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V 

Summary 

The focus of this research is to develop a computational fluid dynamics (CFD) model 

for diesel combustion with multi-pulse fuel injection for heavy-duty direct injection 

(HDDI) diesel engines. In this manner, the unique state-of-the-art engine modelling 

with Flamelet Generated Manifold (FGM) in CFD is extended to multi-pulse injection 

strategies. The FGM-CFD model helps to comprehend crucial information about engine 

performance and emission formation. Current stringent emission regulations already 

force engine manufacturers to reduce the exhaust emissions, whilst still improving the 

engine performance for their customers. Therefore, better understanding of emission 

formation and the impact of combustion phasing with multi-pulse fuelling strategies 

are essential. In this respect, an efficient and reliable numerical engine model is a step 

forward to the possibilities for in-depth analysis. In this research, the CYCLOPS, a 

dedicated test rig designed and built at Eindhoven University of Technology (TU/e), 

based on a DAF XE 355 C engine with a newly designed double-step piston is modelled 

and extensively validated for multi-pulse fuel injection strategies. 

Turbulent combustion is defined by the interaction of exothermic chemistry and flow 

field. Considering the time and length scales of chemistry and flow field, turbulent 

combustion especially for HDDI diesel engines is modelled mainly by Reynolds-

averaged Navier-Stokes (RANS) and lately large eddy simulation (LES) methods as 

discussed in Chapter 1 and 2. 

For chemistry modelling, small size chemical reaction kinetics are mostly applied since 

a full-size chemistry model of large hydrocarbons, which are broadly used in IC engines, 

consists of thousands of reactions among thousands of species. In order to overcome 

the modelling limitations of chemistry, chemical reaction mechanisms are reduced to 

the order of 100 species and 100-1000 reactions, for instance, by making steady-state 

assumptions where species and reactions of fast processes are removed. This also 

reduces the stiffness of the system leading to a significant reduction in computational 

time. Even more advanced methods are developed to decrease the computational cost. 

The FGM is one of the examples of tabulation methods introduced by van Oijen and 

de Goey. FGM is a proven pre-processed chemistry method that uses flamelet concepts 

to model the chemistry part of premixed as well as non-premixed combustion systems 

efficiently. Pre-processing the stiff reaction equations decoupled from the turbulent 

flow field allows us to use relatively large chemical reaction mechanisms. In this study, 

several chemical reaction mechanisms are utilized to generate the FGM tables and their 
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performances are assessed. Also, turbulence-chemistry interaction (TCI) is accounted 

for by a presumed probability density function (PDF) method, i.e. the beta-PDF. 

The turbulent flow field is modelled in OpenFOAM-LibICE CFD tool. LibICE is a set of 

libraries and solvers developed for IC engine applications at Politecnico di Milano. The 

LibICE solvers utilize RANS methods for the closure problem of the Navier-Stokes 

equations. The CFD solver codes are separated for constant volume and varying 

volume applications. For engine applications, mesh is altered to describe the piston 

motion which may lead to changes in topology of mesh. A vertex-based automatic 

mesh motion technique is developed within LibICE libraries for IC engine applications. 

This technique aims to keep the mesh quality under deforming mesh conditions. 

Furthermore, the LibICE solvers utilize spray models with a Lagrangian-Eulerian 

approach, which is based on discrete particle tracking, with the sub-models of primary 

break-up, secondary break-up, evaporation and wall impingement. 

The CFD simulations are performed in two parts that are for a constant volume 

application and a single cylinder HDDI engine application. The constant volume 

application is studied for sub-model validations and fundamental analysis of turbulent 

combustion modelling. In Chapter 3, 5 and 6, the results show that the FGM-CFD model 

is capable of providing reliable results for non-premixed turbulent combustion with 

single and double injection strategies in terms of the global and local parameters that 

are relevant to turbulent combustion. TCI integration of the pre-processed chemistry 

yields that TCI plays a crucial role for local parameters, hence emissions as observed in 

Chapter 4. Furthermore, the single cylinder HDDI engine simulations show a good 

agreement for the global parameters with respect to the experimental results (Chapter 

7). The FGM-CFD model can match the global parameters with reasonable deviations 

at different engine speed and load conditions both for single and double injection 

strategies, except for the operating condition at high speed and high load with single 

injection where the deviations are larger. Moreover, 𝑁𝑂 emission is modelled within 

the FGM-CFD model. Although the results show that the CFD simulations overpredict 

the 𝑁𝑂 emission compared to the experimental values, the trends of total 𝑁𝑂 emissions 

depending on the operating condition and the injection strategy are captured well with 

the FGM-CFD model compared to the corresponding experimental data. 

The main outcomes of the simulations are further discussed in Chapter 8. For the 

current FGM-CFD model, possible improvements for the spray model, the 𝑃𝑉 definition 

and the 𝑁𝑂 emission model are also pointed out for future studies. 
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Introduction 

This chapter presents a brief history of reciprocating internal combustion engines, their 

evolution towards contemporary engines and environmental effects on the globe. 

Furthermore, the benefits and challenges of the numerical modelling of internal 

combustion engines are discussed. Finally, the motivation for the research presented in 

this thesis is explained at the end of the chapter. 

1.1. Internal Combustion Engines 

Internal combustion (IC) engines came out as a practical necessity in the 1860s. After 

the industrial revolution, the steam engine, which is an example of external combustion 

(EC) engines, was the primary power plant. However, steam engines were enormous 

and required external boilers to supply steam into the cylinder to obtain mechanical 

energy from the chemical energy contained in the fuel. They also needed an operator. 

Besides that, steam engines were highly inefficient. Compared to EC engines, IC engines 

were simpler, more robust and had a higher power-to-weight ratio. Due to these 

aspects, IC engines have found a wide range of applications in transportation. The IC 

engines can be divided in two groups based on how an ignition is established. These 

are spark ignition and compression ignition engines shown in chronological order from 

left to right in Figure 1.1. Ignition concepts were not the only criterion that shaped the 

engine development. Fuel composition and quality were also vital parameters to 

improve engine performance and emissions. 

[1] 
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Figure 1.1. First internal combustion engines, Otto-engine (left) and Diesel-engine (right) [2]. 

 

Figure 1.2. Four strokes of IC engines. 

Early IC engines used coal-gas (mainly blend of 𝐻2, 𝐶𝐻4 and 𝐶𝑂) and air mixtures at 

atmospheric conditions without compression before combustion. Such engines had a 

thermal efficiency of 5% [3]. In 1876, the first four-stroke atmospheric engine prototype 

was designed by Nikolaus A. Otto and Carl E. Langen. This engine, named Otto-engine 

after Nikolaus A. Otto, employed today's well known four-stroke principle, which 

involves intake, compression, expansion and exhaust strokes as illustrated in Figure 1.2. 

The original Otto-engine used a premixed fuel-air mixture that was compressed in the 

cylinder with a compression ratio of 2.5:1 [4]. The compressed mixture was ignited by a 

flame that was located in a hot-bulb chamber. The flame in the hot-bulb chamber was 

constantly burning, which tended to pre-ignite the fuel-air mixture during intake. This 

was not the only problem, starting the engine was another problem at that time. A blow 

torch was used to heat up the hot-bulb chamber to ignite the fuel. Despite these 

problems, the thermal efficiency of the Otto-engine was about 11-14% [3-4]. 

After the invention of four-stroke engines, in 1880s, two-stroke engines were developed 

by Dugald Clerk and James Robson in England and by Karl Benz in Germany. These 

kinds of engines had combined intake-compression and expansion-exhaust strokes. 
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Two-stroke engines have higher power-to-weight ratio and they have less parts; 

therefore, they are more compact compared to four-stroke engines. However, they had 

lower fuel efficiency. In the early 20th century, it was recognized that the thermal 

efficiency of an engine is directly related with the expansion ratio, viz. compression 

ratio. An engine with a longer expansion than compression stroke was designed by 

James Atkinson in England. However, the compression ratio was limited to 4 because 

of the knock problem. Knocking in an IC engine is a term used for a sharp sound that 

is caused by premature combustion of the compressed air-fuel mixture in a cylinder. 

