrogen with the hydroxyl radical, •HO, was added by Lavoie, Heywood and Keck to the mechanism. It 
makes a significant contribution to the formation of thermal NOx. 

Fuel NOx is only produced when there is a significant amount of nitrogen in the fuel. The fuel used in 
this work has no nitrogen content, hence the fuel NOx is not considered.  

Prompt NOx is formed by the reaction between nitrogen present in the air and hydrocarbon fragments 
such as C, CH, and CH2 resulting from the fuel. Prompt NOx is produced at very early stages of 
combustion and is also neglected as its formation does not play a dominant role in comparison to the 
thermal NOx formation. In this work, as generally in diesel combustion, only thermal NOx will be 
considered and hence modeled.  

http://en.wikipedia.org/wiki/Residence_time
http://en.wikipedia.org/wiki/Yakov_Borisovich_Zel%27dovich
http://en.wikipedia.org/wiki/Hydroxyl_radical


-20- 
 

2.2.3.2 Soot formation 

Soot consists of a major portion of the Particulate Matter (PM) emissions and is formed from the carbon 

in the diesel fuel. Soot formation is a result of incomplete combustion of hydrocarbon fuels. Soot is 

formed in fuel rich regions under high temperature conditions. As shown in Figure 2-7, excessive soot is 

usually produced above an equivalence ratio of 2 and between temperatures of 1600 K to 2500 K. Soot 

formation constitutes two steps, namely particle formation and particle growth. 

Particle formation begins with the pyrolysis of fuel into nucleation sites. These sites usually contains 

unsaturated hydrocarbons like acetylene and polycyclic aromatic hydrocarbons (PAH). Pyrolysis is highly 

sensitive to temperature and studies have found out that pyrolysis of hydrocarbons does not occur below 

1600 K [15]. These unsaturated hydrocarbons and PAH are the two most likely precursors of soot. The 

condensation of these gaseous hydrocarbon fragments result in the formation of first soot particles also 

referred to as nuclei. [17] 

Particle growth comprises of surface growth, coagulation and aggregation. Surface growth refers to the 

attachment of gaseous hydrocarbon fragments to the nuclei. During surface growth, the amount of soot is 

increased but the number of soot particles remains the same. Coagulation is the opposite of surface 

growth in which the soot particles collide and join together. Thus, during coagulation, number of soot 

particles is reduced while the amount of soot remains the same. Aggregation of soot particles into chains 

and clusters take place when the surface growth has stopped. [17] 

Unlike NOx, soot particles can be reduced by oxidation during the engine cycle.  

2.3 Available tools for studying combustion processes in 

engine 

In order to study the combustion processes in engine several tools can be used. They can be divided into 

experimental approach and numerical approach. A combination of these approaches is often necessary to 

improve understanding of the combustion processes.  

In this mater thesis experimental data from Lund University optical engine will be used to complement 

and validate the simulation work which will be multidimensional CFD.  

2.3.1 Optical engine at Lund University and related test data 

This optical engine is a modified multi-cylinder Scania D12 engine, in which only one cylinder is activated. 

It has several optical access as shown in Fig. 2-8, which provides possibility to observe combustion 

processes.  
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Figure 2-8. Modification of Scania D12 engine for optical study at Lund University [18] 

The piston extension is shown in Fig 2-8. The window ring in the cylinder liner is equipped with four 

windows perpendicular to each other. The figure, enlarged to the right, shows the field of view of the 

camera with some important objects marked for clarity [18]. The material of cylinder extension in this 

optical engine is different than regular an engine. Additionally the optical engine has a quartz piston bowl 

which allows observing flame behavior in cylinder, with the help of mirror shown at point G. 

Due to its construction, this engine can not be operated as a regular engine. For example  there are 

important cooling and lubrication limitations (piston, piston rig,...), which limits the operating time and 

achievable loads. In the test data considered for this thesis,  it was operated at low load and on skip fire 

mode with the following sequence: one fired cycle followed by ten motored cycles.  

2.3.1.1 Geometrical information 

Table 2-1 presents the main dimensions of this D12 engine. The dead volume corresponds to the valve 

crevices, injector recess, gasket and top land volumes. The nominal squish height of this engine is greater 

than of the production due to the use of piston extender. 

 Table 2-1. Geometric Data Provided by Lund University [19] 

Geometry Dimension 

Bore 127 mm 

Stroke 154 mm 

Conrod length 255 mm 

Piston bowl depth 14 mm 

Piston bowl diameter 80 mm 

Nominal Squish height 2.3 mm 

Nominal compression ratio 15.6:1 [19] 

The nominal volume at TDC and BDC are calculated based on the geometrical data. The nominal 

compression ratio, defined as VBDC/VTDC, is relatively low as compared to equivalent Scania single 

cylinder engine (around 17.3:1). Figure 2-9 gives more details about the piston bowl shape used in this 
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optical engine. The piston design presents a simple piston crown and a flat bowl (right) which allows easy 

optical access and reduced image distortion.  