The uncontrolled combustion at an undesired crank angle creates pressure waves 

forcing parts of the engine to vibrate at an audible sound, which might be beyond the 

structural limits causing a fracture. Therefore, knocking may reduce the power 

generated at the expansion stroke and damage engine parts. 

In 1892, a new kind of IC engine was patented by Rudolf Diesel. This engine did not 

require any auxiliary igniter as in Otto-engines to initiate the chemical reactions in the 

combustion chamber. Diesel noticed that use of a hot-bulb chamber was impractical 

and also led to design limitations for high temperature and pressure combustion. His 

idea of fuel injection into the compressed air and ignition due to the heated air allowed 

to apply higher expansion/compression ratios without knock problem, eventually 

leading to doubling thermal efficiency of Otto-engines. Initially, Diesel found 

powdered-coal was a readily available fuel, which was a by-product of coal mines in 

Saar; therefore, he used coal dust in his engine. However, it was hard to control the 

amount of coal dust that was introduced to the compressed air. After destruction of an 

engine by an explosion, Diesel applied liquid petroleum as the fuel instead of coal dust. 

On the other hand, issues related with the fuel supply to the combustion chamber laid 

more focus on the development of injection systems that is discussed later in this part. 

In 1895, the first power test of a diesel engine achieved an efficiency of 26% which was 

well above the efficiency of Otto-engines. They became popular not only because of 

their higher efficiency but also due to their safety since it was used with less volatile 

diesel fuel compared to gasoline, which was used as fuel in Otto-engines. 

Fuels played a key role in the IC engine development. Gasoline was available in the late 

1880s. It had high volatility that solved the start and cold weather performance. During 

World War I, the effect of the fuel on combustion was understood better. Knock was 

one of the main problems for the engine performance for Otto-engines. At General 

Motor, tetra-ethyl lead was discovered as antiknock additive for gasoline fuel in 1923. 

Further developments of fuels led to better antiknock properties; therefore, higher 

compression ratios were allowed which improved the engine performance in terms of 
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power and efficiency. However, after years the adverse effects of lead on the 

environment were discovered and eventually unleaded fuel was mandated. 

 

Figure 1.3. Progress in the compressor pressure ratio and volume flow of ABB turbochargers [5]. 

Developments in engine technology were carried on for higher power density and 

overall efficiency by reducing the losses and improving the combustion process. 

Boosting IC engines altered the engine development significantly. Superchargers and 

turbochargers are examples of the boosting technology. In 1878, the first functional 

supercharger was designed by Dugald Clerk, which was used in two-stroke engines. In 

1885, Gottlieb Daimler patented supercharging of an IC engine [6]. Even though 

superchargers supply high density charge by compressing air into the combustion 

chamber, they are driven by the engine shaft leading up to 15% loss at the engine 

output power. This issue is eliminated by the application of a turbocharger instead of 

a supercharger. A Turbocharger, contrary to a supercharger, is driven by a turbine that 

uses the energy that remains normally unused in the exhaust gas. As the exhaust gas 

passes through the turbine blades, it generates rotational power to drive the 

compressor in the turbocharger. Thus, boosting the engine improves overall efficiency 

by not only increasing the charge density but also recovering energy of the exhaust 

gas. The first turbocharger was patented by Alfred Buchi in 1905 that was applied to a 

four-stroke IC engine [5]. Research on boosting the IC engines lead to significant 

improvement in engine performance. In 1923, MAN showed that a charge pressure of 

1.35 [𝑏𝑎𝑟] increases the engine output by 33%, which was achieved by supercharging 

the engine. In the same year, the world’s first turbocharged heavy-duty diesel engine 

was manufactured by Swiss Locomotive and Machine Works (SLM). Turbocharging 
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diesel engines significantly improved engine performance since they use lean 

combustion and run at low speeds (heavy duty applications especially). Thus, the 

demand for turbochargers increased drastically, especially after World War II. The 

turbocharging had a breakthrough between 1945 and 1960. Within years the boost 

pressure increased steadily as illustrated in Figure 1.3. Besides, the advancements in 

engine control led modifications at turbochargers to increase their performance. 

Turbochargers (Figure 1.4) and superchargers improved the volumetric efficiency of the 

engines leading to a higher overall efficiency. Recently, development in manufacturing 

technology led to new designs such as variable geometry turbochargers (VGT) in order 

to improve efficiency and better control the boost at various engine operating 

conditions. The downsizing trend of IC engines in order to improve power density and 

overall efficiency has kept the application of turbochargers till today. 

 

Figure 1.4. Schematics of an early turbocharger (left) and a unit injector (right) [6-7]. 

A second major technology that advanced IC engines is the fuel injection equipment 

(FIE), especially for diesel engines, (e.g. Figure 1.4). Proper fuel injection is essential 

because diesel engines require rapid fuel-air mixing for complete combustion within a 

constrained time around the end of the compression stroke, i.e. around top dead centre 

(TDC). For the early diesel engines, evaporation and mixing of the liquid fuel with the 

oxidizer could be achieved by high-pressure injection with an air compressor, also 

known as air injector. However, early air injectors were bulky and impractical for mobile 

applications. Liquid fuel was pumped into an atomizer and then fed into a storage tank 

which was pressurized with an air compressor. Then, the pressurized charge was 

supplied to the combustion chamber via injection valves. Besides the impracticality, the 

sudden expansion of the compressed air in the cylinder was an issue leading to delays 

in ignition and eventually affecting the combustion efficiency. Elimination of air 

injectors was accomplished with the introduction of so-called solid-injections. In 1910, 

Vickers Company used a metering pump to keep the fuel under relatively low pressure 

in a pipe that runs through the engine, viz. rail [7-8]. The fuel was supplied from the rail 
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to the cylinder via a spring-loaded plunger which was operated by the camshaft.  

In 1913, the same company improved the fuel injection system by introducing a battery 

of pumps delivering the fuel to a high-pressure accumulator and header (over 

300 [𝑏𝑎𝑟]), which is now known as the common-rail system. The fuel was supplied into 

the cylinder via injector nozzles and metered by the opening time of valves in the 

injector. 

Introduction of common-rail systems was the initial step for the progress in fuel 

injection systems. Furthermore, fuel pumps had been improved for better control in 

metering the fuel along with developments of injector designs. Several injector designs 

such as differential valve and pintle valve were patented in the early stages of common-

rail systems in which the fuel was injected during the pump stroke. In 1926, an 

accumulator type of injector nozzle was patented by Guy Bell. This type of injector 

injects the fuel after the pump stroke instead of during it. In this manner, the fuel is 

pumped to the accumulator inside the injector where the pressure builds up against 

the spring-loaded valve. When the pressure is high enough to move the spring, the 

fuel is injected until the pressure drops back and the spring closes the valve. Back in 

1913, Thomas T. Gaff patented the idea of an injector valve controlled by a solenoid. 

His proposal was to pump the fuel to an accumulator at a constant high pressure and 

regulate the fuel supply with a relief valve. The first commercial injection system with 

an electromagnetic valve was announced in 1933. Earlier, in 1922, Bosch began to 

manufacture fuel injection equipment [7]. After a few years, fuel injectors with single 

and multiple plungers and pintle and hole type nozzles were introduced. In a short 

while, more companies began to manufacture fuel injection systems which accelerated 

diesel engine development. Advancements in control systems and electronics led to 

the introduction of electronic control units (ECU) in IC engines in the 1970s. In 1987, Fiat 

introduced the first direct-injection diesel engine for their Croma model. Following an 

agreement with Bosch in 1994, Fiat and Bosch worked together on a project called 

UNIJET. In 1997, this collaboration brought the first common-rail fuel injection system 

for a passenger car introduced by Alfa Romeo [9]. Developments in fuel injection 

equipment (FIE) led to high rail pressures and multi-pulse injection capability in order 

to reduce emissions and noise together with cycle-to-cycle control systems. 
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Figure 1.5. The impact of NOx species on the environment [10]. 

Rising popularity of IC engines brought new factors to be considered in engine 

development, which are fuel consumption, air pollution and noise. Boosting engines 

and advancements in fuel injection systems improved fuel consumption together with 

the developments for flow characteristics in IC engines in order to reduce the losses 

(e.g. pumping losses). Nevertheless, automobiles were the main source of unburned 

hydrocarbons (HC), nitrogen oxides (NOx) and carbon monoxide (𝐶𝑂) emissions as well 

as particulate matter (PM), such as soot. Nitrogen oxides, as illustrated in Figure 1.5, 

and particulate matter have numerous health and environmental impacts. In the 1940s, 

air pollution already became an issue in Los Angeles and citizens of the city began to 

complain about white or yellow-brown haze in the air, which is a contraction of smoke 

and fog commonly referred as smog, causing tears in the eyes. In 1949, the US President 

Truman instructed to organize a conference about air pollution [11]. Furthermore, the 

California delegation in Congress initiated federal legislative action in 1950 that led 

discussions about air pollution acts. In 1955, the air pollution control act was introduced 

for air pollution research, training, and technical assistance in the USA Senate. The first 

emission legislation was introduced in the USA in 1960s. The air and water pollution 

had climbed significantly, which also became a serious political issue. In 1970, the 

landmark for legislation the “Clean Air Act” passed in the USA and the Environmental 

Protection Agency (EPA) was authorized to regulate the pollution from vehicles. In this 

respect, the emissions were to be reduced by 90% by 1975, where the typical emissions 

of a passenger vehicle were around 13 [𝑔 𝑚𝑖𝑙𝑒⁄ ] HC, 3.6 [𝑔 𝑚𝑖𝑙𝑒⁄ ] NOx and 

87 [𝑔 𝑚𝑖𝑙𝑒⁄ ] 𝐶𝑂 [12]. Besides, the sulphur and lead contents of fuels were to be reduced. 
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Similar legislations spread around the world. In Europe, the emission legislation also 

aimed to tackle acidification and other air quality issues and EURO I was introduced in 

1992 by limiting the NOx emission [13]. Since the 1970s, the limitations for the emissions 

have been further decreased. Besides, in the 1980s and the 1990s, catalytic converters 

and diesel particulate filters (DPF) were introduced by manufacturers as aftertreatment 

systems in order to achieve stringent emission limitations which were continuously 

decreased throughout the years, as illustrated in Figure 1.6 (left) for European Emission 

Regulation. These aftertreatment systems are currently mandatory in the EU and the 

US. 

In addition to regulations regarding to emissions and the fuel content, noise legislation 

was introduced in the 1970s. Improvements in designs of intake and exhaust systems, 

engine block and cooling systems reduced engine noise. Rapid increase in crude 

petroleum prices and concerns about the availability of petroleum led to a focus on 

engine efficiency in 1970s. Use of turbochargers, advanced fuel injection systems, new 

materials for engine construction, reduction in weight and heat losses and new 

combustion characteristics resulted in higher efficiencies for IC engines. Even though 

drastic improvements have been achieved for IC engines through the years, new 

emission legislations and higher petroleum prices, as illustrated in Figure 1.6 (right), as 

well as demands from the customers led to continued engine improvements for higher 

efficiency and lower emissions even up-to-date. 

 

Figure 1.6. European emission regulation for NOx and PM emissions of heavy-duty vehicle with 

a diesel engine (left) and oil prices (right) [14-15]. 
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Due to its nature, non-premixed combustion at preferably high compression ratios and 

consequentially higher in-cylinder temperatures, meeting the ever-increasing demands 

on emissions remains challenging. Despite the advancements in fuel injection systems 

such as higher rail pressures and better nozzle designs to enhance fuel-air mixing and 

globally lean fuel-air mixture, still locally rich fuel-mixture cannot be avoided. Locally 

rich mixtures at high temperature and pressure lead to formation of polyaromatics and 

eventually soot particles. Even though a significant amount of soot particles is burnt 

later on during combustion process, the particles remaining in the exhaust are above 

the current emission limitations. Also, combustion of globally lean mixture, i.e. with 

excess oxygen, at high temperature yields formation of nitrogen oxides (NOx) majorly 

consisting of 𝑁𝑂, 𝑁𝑂2 and 𝑁2𝑂. Hence, driven by the ever-increasing demands on 

emissions, research focussed on decreasing the particulate matter (PM) and NOx 

emissions. 

To overcome the limitations for emissions, numerous studies related with new 

combustion concepts, such as Low-Temperature Combustion (LTC) concepts, are being 

studied to shift the operating points towards lower temperatures (e.g. from the red 

curve to the blue curve in Figure 1.7) with the help of technical developments in fuel 

injection equipment, turbochargers and fuels. 

 

Figure 1.7. Equivalence ratio - temperature diagram for soot and NOx emissions [16], on which 

a conventional diesel engine operating point is projected with red dots. 
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The LTC concepts aim to reduce emissions. This is beneficial for both thermal efficiency 

and dependency on expensive aftertreatment systems. Formation of soot, for instance, 

impacts thermal efficiency of IC engines due to inefficient combustion (late oxidation 

of soot particles) and radiative heat loss. Beyond that, tailpipe emissions should comply 

to the emission limits, which are not achieved with conventional combustion concepts. 

In order to achieve this, aftertreatment systems such as catalytic converters and diesel 

particulate filters are utilized to reduce NOx, 𝐶𝑂, unburnt hydrocarbons, soot and PM. 

Mainly, the concepts to reduce soot formation led to running IC engines with locally 

leaner mixtures, i.e. locally lower equivalence ratios. However, such concepts may result 

in globally higher in-cylinder temperature and eventually higher NOx formation due to 

the reactivity between nitrogen and oxygen molecules. The concepts to reduce NOx 

formation, on the contrary, aim to run the engine in relatively lower temperature and/or 

richer mixtures to decrease the NOx formation. Yet, this may lead to incomplete 

combustion and because of locally richer mixtures the amount of soot precursors may 

increase and eventually the soot formation. Nevertheless, advancements in engine 

hardware nowadays allow for new approaches to engine operation. Multi-pulse 

injection during an engine cycle is an example to control the combustion phasing in an 

IC engine to reduce engine emissions, whilst retaining or even improving its thermal 

efficiency. 

In the next section, the numerical modelling challenges and methods are discussed. 

1.2. Numerical Modelling of Internal Combustion Engines 

Research for engine development, especially for internal combustion engines, can be 

performed either by experimental measurements or numerical models. Both methods 

have their unique challenges to obtain reliable and detailed results which can be utilized 

to improve engine performance and lower exhaust emissions. There are various 

numerical modelling methods available in literature. In the subsequent parts, these 

challenges and well-known modelling methods are discussed. 

1.2.1. Benefits and Challenges 

Modelling of IC engines serves as a cost-effective approach for engine development, 

which reduces the need for expensive prototyping. Computational Fluid Dynamics 

(CFD) is a well-known tool to study flow related problems such as IC engine 

applications. CFD models used for parametric studies, for instance, are much more 

economical compared to experiments and may lead to a significantly reduced number 

of necessary experiments for validation and development. Besides, cost of running  

 



1. Introduction 

11 

numerical simulations is less than that of experiments, especially when an exotic 

material or specially made equipment is necessary for diagnostics and analyses. 

Moreover, numerical models allow us to run engine simulations for any operating 

condition without any danger of physical failure of either humans or equipment. 

Furthermore, metal IC engines have significant limitations for optical diagnostics, which 

require optical access to measure composition, temperature and flow field. Optical 

engines, on the other hand, have a limited operating range (low speeds and loads) due 

to the material constraints (strength of quartz/sapphire vs. steel). Besides, optical 

techniques are limited and cannot compete with the detailed information possibly 

available from numerical simulations. In addition to in-depth outputs, numerical models 

are more flexible for different operating conditions and changes in design. 