 
Figure 2-9. Piston dimensions [4] 

2.3.1.2 What can we study in this optical engine? 

As mentioned previously this engine allows different optical access which allows temporal and spatial 
observations in the combustion chamber via the liner (side view) or via the piston (bottom view). 
Typically one wants to investigate the combustion process and emission process after injection as shown 
in Figure 2-10. These investigations can be carried out using laser diagnostics depending on the targeted 
quantities. Some examples of 2-dimensional measurements (not scope of this thesis) are:  

 Planar Laser Induced Fluorescence (PLIF) in which different species are detected  

 Planar Laser Induced Incandescence (PLII) in which soot particles are detected   

 
Figure 2-10. Optical Engine Combustion [4] 

Other techniques can be used such as chemiluminescence as shown in Fig 2-11. Unlike PLIF or PLII, 

chemiluminescence imaging is a simpler technique which uses chemical excitation instead of laser light. 

The camera records the light emitted from the chemically excited OH (as referred to in this thesis), 

denoted OH*. A set of optical filter can help to remove the background noise to improve the quality of 

the measurement. As mentioned previously OH* is a good marker for flame front (reaction zone). It can 

therefore be used to detect lift-off length.  
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Figure 2-11. Chemiluminescence image showing OH* radicals [20] 

2.3.1.3 Experimental data used in this thesis 

In this master thesis, the data corresponding to ELOF project was used for the model evaluation. The 

Empirical Lift-OFf project (ELOF) is a research project carried out at Lund University aiming at 

observing combustion process and especially lift-off process in heavy and light duty diesel engine. This 

project is founded by several Swedish OEMs, FFI (Strategic Vehicle Research and Innovation) and LTH 

(Lund University). One of the aim of this project is to generate high quality optical diesel engine 

measurement database at LTH to be used for model development and calibration with focus on lift-off 

processes. OH* chemiluminescence is used to detect flame front and to evaluate lift-off. The database 

provided within this project and used in this thesis consists of: 

 Engine and test cell specifications 

 Intake temperature sweep 

 Intake pressure sweep 

 EGR sweep  

 SOI sweep 

 Relevant mass flow rate shapes 

Two cases were considered equivalent to part load with two different temperature as presented in table 2-

2. 

Table 2-2. Studied operating conditions for Optical engine 

Parameter Value 

Engine speed 1200 rpm 

Rail pressure 1900 bar 

Intake temperature 
Case 1: 385 K 

Case 2: 355 K 

Fueling  60 mg/cycle 

EGR 14% 

2.3.2 Computational fluid dynamics as one simulation tool 

Computational fluid dynamics is a branch of fluid mechanics in which computers are used to solve the 

complex partial differential equations describing the flow (Navier Stokes equations). In this thesis, 

combustion simulations are performed using AVL FIRE v2013.1. From now onwards, AVL FIRE 2013.1 

will be referred to as “FIRE”. 
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2.3.2.1 Closed cycle combustion simulation 

In this thesis, the calculations start at IVC to EVO. It allows reducing the computational time and the 

mesh complexity as the gas exchange process is not considered. Several assumptions can be made on the 

geometry as discussed in Chapter 3.  

2.3.2.2 Fuel (N-heptane) 

N-heptane is a fuel-range molecule that has often been utilized as a single component surrogate diesel 

fuel. It is also often used for optical diagnostic, such as in the ELOF project. Additionally, detailed 

chemical-kinetic mechanisms for n-heptane oxidation are available and several models exist that have 

sufficiently reduced dimensionality (number of species and reactions) to enable their use in CFD 

simulations [21]. 

Table 2-3 shows the main properties of n-heptane. One of the principal measure of n-heptane fuel quality 

is its cetane number. A higher cetane number indicates that the fuel ignites more rapidly when sprayed 

into hot compressed air. Another interesting property is the Hydrogen/Carbon (H/C) ratio. As H/C 

increases the heating value of the fuel will increase. Finally it is important to look at n-heptane liquid 

properties especially density. This will have an impact on the spray modeling. 

Table 2-3. Properties of n-heptane 

Properties n-heptane 

Molecular formula [-] C7H16 

Density (kg/m3) 678 

Flash point (oC) -4  

Autoignition temperature 203.85 

Cetane number [-] 56 

Hydrogen/Carbon ratio [-] 2.286 

LHV (MJ/kg) 44.6 

2.3.2.3 ECFM-3Z 

The ECFM-3Z model was developed by the GSM consortium (Groupe Scientifique Moteurs) specifically 

for diesel combustion. This is a combustion model based on a flame surface density transport equation 

and a mixing model that can describe inhomogeneous turbulent premixed and diffusion combustion [22]. 

This is an extension of the previously existing extended coherent flame model, which was developed for 

SI engine combustion. In this model, auto-ignition, premixed and non-premixed combustion processes 

are accounted for. 

http://en.wikipedia.org/wiki/Cetane_number
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Figure 2-12. ECFM-3Z Combustion Model [23]  

In each computational cell three zones are considered (with burnt and unburnt state) corresponding to 

unmixed air, unmixed fuel and mixed air and fuel zone as shown in Figure 2-12. This partition allows to 

apply specific models for auto-ignition (homogenous tabulation), premixed combustion (flame surface 

density) and non-premixed combustion (turbulent mixing model). It is important to note that this model 

like many combustion model requires the distinction between combustion modes, very little chemistry is 

involved in this model.  