CFD applications are based on conservation equations for the quantities of interest. 

Minimally, these comprise the mass, momentum and energy; however, they are 

typically extended to species mass (𝑌𝑖) or mole (𝑋𝑖) fractions depending on the 

application. All conservation equations can be cast in the following form: 

    f f f

f
dV n dS dV s dV

t


   


+  = +

      (1.1) 

where the first term on the left-hand side is the change of 𝑓 variable in time in a certain 

volume (Ω) [17]. The other terms are as follows; 

 Change caused by a flux (𝛷𝑓) through the boundary (𝜕Ω), the second term on 

the left-hand side, 

 Change caused by an internal source (𝜔𝑓), the first term on the right-hand 

side, 

 Change caused by an external long-range process (𝑠𝑓), such as radiation or 

gravity effects, the second term on the right-hand side. 

Generally, sub-models (e.g. spray model) are not defined for a specific application. On 

the contrary, they are defined generically, which can be used for different operating 

conditions and applications. For most applications, Equation 1.1 cannot be solved 

analytically, and one has to revert to numerical approximations. 

Numerical modelling, on the other hand, is challenging because of limitations related 

with computer hardware and numerical solution methods. Direct numerical simulation 

(DNS) is capable of providing complete information about the flow field, the 

thermodynamic state and the fields of the species concentration for a combustion 
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process. However, considering the broad range of time and length scales of turbulent 

combustion, applicability of DNS for turbulent combustion is only limited to certain 

canonical systems [18-20]. Even though drastic advancements in computer science and 

hardware have been made in a short time, still simulations of fully resolved turbulent 

combustion in IC engines are prohibitive due to the immense demand on 

computational power (CPU) and memory (RAM). Large Eddy Simulation (LES) and 

Reynolds-Averaged Navier-Stokes (RANS) modelling methods are alternatives to DNS. 

They do not fully resolve all scales; therefore, they introduce certain approximation to 

the solution of the flow field. Compared to solving the turbulent flow field, resolving all 

chemical conversions is even more difficult. Detailed chemical kinetic models for 

contemporary fuels consist of hundreds to thousands of species, where each of them 

is described by a conservation equation of type (Eq. 1.1). Apart from that, the range of 

time-scales present in a system are large, ranging between 10−8 − 10−1 for fast and 

slow kinetic processes, respectively. Therefore, it is computationally costly to simulate 

turbulent reacting flows including all detailed kinetics. 

In the subsequent section, the specific approaches to overcome the abovementioned 

dilemma are discussed. Firstly, the generic modelling method for turbulent flow is 

presented and then the specific approach for the reacting turbulent flow is expressed. 

1.2.2. Modelling Methods 

Numerical modelling of turbulent combustion is often described as decoupled 

modelling of flow field and modelling of combustion. In this way, major challenges can 

be tackled separately. As mentioned, direct numerical simulation (i.e. DNS) is prohibitive 

due to its computational cost. Therefore, averaging methods are developed in order to 

reduce this computational cost. With these averaging approaches, the flow field of 

turbulent combustion can be computed with a LES or a RANS method in a CFD tool. 

Each of these methods revolves the major features of the flow, whilst the small-scale 

features are modelled through a turbulence model (i.e. LES or RANS). Figure 1.8 

demonstrates the level of resolved and modelled eddies and relative computational 

costs. Furthermore, the chemistry part of turbulent combustion is generally modelled 

with either online or offline (i.e. pre-processed) methods. Online methods evaluate the 

combustion chemistry parallel to the flow field computations, whereas offline methods 

pre-process the chemistry and often tabulate the chemistry data. Subsequently, the 

required tabulated closure terms are retrieved during CFD simulations. 
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Figure 1.8. Level of resolved and modelled eddies of turbulent flow field and relative 

computational time in high-level. Reynolds Number (𝑅𝑒𝐿) ≫ 1. 

For the flow field computations, as mentioned, DNS has limited application due to the 

computational cost [21-22]. In DNS, all eddies from large-scale to dissipating-scale are 

resolved; therefore, cell sizes in a computational domain should be small enough to 

resolve the smallest eddies (at the Kolmogorov scale) in a flow field. If we assume that 

the smallest length-scale of a reacting turbulent flow in a heavy-duty engine is in the 

order of 10−5, whereas a typical cylinder size of a heavy-duty engine in each direction 

is in the order of 10−1[𝑚]. Thus, the required computational mesh size would be in the 

order of 1012 − 1015 cells depending on the crank angle and engine specifications. As 

a result, the required computational time for such a simulation is hundreds of years 

even if thousands of CPU cores are used in parallel (for which the total number of time-

steps for the DNS is in the order of 1010). Alternatively, LES and RANS methods are the 

mainstream methods utilized in CFD simulations for turbulent flow field computations. 

The main difference between LES and RANS methods is the required degree of 

modelling of the unresolved eddies present in a turbulent flow. A LES application 

requires much finer grids for the computational domain compared to RANS method. 

In LES, large-eddies are resolved, whilst the smaller size eddies are being modelled. In 

RANS methods, on the contrary, only averaged features are resolved. It only accounts 

for the ensemble averaged turbulent fluctuations in a relatively coarse mesh which 

limits its predictive capabilities when it comes to large unsteady flow structures [23]. 
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Since the simulations are Reynolds-averaged, it is not possible to study any cycle-to-

cycle variations in a system stemming from small uncertainties (small differences in 

initial or boundary conditions) of a physical system, such as those coming from spray 

modelling. 

For modelling the chemistry part of premixed or non-premixed turbulent combustion, 

there are several methods available in literature. These can be grouped as reduced 

chemical models with LES or RANS. Direct integration of all species is the most accurate 

method, which requires the solution of conservation equations numerically. However, 

evaluation of all (i.e. time and length) scales for hundreds of species is computationally 

expensive [24]. On the other hand, averaging techniques to reduce the computational 

cost lead to closure problems in the conservation equations due to chemical reactions. 

Therefore, reduced chemical models, such as flamelet methods, have been developed 

to model the unclosed terms. 

Flamelet methods are computationally efficient state-of-the-art models. Representative 

interactive flamelets (RIF) and unsteady flamelet progress variable (UFPV) are well-

known examples of flamelet models. They decouple the chemistry field from the flow 

field and allow detailed treatment of the chemistry. The flamelet models consider a 

turbulent flame as an ensemble of laminar flamelets, which provides an approach to 

formulate the closure of the transport equation(s) [25]. Flamelet models can be 

combined with tabulation methods to reduce the computational cost even further. 

Tabulation methods, such as intrinsic low dimensional manifold (ILDM) and flamelet 

generated manifold (FGM), are gaining popularity due to their cost-effective approach. 

These approaches allow the part associated with chemistry to be computed beforehand 

and to be stored in so-called manifolds, i.e. look-up tables, that leads to a reduced 

number of conservation equations to be solved in a CFD domain. 

The averaging of the look-up variables, i.e. species information, becomes the most 

important feature for the reduced chemical models. There are various methods to 

model the unclosed terms, for instance, the source terms of the species (𝜔)̇ , of the 

conservation equations since 

 ( ),i iC T   (1.2) 

where 𝐶 is the concentration of species 𝑖 and 𝑇 is the temperature (the bar sign 

designates the mean value, i.e. Reynolds average). Hence, the evaluation of averaged 

scalars is not straightforward. Several methods have been developed to evaluate the 

averaged look-up variables, e.g. the source term for the transport equation of the so-

called progress variable (𝑃𝑉): 



1. Introduction 

15 

 ( ) ( )( ), model ,PV PVZ PV Z PV =  (1.3) 

These methods, which can be applied to the tabulated progress variable methods, 

include: 

 Well-Mixed (WM) approach; the computational cells are treated as closed 

homogeneous reactors (HR) and the source terms of species are evaluated 

according to the thermodynamic conditions in each cell [26], as implemented 

in Chapter 3, 

 Presumed-PDF; the chemistry data is pre-processed from HRs or flamelets with 

a presumed PDF (for instance, beta-PDF), as implemented in Chapter 4, 

 Transported-PDF; a complete statistical description of the state of the fluid is 

provided by velocity-composition joint PDF transport equations [27-29], 

 Conditional Moment Closure (CMC); the source terms of species are 

conditioned on a conserved scalar, e.g. mixture fraction. Since the fluctuations 

in the source terms can be associated with the fluctuations in mixture fraction 

space, a simple first order closure for the source terms can be obtained  

[30-31]. 

Furthermore, for non-flamelet models, the well-mixed approach, the transported-pdf 

and the CMC methods can be used by integrating all species in a detailed or a reduced 

reaction mechanism. 

In conclusion, numerical modelling of internal combustion engine is challenging due to 

the difficulty of modelling the main parameters of turbulent combustion. In this respect, 

many methods have been developed to model turbulent reactive flows. The state-of-

the-art methods have been introduced in this respect. For the modelling of the flow 

field, in this study, the RANS method is followed for the closure of the transport 

equations. The combustion chemistry is described by the well-mixed model and a 

presumed-PDF approach (i.e. tabulated flamelet models). The details of these models 

are explained in the following chapter. 

1.3. Research Motivation 

Closed-loop combustion control is a crucial step for the next generation combustion 

concepts with low emissions. Reactivity Controlled Compression Ignition (RCCI) and 

Partially Premixed Combustion (PPC) are examples of combustion concepts having high 

thermal efficiencies, up to 55%, whilst keeping the pollutant emissions near zero [32]. 

In these concepts, combustion occurs by auto-ignition of mixture composed of fuel(s), 

oxidizer and products of previous combustion events. Even though these concepts are 
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beneficial for both thermal efficiency and exhaust emissions, they lack direct control of 

combustion phasing, i.e. the rate of heat release during combustion. Besides, 

robustness under transient and varying conditions is also challenging. Research in 

literature was also mainly focussed on single injection strategies. Recent studies focus 

more on multi-pulse injection strategies. Additionally, comprehensive understanding 

of relations among in-cylinder conditions, control actions and engine performance are 

essential for IC engine development, especially with advanced fuelling strategies. 

1.3.1. Objective 

The focus of this research is to develop a CFD model for diesel combustion with multi-

pulse fuel injection for heavy-duty direct injection (HDDI) diesel engine. In this manner, 

the unique state-of-the-art engine modelling with Flamelet Generated Manifold (FGM) 

in CFD is extended to multi-pulse injection strategies. The FGM-CFD model helps to 

comprehend crucial information about engine performance and emission formations. 

Current stringent emission regulations already force engine manufacturers to reduce 

exhaust emissions, whilst still improving the engine performance for their customers. 

Therefore, better understanding of emission formation and the impact of combustion 

phasing with multi-pulse fuelling strategies are essential. In this respect, an efficient 

reliable numerical engine model is a step forward to the possibilities for in-depth 

analysis to comprehend the relation between in-cycle conditions and formation of 

emissions. 

In this research, the CYCLOPS [33], a dedicated test rig designed and built at Eindhoven 

University of Technology (TU/e), based on a DAF XE 355 C engine with newly designed 

double-step piston is modelled and studied for multi-pulse fuel injection strategies. 

1.3.2. Methodology 

Turbulent combustion is defined by the interaction of exothermic chemistry and 

turbulent flow field. Considering the time and length scales of chemistry and flow field, 

turbulent combustion especially for HDDI diesel engine is modelled mainly by RANS 

and lately also by LES. To model the chemistry, small size chemical reaction kinetics (i.e. 

mechanisms) are mostly applied since full size chemistry model of the large 

hydrocarbons, which are broadly used in IC engines, consists of thousands of reactions 

among thousands of species. 

In order to overcome the modelling limitations of chemistry, chemical reaction 

mechanisms are reduced to the order of 102 species and 102 − 103 reactions, for 

instance, by making steady-state assumptions where species and reactions of fast 

processes are removed. This also reduces the stiffness of the system leading to 
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significant reduction in computational time. Even more advanced methods are 

developed to decrease the computational cost. FGM is one of the examples of the 

tabulation methods introduced by van Oijen and de Goey [34]. FGM is a proven pre-

processed chemistry method that uses flamelet concepts to model the chemistry part 

of premixed as well as non-premixed combustion systems efficiently [35-36]. Pre-

processing the stiff reaction equations decoupled from the turbulent flow field allows 

the use of relatively large chemical reaction mechanics. 

The turbulent flow field, on the other hand, is modelled in OpenFOAM-LibICE CFD 

software. LibICE is a set of libraries and solvers developed for IC engine applications 

with OpenFOAM technology at Politecnico di Milano [37-39]. LibICE solvers utilize 

RANS methods for the closure problem of the Navier-Stokes equations. The CFD solver 

codes are separated for constant volume and varying volume applications. For engine 

applications, the mesh is altered to describe the piston motion which may lead to 

changes in topology of a mesh. Sub-models like the spray model are highly mesh 

dependent. In this respect, a vertex-based automatic mesh motion technique is 

developed within LibICE libraries for IC engine applications [40]. This technique aims to 

retain the mesh quality under deforming mesh conditions. Furthermore, LibICE solvers 

utilize spray models with an Eulerian-Lagrangian approach, which is based on particle 

tracking, with sub-models for injection, atomization, break-up and wall impingement. 

The LibICE library and solver have shown promising results for IC engine modelling 

[38]. 

1.3.3. Outline 

In the following chapters, the theoretical background and fundamentals of turbulent 

combustion modelling with the state-of-the-art FGM chemistry reduction method are 

demonstrated. The FGM-CFD model applications for a 2-D mesh with engine like 

conditions and a 3-D engine mesh are assessed for single and multi-pulse fuel injection 

strategies. 

In Chapter 2, the theoretical background for the decoupled chemistry and turbulent 

flow field modelling are explained. Then, in-depth details of modelling of the chemistry 

with FGM method, a route from 1-D flamelets to FGM tabulation, and analysis in a 1-D 

laminar counter-flow structure are discussed. Subsequently, modelling of the turbulent 

flow field with sub-models, sensitivity analysis and evaluation of the thermophysical 

state are presented. 

In Chapter 3, the performance of the FGM-CFD model is evaluated for a constant 

volume setup with engine-like settings. The well-known Spray-A case from the Engine 

Combustion Network (ECN) is studied for global analysis because of the extensively 
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available experimental and numerical data [41]. Furthermore, the performance of the 

available n-dodecane chemical reaction mechanisms are analysed extensively. 

In Chapter 4, the effects of turbulence-chemistry interaction are analysed at the 

nominal Spray-A condition, which is described in Chapter 3, both for single and double 

injection cases. 

After the global analysis of the Spray-A condition in Chapter 3 and the TCI effects in 

Chapter 4, a detailed analysis of the flame structure and the impact of key parameters, 

i.e. mixing line and chemical kinetics, on the numerical results are assessed in  

Chapter 5. 

In Chapter 6, a preliminary emission modelling for soot and NOx is introduced and the 

outcome of the study is discussed with future research recommendations. 

Last but not least, in Chapter 7, the FGM-CFD model is applied for single cylinder HDDI 

engine simulations. Model validation for various operating points for both single and 

double injection strategies is performed. Moreover, the effects of double injection in 

terms of engine performance and emission formation of NOx are analysed and the 

simulation results are compared with the experimental data. 

Finally, in Chapter 8, the main outcomes of the research are summarized and discussed 

along with recommendations for future work. 
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Theoretical Background and Numerical Analysis 

Heavy-Duty Direct Injection (HDDI) engine is an example of a so-called Internal 

Combustion engine (IC engine) and of a Compression-Ignition engine (CI engine). 