2.3.2.4 Gas phase reaction model 

The general gas phase reaction model allows the simulation of various types of chemical kinetic problems 

by interfacing property and reaction databases. Solving a large number of chemical reactions (and the 

transport equations of chemical species involved in these reactions) can be time consuming depending on 

the size of the mechanism. So, there are several methods established into AVL Fire allowing faster 

calculations. 

Multi-zone approach for chemistry clustering 

It is known that the application of detailed chemical reactions in CFD can be quite time consuming. The 

‘chemistry clustering’ model provides one way to reduce calculation times significantly. The background of 

the model is that in a large CFD domain there are at every time step many cells which have similar 

thermodynamic conditions (temperature, equivalence ratio, ...). These similar cells are identified and 

grouped to so called clusters. In the following, the solution of the chemical reactions is only done for the 

mean of each cluster. After the results from the chemistry solver have been acquired, the species vector 

and the energy source have to be mapped back to the cells contained in the cluster [24]. 
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Figure 2-13. Multi-zone approach clustering workflow 

Figure 2-13 presents the workflow of the multi-zone approach. When it is inactive, chemical reactions are 

calculated in each computational cells. When it is activated, cells are clustered in temperature zones of 

ΔT=5K, equivalence ratio zones of Δφ =0.05 and residual gas zones of Δegr =0.05.  

2.4 Detailed chemistry 

Usually, the combustion process in IC engines is modeled by some of the available combustion models, 

like e.g. ECFM / ECFM-3Z for gasoline or diesel engines. An alternative approach, is to solve the detailed 

mechanism of chemical reactions instead of using a combustion model. 

2.4.1 Reaction mechanisms 

In any chemical change, some bonds are broken and new ones are made. Quite often, these changes are 

too complicated to happen in one simple step. Instead, the reaction may involve a series of small changes 

one after the other. A reaction mechanism describes the one or more steps involved in the reaction in a 

way which highlights how the various bonds are broken and made. A reaction mechanism can be seen as 

an accounting of the intermediates and transition states that occur in a reaction as it moves from the 

starting materials to the products [25]. 

2.4.1.1 Chemical reaction: Activation Energy and the Arrhenius 

Equation 

A typical reaction coordinate diagram for a mechanism with a single step is shown below:  

 
Figure 2-14. A reaction coordinate diagram for a single-step reaction [26] 
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Chemical reactions are define the relationship between the reaction rate and activation energy. Reaction 

speeds are highly dependent on activation energy which shown in Figure 2-14 as Ea. If the reaction 

assumed that it has a one-step mechanism, the elementary step represents a collision [26] as shown in 

Figure 2-15. Therefore, the frequency of the collisions (f) will be important in the equation of 2.1. The 

chemical reaction can occur just under the certain condition. The Figure 2-15 will not lead to a reaction. 

The reagent molecules simply bounce off one another [26].  

 

Figure 2-15. Only specific orientations during a collision will lead to a reaction [26] 

The orientation factor (p) takes into account the fact that only a certain fraction of collisions will lead to 

reaction due to the orientation of the molecules. Combining the above concerns, the following 

relationship between the rate constant and the activation energy, called the Arrhenius equation:  

                                           k = fpe−Ea/RT                           (2.1) 

Rate constant k is dependent on orientation factor and the frequency of the collisions f, activation energy 

Ea, and temperature T [26]. 

2.4.1.2 Reaction kinetics 

Reaction kinetics is the study of reaction rates, or speeds, and how they change under various conditions. 

The rate-limiting step of a reaction is the slowest, or highest activation energy, step in the reaction 

mechanism as mentioned previously.  

2.4.1.3 Skeletal mechanism 

Every chemical mechanisms have its own detailed chemical elementary reactions, one can define the size 

of mechanism depending on amount of reactions considered. N-heptane chemistry involves a very large 

amount of species and reactions. A complete mechanism for n-heptane has approximately 550 species and 

2450 reactions [27]. Depending on the desirable species or on the physics to be modeled, there are several 

elementary reactions that can be removed. As mentioned previously, a good mechanism for diesel 

combustion should encounter for auto-ignition process and main characteristic of premixed and non-

premixed flames.  

Reducing mechanism corresponds to the removal of some reaction rates from the complete reaction 

mechanism. It reduces the calculation time in CFD but it can affect the result accuracy. In the rest of this 

thesis skeletal mechanism will be referred to as reduced mechanisms.   
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2.4.2  Mechanisms used in this study 

Table 2-4 presents the mechanisms for n-heptane, which are used in this thesis work. All of these 

mechanisms have been tested in AVL Fire to guarantee that they can be used. A library of mechanisms 

has been generated. 

Table 2-4. Mechanisms used in this thesis work 

Mechanism Name Species Reactions Comment 

Simple Mechanism 9 4 
Simple mechanism, no ignition chemistry, no 

pollutant chemistry 

Wisconsin[28] 29 52 Small size mechanism, fast calculation 

Tsurushima[29] 34 39 

Blend of iso-octane and n-heptane (can be 

used for dual fuel study including iso-octane 

chemistry) 

Pitsch[30] 44 112 Averaged size mechanism  

Lu and Law[31] 68 283 
mechanism favored by Lund University CFD 

group, it has not NOx chemistry 

Golovitchev[32] 82 334 Largest  mechanism , it has NOx chemistry 
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3 Pre-Processing 

In this chapter, the meshing and simulation settings are explained especially for detailed chemistry.  

3.1 Meshing 

3.1.1 ESE Diesel module 

The meshes used in this thesis were generated with ESE Diesel mesh module. It is a specific tool used to 

create engine sector meshes for CFD calculations. Figure 3-1 shows the geometric variables which can be 

defined such as bore, compression ratio, crank radius, connecting rod length and possibly piston pin 

offset. 

 
Figure 3-1. ESE Diesel Module [4] 

After defining the basic geometry of the engine, in the sketcher, the user defines the piston bowl and 

injector geometry and corresponding parameters (Fig. 3-2).  

 
Figure 3-2. ESE Diesel Module to define piston and injector geometries [4] 

All the numbers in Figure 3-1 and Figure 3-2 are only examples. The geometric values used for the optical 

engine is presented in section 3.1.2.  

The user can then define the averaged grid size for the 3Dimensional mesh. The average size of each 

mesh and number of subdivision were decided based on grid sensitivity analysis results (see section 5.1.1). 

After generating a 2-Dimensional mesh, the 3D volume mesh is generated by swapping the 2D mesh. The 

resulting sector volume mesh correspond to one injector hole and take advantage of the rotation 

symmetry in the cylinder. Fig. 3-3 shows a final sector volume mesh (in perspective with the complete 3D 

geometry of the cylinder). As shown on this figure, the meshes are created using block especially in the 

spray direction  (spray-oriented mesh).  

1 
2 

3 
4 
5 

Umbrella Angle 
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Figure 3-3. Example of sector volume mesh at TDC [4] 

Figure 3-4 shows the compensation volume in ESE Diesel module. This volume is used to compensate 

for geometrical details which are not considered when modelling the fluid domain.  

 
Figure 3-4. Compensation volume [4] 

3.1.2 Optical engine mesh settings 

The optical engine mesh was generated using ESE Diesel v2013.1. Table 3-1 presents the mesh settings 

related to the injector. 
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Table 3-1. Injector values for Optical Engine [4] 

Parameter Value 

Number of nozzle holes 4 

Injector nozzle distance from the piston head 0.00128 m 

Nozzle diameter at hole center position 0.00300 m 

Nozzle hole outer diameter  0.00016 m 

Nozzle hole half outer cone angle 8o 

Umbrella angle 146o 

Table 3-2 presents the main mesh settings used for reference cases after calibration (see section 4). 

Table 3-2. Properties of reference mesh [4] 

Parameter Value 

Size of the domain ¼ of engine cylinder 

Compression ratio 14.8 

Squish height 3.5 mm[19] 

Total number of cells @TDC 44725 

Total number of cells @BDC 148750 

The effective compression ratio was estimated to 14.8 after calibration which is less than nominal value. 

The effective squish height was recalculated based on Ulf Aronsson et al. [19] to account for deformation. 

They calculated the deformation values of the piston extender in the optical engine. According to their 

research, the squish height is very dependent on peak pressure during combustion. In this master thesis, 

the optical engine maximum peak pressure considered was around 64 bar. Therefore one should consider 

an additional 0.019 mm per bar to the squish height [19]. Finally 1.2 mm was added to nominal squish 

height value, which was 2.3 mm. Hence the total squish height was estimated to 3.5 mm. 

The reference volume mesh for the optical engine simulation is presented in Fig. 3-5.  

 
Figure 3-5. Optical Engine reference mesh 

Top view (left), +45o Side view (middle), -45o Side view (right) 

3.2 Simulation settings 

The sector combustion simulation settings are specified in this section. For each CFD simulations, the 

settings are stored in a Solver Steering File (SSF).  



-32- 
 

3.2.1 Optical engine specific settings 

3.2.1.1 Initial conditions 

Engine operating conditions are defined depending on the Case 1 and Case 2 which are provided from 

experimental data  from Lund University for the optical engine case. Both Case 1 and Case 2 are used to 

get consistent calibration result. Figure 3-6 illustrates the calculated initial conditions after calibration. The 

calibration will be mentioned in section 4 

 

Figure 3-6. Initial conditions of each cases which used for calibration on fired and motored run 

3.2.1.2 Boundary conditions  

The boundary conditions for closed cycle simulation on the sector volume mesh are illustrated in Figure 

3-7 and defined in Table 3-3.  