Heavy-Duty refers to the field of application, which is in the transport sector. In the 

HDDI engine a high-pressure liquid fuel is directly injected inside a cylinder (hence the 

acronym DI) near top dead centre (TDC) of a cycle where it generates, through liquid 

jet break-up and evaporation, a highly turbulent gas jet that mixes with the hot oxidizer 

present. This mixing jet auto-ignites and a lifted turbulent diffusion flame is established.  

This auto-ignition sets it apart from other IC engines, the Spark-Ignition (SI engine) or 

Otto-engine where a spark is used to ignite the pre-mixed charge present in these 

engines. 

Modelling all phenomena requires the solution of conservation equations for turbulent 

multiphase reacting flows. These equations consider the turbulent break-up of the 

liquid spray, the turbulent flow, the change of species and temperature due to the 

mostly exothermic chemistry. Considering the involvement of large number of 

reactions for long-chain hydrocarbons, such as diesel fuel or diesel surrogate fuels, 

involving a wide range of time scales, the system of equations for modelling such cases 

are large and stiff. In order to tackle this issue, researchers are working on numerical 

methods for reduced chemistry. These methods can be grouped under global reaction 

models [43-45], systematic reduction methods [46-48], mathematical reduction 

techniques [49] and flamelet-based reduction methods [25, 50]. In this research, the 

Flamelet-Generated Manifold (FGM) is used to model combustion chemistry. FGM is a 

flamelet-based chemical reduction method that decouples the combustion chemistry 

from the turbulent flow field. Therefore, the simulation of the stiff system is performed 

[42] 
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in relatively simpler flow fields. The details of the FGM method are explained in the 

following parts. 

In this chapter, the theoretical background of turbulent reacting flows is explained with 

conservation equations of combustion chemistry, viz. 1-D laminar flame (flamelet) 

equations. In the subsequent sections, in-depth analysis of flamelets and FGM 

generation with flamelet assumption is demonstrated for the conditions likely found in 

HDDI diesel engines. Finally, the sub-models of RANS-CFD solver are presented. 

2.1. Governing Equations of Reacting Flows 

Chemically reacting flows are described with a set of partial differential equations, viz. 

conservation equations of mass, momentum, species and energy. In HDDI diesel 

engines, we can assume that low-Mach numbers, i.e. 𝐌𝐚 < 3, are reached in the 

turbulent flow field. 

The mass conservation equation is given by   

 ( ) 0u
t





+ =


  (2.1) 

where 𝜌 is the bulk density, 𝑡 is the time, �⃗�  is the gas velocity vector. The momentum 

conservation equation is given by   

 ( ) ( )u uu p g
t
   


+ = − + +


  (2.2) 

where 𝑝 is the static pressure, 𝜏  is the stress tensor, 𝑔  is the gravitational acceleration. 

The conservation equation for species mass fraction is given by  

 ( ) ( ) ( )i i i i iY uY U Y
t
   


+ + =


   with    1,  si N  (2.3) 

where the mass fraction of the species 𝑖 is 𝑌𝑖 , the diffusion velocity is �⃗⃗� 𝑖 = �⃗� 𝑖 − �⃗� , the 

chemical source term is �̇�𝑖 and the number of species is 𝑁𝑠. Finally, the energy 

conversation equation, formulated in terms of specific enthalpy, is given by  

 ( ) ( ) ( ):
p

h uh u p u q
t t
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where ℎ is the total enthalpy. Besides the conservation equations, two additional state 

equations are included. The caloric equation of state for a mixture, relating the 

temperature to the enthalpy, is simply given by  
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h Y h
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=    with   ( )
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where ℎ𝑖
0 is the formation enthalpy of the species 𝑖 at the reference temperature, 𝑇0. 

The thermal equation of state is expressed with the ideal gas law as follows:  
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where 𝑅𝑢 is the universal gas constant, �̅� is the average molar mass computed from 

the molar mass of species, 𝑀𝑖 . 

In the modelling of the chemically reacting flows, 𝑁𝑠 + 5 conservation equations with 

two state equations are solved for 𝑁𝑠 + 7 unknown variables that are 𝜌, �⃗� , 𝑝, 𝑌𝑖 for 𝑁𝑠 

number of species, ℎ and 𝑇. Yet, Equations 2.2-2.4 are not closed and the terms �⃗⃗� 𝑖 , �̇�𝑖, 

𝜏  and 𝑞  need to be modelled. The expressions for the transport terms (diffusion, 

conduction and viscous effects) are given below [17]. 

Species mass diffusion is modelled as  

  
1
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with  

 ( )1 lnj j j jd X X M M p=  + −   (2.8) 

where 𝑋 is the mole fraction, 𝛼 is the thermal diffusion and 𝑇 is the temperature. The 

last term of Equation 2.7 describes a second order effect. Furthermore, under the low 

Mach number assumption, the second term in Equation 2.8 is neglected due to the 

small pressure gradients. 

The heat flux is modelled as  
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The first term of the heat flux equation describes heat transfer by conduction. The 

second term describes the heat flux associated with mass diffusion, which becomes 

zero when the specific heat is the same for all species. The last term is associated with 

the heat flux due to mass diffusion and is a second order term. 

Last but not least, stress tensor is modelled as  

 ( ) ( ) ( )( )2
3

T

u u u I    = −  +  + − 
  

 (2.10) 

where 𝜇 is the mean dynamic viscosity of the mixture, 𝜅 is the volume viscosity due to 

the normal shear stress and 𝐼  is the unit tensor. The volume viscosity (𝜅) is neglected 

for mono-atomic gases. Therefore, the stress tensor reduces to  

 ( ) ( ) ( )2
3

T

u u u I   = −  +  − 
  

. (2.11) 

Modelling of the chemical source term, �̇�, is specific for reacting flows and is treated 

in the next section. 

2.1.1. Chemistry Source Term 

The chemical source term, �̇�𝑖 , of species 𝑖 is needed to close the conservation equations 

for species mass fractions. This is the only term related to combustion. 

Chemical source terms are computed from the chemical rate laws. Chemical reactions 

consist of forward and backward reactions illustrated as follows:  
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In general, a chemical conversion of a fuel to end products (i.e. 𝐶𝑂2 and 𝐻2𝑂) is not 

described well by a global single step reaction like shown in Figure 2.1. Instead, 

numerous intermediate species react in elementary steps to form the final product like 

water in this example.  An elementary reaction can generally be expressed as  
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where 𝑁𝑟 is the number of reactions, 𝜐𝑖𝑗
′  and 𝜐𝑖𝑗

′′  are the so-called stoichiometric 

coefficients. They stand for the number of molecules  (𝐴𝑖)  at reactant and product 

sides of reaction 𝑗, respectively. The rate of reaction 𝑗 is then described by  
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where 𝐶 [𝑚𝑜𝑙 𝑚3⁄ ]  is the concentration of a species. The reaction rate coefficients, 𝑘𝑗 , 

are described by the modified Arrhenius equation and accounts for the temperature 

dependency of reaction rates:  
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where 𝛼 and 𝛽 are the reaction constants, 𝐸𝑎 is the activation energy. Additionally, the 

pressure dependency of reaction rates is accounted for in the computation of chemical 

source terms. The details of pressure dependency can be found in literature [17]. 

Mostly the chemical source term is computed in terms of mass and it accounts for all 

reactions in which species 𝑖 occurs, hence it is expressed as  

 ( )
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where 𝑀𝑖 is the molar mass of species 𝑖. The constants and coefficients for elementary 

reactions, such as 𝛼, 𝛽, 𝐸𝑎 , 𝜐𝑖𝑗
′  and 𝜐𝑖𝑗

′′ , are stored in chemical reaction mechanisms. 

Depending on fuel and oxidizer molecules, an appropriate chemical reaction 

mechanism is to be selected. In this research, diesel combustion is considered. Diesel 

is a complex fuel (like gasoline) containing a blend of long-chain saturated (e.g. n 

decane, 𝐶10𝐻22) and unsaturated (e.g. 1-decene, 𝐶10𝐻20) hydrocarbons and their 

isomers (e.g. 2,4-Dimethyloctane 𝐶10𝐻22), aromatics (e.g. benzene, 𝐶6𝐻6) and cyclic 

alkanes (e.g. butylcyclohexane, 𝐶10𝐻20) [51]. Considering that a large number of 

intermediate species is present and an even larger number of reactions take place for 

a given hydrocarbon, modelling such a complex fuel is computationally expensive. 