 
Figure 3-7. Boundary conditions for sector mesh 
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Table 3-3. Boundary condition 

Boundary Name FIRE name Colour 
Boundary condition 

Type Subtype 

Piston BND_Piston Green Wall Mesh movement 

Liner BND_Liner Yellow Wall Velocity 

Symmetry Axis BND_Axis Light blue Symmetry - 

Symmetry Segment BND_Segment_1 Red Inlet/Outlet Periodic 

Compensation volume BND_Comp_Vol Blue Wall Mesh movement 

Cylinder Head BND_Head Orange Wall Velocity 

In Fig. 3-7, light blue and red colored boundaries are defined as periodic boundary conditions. The 

temperature values for the wall boundary conditions are listed in Table 3-4. 

Table 3-4. Boundary Wall Temperatures  

Boundary Name FIRE name Wall temperature (Kelvin) 

Piston BND_Piston 500 

Liner BND_Liner 473 

Head BND_Head 473 

The temperature values which were given in Table 3-4 are obtained after calibration. This values can not 

be measured in the considered experiments. 

3.2.1.3 Fuel injection specifications  

Electrical SOI values are provided by Lund University and are shown in Table 3-5. The fuel amount is 

obtained from Scania injector rig data. The injector rate shape was also specified based on Scania injector 

rig data.  

Table 3-5. Injection specification values for Optical Engine provided by LTH [4] 

Parameter Value 

Electric SOI 711 CAD 

Fuel amount 60 milligram/cycle 

Fuel type n-heptane (defined by detailed chemistry) 

3.2.2 Additional information about the detailed chemistry files 

All reaction mechanisms should be in a CHEMKIN format. They are composed of three files a specific 

chemistry input file, thermodynamic data file and transport data file. A short description is given here 

about each of them. More information can be found in AVL Fire user manual, under the section of 

general gas phase reactions appendix [24]. 

3.2.2.1 Thermodynamic data (Therm.dat) 

Figure 3-8 shows one example of thermodynamic data for CO molecule. FIRE ‘General Species’ module 

expects the entry in therm.dat exactly in this form. In addition to the fourteen fit coefficients (lines 2, 3, 4) 

of reaction constants, it also contains the species’ name, its elemental composition, its electronic charge 

and an indication of its phase [24].   

 
Figure 3-8. Example of thermodynamic data file [24] 
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3.2.2.2 Chemistry input data (Chem.inp) 

Figure 3-9 shows one example of chemistry input data. FIRE-internal chemistry interpreter needs a text 

based chemistry input file with an arbitrary name, where the stoichiometries of the reactions, the kinetic 

Parameters (A, b and E) and - optional - auxiliary data are defined. The reaction specification part begins 

with “REACTIONS” and ends with “END”. The number of blanks or empty lines between specification 

blocks/lines is arbitrary. Comment lines beginning with “!” are allowed [24] and the corresponding 

reaction will be neglected. 

 
Figure 3-9. Example of chemistry input data [24] 

3.2.2.3 Transport data (trans.dat) 

Figure 3-10 shows one example of transport data for CO molecule. It is recommended to create one own 

*.txt file by importing the species from the header of the chemistry input data file. 

 
Figure 3-10. Example of transport data [24] 
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4 Calibration  

In this chapter, the calibration results for the optical engine is presented and discussed. Comments on the 

results and experiments uncertainties are mentioned in Section 4.2.  

4.1 Calibration for optical engine simulations 

Engine operating conditions for the Case 1 and Case 2 are considered for the calibration. Only results 

based on these final values are presented in this section. 

4.1.1 Motored run calibration 

As a first step, the motored runs of Case 1 and Case 2 were used for calibration as shown in Figure 4-1. In 

a motored run no fuel is injected.  

 

Figure 4-1. Motored run calibration for Case 1 and Case 2  

Figure 4-1 shows that, the overall error in pressure for motored calibration is low i.e. below 5%. The most 

noticeable difference is occurring after 730 CAD for each motored run cases. The error seems large as the 

load increases. One hypothesis would be that this error might be due to a slow down of the piston at 

TDC. It should pointed out that the CAD of the experimental data was offset with an additional +0.8 

CAD in order to account for a suspected loss angle. 

The motored calibration results are good enough in order to assume that initial conditions, boundary 

conditions and geometrical settings are correctly specified. 

4.1.2 Fired run calibration 

In the next step, the fired run calibration is performed and the results are given in Figure 4-2. The 

calibration is performed with the ECFM-3Z combustion model. 

Pressure differences 
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Figure 4-2. Fired run calibration depends on pressure (Case 1 and 2 CFD models activated with 
ECFM-3Z combustion model) 

For this model as it can be seen on the figure, the error in the pressure traces are low. Pressure predictions 

for case 1 and case 2 are lower than experimental values around 716 CAD, which corresponds to spray 

evaporation and auto-ignition process.   

 
Figure 4-3. Rate of heat release comparison between calibrated CFD case (reference) and 

experimental case1 

Figure 4-3 shows the rate of heat release comparison between CFD and experimental results. The 

evaporated and ignition process seems to be well captured even if pressure trace shows small differences. 

The peak of heat release is also well predicted at 730 CAD however the tale of the rate of heat release is 

not well captured. Important deviations are observed at 740 CAD which are in-line with the observations 

made on the pressure trace (Figure 4-2). This slow burn could be due to mixing problem (interaction with 

piston for macro mixing). 

Overall, the ECFM-3Z model gives good enough results to continue this study and to be selected as 

reference combustion model. Additionally both Case 1 and Case 2 results are consistent with regards to 

the calibration process. Similar initial condition generation is used in both cases. 

Ignition differences 

Pressure differences 
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After this calibration work, Case 1 is selected as the reference case for CFD for this master thesis work in 

order to limit the amount of simulations. In the following sections, the detailed chemistry results are 

compared with Case 1 and the initial conditions are defined as these presented in the following section.  

4.1.3 Reference conditions after calibration 

Table 4-1 shows the initial condition values and Figure 4-4 shows the final results after calibration. The 

ECFM-3Z model used in CFD for calibration. 

Table 4-1. Initial condition of reference case (Case1) after calibration in CFD 

Parameter Value 

Compression ratio [-] 14.8 

Squish height 3.5 mm 

Initial temperature 385 K 

Wall temperature 

Piston: 500 K 

Liner: 473 K 

Head: 473 K 

EGR 14% 

Combustion model ECFM-3Z 

 
Figure 4-4. Used reference case (Case1 in experimental) after calibration 

4.2  What are the possible uncertainties? 

4.2.1 Optical engine 

 Uncertainties due to “high” deformation  

 Uncertainties due to possible loss angle 

 Uncertainties due to “high” blow by.  

 Wall temperatures are unknown. 

4.2.2 CFD 

 No specific calibration was performed regarding the spray model for the optical engine. 

 There is no blow-by model in CFD. 
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5 Result analysis 

Chapter 5 contains Lund University optical engine result analysis. 

5.1 Optical engine simulations 

In this part, the optical engine was simulated with ECFM-3Z and several detailed chemistry mechanisms. 

In this section, sensitivity analysis based on mesh quality, accuracy of the peak pressure and temperature, 

NOx production, multi-zone approach, turbulence chemistry interaction model, calculation time of the 

results, 3D analysis and lift-off results were compared. 

5.1.1 Grid sensitivity analysis  

Grid sensitivity analysis is a very critical test when performing a CFD analysis in order to guarantee the 

quality of the results. For simplicity, the effect on grid size on ECFM-3Z simulations and detailed 

chemistry simulations will be studied separately. Only the results with ECFM-3Z will be discussed. 

 

Figure 5-1. Pressure traces for 3 different mesh size for the reference combustion model (ECFM-
3Z) 

Figure 5-1 shows the pressure traces for 3 different mesh sizes that can be referred as coarse, medium and 

fine mesh. As the mesh is refined from medium to fine, the results are not affecting significantly as 

opposed to the coarse mesh results. Additionally, in terms of  calculation time, it is not worth to use the 

finest mesh therefore the reference mesh is selected as the medium mesh size.  
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5.1.2 Influence of the size of the reaction mechanism  

 
Figure 5-2. Pressure traces for different size of mechanism 

In order to account for the auto-ignition process of the diesel, there should be an ignition mechanism to 

start the combustion reaction. Figure 5-2 shows that, there is no combustion (hence auto-ignition) 

occurring for a simple mechanism. An important observation is the different ignition behavior between 

each reaction mechanisms. As it can be seen from the lower left enlargement in Figure 5-2, ECFM-3Z and 

Golovitchev mechanism exhibit an earlier start of ignition than other detailed chemical mechanisms. All 

other chemistry mechanisms show similar ignition behavior.  

Also from Figure 5-2, a 3 to 4 bar difference between detailed chemistry approach and ECFM-3Z results 

is observed. The ECFM-3Z results were in good agreement with experimental result (peak pressure is 

about 63 bar).  

Several hypothesis can be formulated regarding this difference among which is the spray settings as the 

same settings are used for the detailed chemistry and ECFM-3Z model. 

 
Figure 5-3. Average in-cylinder temperature  for different size of mechanism 
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As expected from pressure results of detailed chemistry approaches in Figure 5-2, the average temperature 

of the system is also 50 Kelvin higher than ECFM-3Z result, as shown in Figure 5-3. The Tsurushima 

mechanism gives a similar mean average temperature as the ECFM-3Z and therefore different from other 

mechanisms (no certainties about local peak temperature). These differences in temperature are expected 

to affect the NOx prediction which are sensitive to temperature as shown in Figure 5-4. In this figure, the 

results could not be compared with experimental data as the emission sampling of Lund University optical 

engine is not reliable (fire skip mode). Only the simulated NOx will be discussed. 

 
Figure 5-4. NOx mass fraction for different size of mechanism 

Figure 5-4 shows NOx mass fraction for both detailed chemistry and ECFM-3Z model. As mentioned 

previously all the detailed chemistry calculations modelled NOx based on Heywood NOx model expect 

for the Golovitchev mechanism which includes its own NOx chemistry. The Extended Zeldovich + 

prompt + fuel (Thermal NO, Prompt NO activated) model was used with ECFM-3Z.  