Besides, there is no unique composition of diesel fuel. Therefore, surrogate fuels are 

selected for combustion modelling in order to mimic the typical characteristics of fuel 

blends such as diesel. One of such surrogates is n-dodecane (𝑛 − 𝐶12𝐻26), which is 

chosen in this research. This is mainly due to the extensive database of experiments 

that is also available for this specific fuel which gives an excellent opportunity to validate 
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the approach [41]. There are a number of chemical reaction mechanisms for the  

n-dodecane surrogate fuel in the literature. The choice of the actual chemical reaction 

mechanism to be used is critical since reaction rate coefficients differ from one to the 

other. Consequently a few well-documented mechanisms are used and compared in 

this thesis. The largest one to be used here is that of Narayanaswamy with 257 species 

and 1521 reactions including those related with the 𝑂𝐻∗ species [52-53]. Smaller 

mechanisms are that by Wang containing of 100 species and 432 reactions [54], by Cai 

with 56 species and 192 reactions [55] and finally by Yao with 54 species and 269 

reactions [56]. Their performances are assessed in the following chapter. The chemical 

reaction mechanisms are referred by the author names in the rest of this thesis. 

In the next section, background of the flamelet approach and the FGM tabulation are 

discussed. 

2.2. Flamelet Modelling 

The governing conservation equations of chemically reacting flows consist of a large 

set of partial differential equations that are stiff. In order to reduce the problem size 

and the overall stiffness of the system, a chemical reduction method called FGM is used 

in this research. FGM is a tabulation method that is based on the thin flame approach 

[57-58]. The basis for the flamelet approach is addressed in the following section. After 

that, the specifics of the FGM method are explained in Section 2.2.2. 

2.2.1. Flamelet Framework 

The flamelet approach assumes that the gradients of a scalar in the tangential direction 

to the flame front are negligible compared to the gradients in the normal direction to 

the flame front, viz. the thin flame assumption. The derivation of the flamelet equations 

was first introduced by Peters [25, 50]. The set of flamelet equations are adopted to a 

curvilinear coordinate system of 𝑠 that is perpendicular to the iso-surface of a scalar 𝐺 

[59-60]. The motion of iso-surface 𝐺 is expressed as  

 ( ): 0f

dG G
u G

dt t


= +  =


 (2.17) 

where a point stays on this surface for 𝑡 duration. �⃗� 𝑓 is the local flame velocity of a 

flame surface (see Figure 2.1) which is given by  

 
f Lu u s n= + . (2.18) 
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Figure 2.1. Flamelet system adapted to iso-surface of f [58]. 

Similar to the iso-surface of 𝐺, an iso-surface can be defined for any scalar, e.g. 𝑓 

satisfying ∇𝑓 ≠ 0, where the values of 𝑓, for instance, are assumed to be 𝑓𝑢 = 0 and 

𝑓𝑏 = 1 for unburnt and burnt gas, respectively. When the flame velocity (�⃗� 𝑓) given in 

Equation 2.18 is substituted in Equation 2.17, a kinematic equation similar to Equation 

2.17 is obtained for 𝑓. Hence, the full set of conservation equations can be cast into a 

quasi 1-D form by using similar kinematic equations for species mass fractions and 

enthalpy together with Equation 2.18 and stretch field (Equation 2.22), for which the 

Reynolds Theorem is applied [58-60]. 

The adopted set of flame equations is  
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where (𝜎) is the curvature field, 𝐾 is the mass-based stretch field, 𝐿𝑒𝑖 = 𝜆 𝜌𝐷𝑖
𝑚𝑐𝑝⁄  is 

the Lewis Number, which is the ratio between thermal and mass diffusivities of a 

species, 𝜆 is the thermal conductivity and 𝐷𝑖
𝑚 is the mass diffusivity. The terms 𝑄𝑖 and 

𝑄ℎ describe transport along the flame surfaces which arises due to the fact that the 

local iso-surfaces of species mass fractions and enthalpy typically do not overlap with 

the iso-surface of scalar 𝑓 (i.e. reaction progress variable, 𝑃𝑉) shown in Figure 2.1. 

Furthermore, the mass-based stretch field 𝐾 is expressed as  
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1 dM

K
M dt

=    with   ( )
( )V t

M t dV=   (2.22) 

where 𝑀(𝑡) is the mass in a flame volume 𝑉(𝑡) at the time 𝑡. The stretch is defined as 

the relative rate of change in mass in a small part of a flame since the volume, 𝑉(𝑡), is 

to be infinitesimally small resulting in stretch field instead of a quantity [59]. Applying 

Reynolds’ transport theorem to 𝑀(𝑡) in Equation 2.22 yields the following scalar field 

of 𝐾;  

 ( )fK
t


 


= +


u . (2.23) 

Further, the set of flame equations, Equations 2.19-2.21, involves stretch term 𝐾 which 

considers the y-component of the flow field, Figure 2.2. 𝐾 is a function of x-coordinate, 

time (𝑥, 𝑡) and the applied strain rate (𝑎) at the oxidizer boundary. For the flat and 

steady flames, the velocity of the flame surface is expressed as 𝒖𝑓 = 𝑢𝑦𝒆𝑦 (𝒆𝑦 is the unit 

vector in y-direction). When the velocity of the flame surface is substituted in Equation 

2.23, the following local stretch rate is defined:  

 ( ),


=


yu
K x t

y
 (2.24) 

where  

 ( )K x a→− =    and   ( )
( )

( )

x
K x a
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→ −
→ =

→
.  (2.25) 

The structure of the flame is described on a curvilinear coordinate system, 𝑠. It is 

coupled with the flow field through the curvature (𝜎), the stretch term (𝐾), and the 

(𝑄𝑖) and (𝑄ℎ) terms. Due to the thin flame assumption and large curvature compared 

to the flame thickness, the effects of flame curvature (𝜎), 𝑄𝑖 and 𝑄ℎ are neglected  

(𝜎 = 1 and 𝑄𝑖 , 𝑄ℎ = 0). In this manner, only the strain rate (𝑎) governs the coupling 

between the chemistry field and the flow field, see Equation 2.25. 

FGM is a tabulation method based on the flamelet assumption which describes the 

flame as an ensemble of representative one-dimensional flames. For this purpose, 

laminar 1-D flame (flamelet) data is pre-processed and then tabulated for a reduced 

number of controlling variables by mapping the data on a low dimensional manifold. 

This is achieved by coordinate transformation from the space-time (𝑥 − 𝑡) domain to 

the controlling variables domain. Then the tabulated data is coupled back with the flow 
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field via controlling variables that are transported in thes flow field. In this way, the 

computational cost for the modelling of chemistry is reduced as it is pre-processed 

whilst retaining the fundamental physics and chemistry. 

 

Figure 2.2. Schematic of an igniting counter-flow diffusion flame (CD-flame). 

For pre-processed chemistry, representative flamelets are required to evaluate the 

chemical processes numerically. In this case, i.e. conventional diesel combustion which 

is basically an igniting lifted diffusion flame, is well-represented by an igniting counter-

flow diffusion flame (CD-flame) structure, Figure 2.2. In this structure, an opposed fuel 

and (hot) oxidizer stream form a stagnation plane. Ignition occurs near the stagnation 

plane closer to the oxidizer stream side. These unsteady igniting CD-flames describe 

the ignition process as well as the final diffusion flame structure during the mature 

stage of the spray flame. The governing equations for this CD-flame are derived from 

Equations 2.19-2.21 [58] and are given by  
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for mass, species mass fraction, total enthalpy and stretch field, respectively. 𝐷 is the 

diffusion coefficient and defined as 𝐷 = 𝐿𝑒 ∙ 𝛼 = 1 ∙ 𝜆 𝜌𝑐𝑝⁄  given the fact that Lewis 

number is assumed to be unity 𝐿𝑒𝑖 = 1 for simplicity. However, this assumption is not 
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totally correct. Actually, 𝐿𝑒𝑖 is different for each species and differ from 1 generally. 