As expected, a simple mechanism gives zero NOx because no combustion occurs. The Tsurushima 

mechanism gave less NOx, which is expected because as shown in Figure 5-3, it does not predict the 

highest in-cylinder temperature. The ECFM-3Z model calculation predicts less NOx in comparison with 

detailed chemistry approach (except Tsurushima).  

Detailed chemistry approach results show NOx mass fractions almost three times higher than ECFM-3Z. 

However, since the pressure traces are not very good for detailed chemistry simulations, the NOx mass 

fraction prediction should consider with care. It is interesting to point out that the NOx results for 

Wisconsin, Lulaw and to some extend mechanisms are quite close to each other, which seems consistent 

from previous pressure and temperature prediction.  
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5.1.3 Influence of multi-zone approach on the results 

 
Figure 5-5. Pressure result change depending on multi-zone approach activation for Wisconsin 

mechanism 

 
Figure 5-6. Pressure result change depending on multi-zone approach activation for Golovitchev 

mechanism. 

As a result from the upper Figures 5-5 and 5-6, it can be commented that the multi-zone approach is not 

affecting the results. This is a very important result for detailed chemistry approach because the 

calculation time is significantly reduced when using the multi-zone approach, as discussed in section 

5.1.4.3. As can be seen from the graph that peak pressure are still very high (which is around 66 

bar) depending on reference condition. 

5.1.4 Calculation time evaluation 

One of the aim of this master thesis is to evaluate the compromise between accurate results and 

computational time when using detailed chemistry approach. In this section, the calculation time for each 

tested mechanisms was evaluated. 
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5.1.4.1 Impact of grid size on calculation time 

In section 5.1.1, the importance of grid sensitivity analysis for detailed chemistry and ECFM-3Z 

calculations were discussed. It was found that detailed chemistry calculations are more sensitive to mesh 

size as compared to ECFM-3Z calculations. 

 

Figure 5-7. Calculation time differences depending on size of the mesh (Lulaw mechanism) 

Figure 5-7 shows the calculation time for different mesh sizes with the LuLaw mechanism without multi-

zone approach. As can be seen that when a tests will carried out a more finer mesh cells than reference 

mesh (average cell size = 1mm, subdivision = 25), a calculation time is increasing almost 70% more. 

When a tests will carried out a more coarse mesh cells, a calculation time is decreasing almost 50%.  

The computational time for ECFM-3Z calculations was not mentioned here because the same trend is 

observed, with a maximum calculation of 3:00 hours for the finest mesh. 

5.1.4.2 Impact of  mechanism size on calculation time 

 
Figure 5-8. Calculation time differences depending on size of the reaction mechanisms 
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Figure 5-8 shows that as expected larger mechanisms are slower in terms of computational time. In this 

figure only the simulation time was considered without multi-zone approach activation. Results show that 

the Golovitchev mechanism is five times slower than the Wisconsin mechanism. No in-depth assessment 

on result accuracy was performed beside the observations made in section 5.1.2, but one should keep in 

mind that these mechanisms offer two different level of details (complexity).  

5.1.4.3 Impact of multi-zone approach on calculation time 

 

Figure 5-9. Calculation time  with and without multi-zone approach (Wisconsin mechanism) 

The Wisconsin mechanism (29 species, 52 reaction mechanism) multi-zone approach calculation time is 

presented in Figure 5-9. Results show that a 50% reduction in computational time is achieved with the 

multi-zone approach.  

 

Figure 5-10. Calculation time with and without multi-zone approach (Golovitchev mechanism) 

Figure 5-10 presents calculation time for Golovitchev mechanism (82 species, 334 reaction mechanism) 

with and without the multi-zone approach. It is also dramatically reduced with multi-zone approach by 

50% 

80% 
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about 80%. Figure 5-9 and 5-10 shows that the multi-zone approach gives  a significant advantage 

especially for large mechanisms.  

As a summary, multi-zone approach, as defined in AVL Fire, reduced significantly the calculation time 

without modifying the result accuracy. It is therefore recommended to always activate this option when 

running detailed chemistry.   

5.1.5 3D results analysis  

In this section, an in-depth analysis will be performed on the 3D output of these simulations. 3D cuts and 

lift-off analysis will be studied in more details. As a reminder of the combustion process and lift-off, the 

λ=1 iso-surface colored with temperature is plotted in Figure 5-11 at 724 CAD. The sector mesh is shown 

on the top right of the figure. The blue sphere represents the fuel droplets which were injected in the 

system from the fuel injector. It can be seen that the flame plume is deflected by the swirl motion in the 

cylinder. In the lift-off region, one can define a down swirl lift-off and an up swirl part. The up swirl lift is 

often shorter than the down swirl lift-off. For simplicity, only the shortest lift-off length will be considered 

in the CFD results. 

  

Figure 5-11. Top view of a ¼ of the combustion chamber. Iso-surface of λ=1 colored with 
temperature. (Wisconsin mechanism at 724 CAD) 

5.1.5.1 Y-cut of sector mesh 

A sequence of temperature fields (3D cut) between 720 CAD and 734 CAD is given at Figure 5-12 for 

Wisconsin mechanism. On this sequence, one can observe the lift-off length (red-arrow). The results show 

that initially (soon after ignition) the lift-off length is large. After 722 CAD, the lift-off length seems to 

stabilize. Regarding the physics, the qualitative predictions of the detailed chemistry approach are in-line 

with the quasi-steady model of Dec [13] presented in section 2.2.2.1. Finally, it is interesting to look at the 

flame dynamics especially the interaction with the piston bowl. 
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Figure 5-12. Time sequence of temperature field for Wisconsin mechanism 

5.1.5.2 Lift-off length evaluation 

As seen in Figure 5-12, the flame lift-off is a dynamic process and its analysis can help us to understand 

more about combustion physics and modeling. To evaluate the flame lift-off length, OH radical will be 

selected as a marker of the combustion process. It is reactive radical that is often found in the fine region 

around the flame front. Additionally, as mentioned previously, it is easy the OH radical that is detected in 

the optical engine. Indeed because of its specific chemiluminescence wavelength, the OH signal can be 

filtered out from background noise. It should be pointed out that in order to evaluate lift-off length, in the 

CFD analysis one consider an actual OH concentration while in the experimental data one consider an 

OH signal intensity. These two quantities can not be compared to one another but the comparison is done 

of the resulting lift-off length is possible and presented here. 
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Figure 5-13. Minimum lift-off length for Wisconsin mechanism (718 – 732 CAD) 
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Figure 5-13 shows the iso-surface of OH mass fraction (5% of maximum OH radical mass fraction 

observed in the simulation as shown in Table 5-1) for the Wisconsin mechanism (all results are presented 

in Appendix A). In the figure, lift-off length calculations were made with a Matlab script after extracted 

the iso-surface using macro in AVL Fire. As expected from Figure 5-12, the lift-off length seems to 

stabilize after 724 CAD. 

Table 5-1. Selected threshold of OH radical for each mechanism  

Mechanism Iso-surface value (5% of scale maximum of w/w) 

Golovitchev 0.00016579 

Lulaw 0.00014321 

Pitsch 0.000152924 

Tsurushima 0.00042945 

Wisconsin 0.000156611 

 

The measured lift-off length for Case 1 are presented in Figure 5-14. Three of the four spray are 

considered and difference is made between up swirl and down swirl lift-off. The lift-off lengths for each 

spray up and down swirl seems also to stabilize after 724 CAD. As the minimum lift-off length is 

considered in the CFD results, the experimental data of the six different spray results are averaged and 

used as a reference in the following section. This average measurement will be compared with detailed 

chemistry results. 

 

Figure 5-14. ELOF data lift-off length depending on different sprays (Up – Up swirl, Down – 
Down swirl) 
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Figure 5-15. Lift-off length comparison for different chemical mechanism 

In Figure 5-15, the lift-off values from experiment and from different detailed chemistry mechanisms are 

plotted. Overall, all simulation approaches show a stabilization of the lift-off after 724 CAD. However, all 

mechanisms under-predict the lift-off length. Further difference between the mechanisms can be 

observed. For instance, Golovitchev mechanism and Tsurushima predicts shorter lift-off than the LuLaw 

and Wisconsin mechanisms. It should be pointed out that Golovitchev ignition process starts earlier than 

718 CAD therefore part of the initial lift-off length slope is here missing. 
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6 Summary 

 The quality of the input data from the Lund optical engine measurements (ELOF) was evaluated. 

 Selected reduced mechanisms for n-heptane were tested in AVL Fire and a library was created.  

 Case calibration was performed with ECFM-3Z combustion model 

 The detailed chemistry results were compared with ECFM-3Z combustion model 

 Overall detailed chemistry approach is slower than ECFM-3Z 

 Peak cylinder pressure over-predicted with detailed chemistry 

 Lift-off length is under-predicted with detailed chemistry 

 Discrepancy between CFD results and experimental results were investigated 
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7 Conclusion 

From this master thesis work, one can conclude that 

 Detailed chemistry approach gives interesting results regarding lift-off length  

 More work on evaluation/calibration is needed  

 It is recommended to activate multi-zone approach to reduce computational time (50%-80% time 

reduction depending on the size of the mechanism) 
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8 Future Work 

As a continuation of this master thesis work it is recommended to: 

 Continue the evaluation of detailed chemistry approach with combined optical engine data 

(ELOF project) with focus on 

 Calibration of spray settings  

 Turbulence chemistry interactions 
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Appendix  

A. ADDITIONAL LIFT OFF LENGTH ANALYSIS RESULTS 

A1. Golovitchev mechanism results 
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A2. Pitsch mechanism results 
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A3. Lulaw mechanism results 
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A4. Tsurushima mechanism results 

 

 

 

 