Unity Lewis assumption may lead to inaccuracies in flamelet calculations depending on 

the application, such as hydrogen combustion where 𝐿𝑒𝐻2
< 1 (i.e. 𝐿𝑒𝐻2

≈ 10−1). For 

the applications at which the preferential diffusion effects become substantial, constant 

non-unity Lewis number or even complex Lewis number evaluation should be 

considered for the transport equations. In literature, the effect of the preferential 

diffusion on flame structure is shown in several studies, which mainly focus on hydrogen 

flames [61-63]. The FGM method is a suitable method for these Lewis number 

alternatives for the transport modelling [64-65]. However, this is beyond the scope of 

this thesis. 

In the flamelet framework, the momentum equation is neglected due to the low Mach 

number assumption. Hence, the pressure becomes a function of time only as follows:  

 ( )0=p p t . (2.30) 

Last but not least, the density of the mixture is computed from the ideal gas law. 

To solve the set of equations, a code, the so-called CHEM1D developed at Eindhoven 

University of Technology (TU/e), is used [66]. CHEM1D is able to model time-dependent 

and stationary premixed and non-premixed 1-D laminar flames. For non-premixed 

flames, the oxidizer and fuel composition can be set together with the temperature at 

both sides. Apart from these inputs, the strain rate needs to be specified. In previous 

studies, selection of the strain rate value is described in detail [67-68]. In this research, 

a similar approach is followed. The details of the FGM generation are discussed in the 

subsequent part. 

2.2.2. FGM Generation 

The FGM tabulation method uses the flamelet data described in the previous section. 

The method can be separated into three main parts that are flamelet generation,  

look-up table generation and coupling look-up table(s) with flow field in the CFD solver, 

as shown in Figure 2.3. The coupling is performed by retrieving the data stored in the 

look-up tables via controlling variables transported in the flow field. In this section, the 

FGM table generation from the flamelet database and its critical aspects, such as 

controlling variables and strain rate selection, are discussed. 

The first step is to generate flamelets. Spray combustion is a non-premixed type of 

combustion. A FGM table for non-premixed combustion stores both unsteady and 

steady flamelet solutions in order to fully cover a complete combustion process from 
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ignition towards an established lifted diffusion flame. The second step is to define the 

controlling variables. The flamelet data, which is solved for the 𝑥 − 𝑡 domain as 

mentioned earlier, is mapped onto the controlling variables’ space. The most relevant 

physical and chemical processes for non-premixed combustion are mixing and 

chemical reactions. The former and the latter phenomena can be captured by a mixture 

fraction and progress variable(s). Mixture fraction (𝑍) is a parameter that quantifies the 

mixing of fuel and oxidizer. Progress variables (𝑃𝑉), on the other hand, show the 

completeness of chemical reaction processes. Mostly one progress variable is used as 

will be the case in this thesis though this is not a formal restriction. The mixture fraction 

𝑍, scales between zero and one. For 𝑍, zero means the mixture is purely oxidizer, 

whereas unity refers to a mixture consisting of pure fuel. On the other hand, the 

minimum and maximum values of 𝑃𝑉 are dependent on the mixture fraction. The 

minimum of 𝑃𝑉 refers to the unburnt mixture whilst the maximum of it refers to the 

burnt mixture. 

 

Figure 2.3. Schematics of the pre-processed (offline) FGM method and its coupling with the 

flow field in CFD (online). 𝑂 stands for the order, e.g. in the order of 102. 

Here, the mixture fraction is expressed from Bilger’s definition [69] as follows:  
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where 𝑌 and 𝑀 are the element mass fraction and molar mass, respectively. 

Superscripts 1 and 2 refer to the values of the element mass fractions at fuel and 

oxidizer streams, respectively. The subscripts 𝐶, 𝐻 and 𝑂 refer to carbon, hydrogen and 

oxygen elements, e.g. 𝑌𝑂
2 is the mass fraction of the oxygen element at the oxidizer 

boundary. 

Progress variable, contrary to the mixture fraction, is not very well defined. The only 

constraint for 𝑃𝑉 is that it must be monotonically increasing or decreasing. In many 

applications [16, 35, 36, 67, 68, 70], a linear combination of the species mass fractions 

is used as 𝑃𝑉 definition. In this research, a specific linear combination of species mass 

fractions is used, which is  

 
2 2 2 2

2.7 1.5 0.9 1.2 1.2=  +  +  +  +HO CH O CO H O COPV Y Y Y Y Y . (2.32) 

The specific numbers in front of the mass fractions are optimized to capture the ignition 

delay time (𝜏𝑖𝑔𝑛) well. This is a process that is done manually. Researchers are working 

on automated definitions of such progress variables [71-73]. However, this falls outside 

the scope of this research. 

To construct the FGM, the flamelet data is mapped with respect to the controlling 

variables, which are 𝑍 and 𝑃𝑉 in this study. Depending on the applications, different 

variables can be set as controlling variables when it is necessary, such as enthalpy in 

order to take heat loss into account. 

   

Figure 2.4. Flamelet database generation with unsteady and steady flamelets. 

For the ignition process, igniting flamelets cover the area between the mixing line,  

i.e. 𝑃𝑉𝑚𝑖𝑛 line, and the red curve where the flamelet solution with a selected strain rate  



2. Theoretical Background and Numerical Analysis 

31 

has converged to a steady state shown in Figure 2.4. The initial condition is generated 

by mixing the fuel and the oxidizer with no chemical reaction terms, i.e. frozen solution 

with �̇� = 0. This is depicted in Figure 2.5 for characteristic conditions from the 

benchmark case of the ECN’s Spray-A experiment (see Table 2.1). The table is 

augmented with the steady flamelet simulations covering the grey region between the 

red and the blue curves shown in Figure 2.4. 

The CD-flames that are used to build the FGM table are defined according to the 

problem to be modelled. For a rigorous test of the method, the well-known and 

documented so-called Spray-A case setup from the Engine Combustion Network (ECN) 

is selected [41]. This benchmark experiment is conducted in a constant volume 

combustion chamber operated at diesel engine relevant conditions (with respect to 

pressure, temperature and composition). The nominal Spray-A conditions that are 

specified in Table 2.1 define the boundary conditions for the flamelets to be computed. 

Further details of the Spray-A operating conditions are described in Appendix A.1. 

 

Figure 2.5. Temperature from an igniting CD-flamelet for Spray-A nominal conditions with 

detailed chemistry (Yao) for the strain rate of 500 [1 𝑠⁄ ] in 𝑥 (left) and 𝑍 domains (right). 

Table 2.1. Specifications for the nominal Spray-A operating condition from the ECN [41]. 

Oxidizer Temperature [𝑲] 900 

Ambient Pressure [𝑴𝑷𝒂] 6.0 

Oxidizer Density [𝒌𝒈 𝒎𝟑⁄ ] 22.8 

Oxidizer Oxygen Concentration [% 𝒃𝒚 𝒗𝒐𝒍𝒖𝒎𝒆] 0 and 15 

Fuel Injector Diameter [𝒎𝒎] 0.090 

Fuel Injection Pressure [𝑴𝑷𝒂] 150 

Fuel Temperature [𝑲]  363 

Surrogate Fuel [−] n-dodecane (𝑛𝐶12𝐻26) 

Combustion Chamber Size LxHxD [𝒎𝒎] 108 x 108 x 108 
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Figure 2.6. Ignition delay time comparison between the detailed chemistry and the FGM for the 

Yao mechanism at the specified low-to-high strain rates and the nominal Spray-A condition. 

As mentioned earlier, the igniting flame is generated with a single strain rate, 

𝑎𝑢𝑛𝑠𝑡𝑒𝑎𝑑𝑦 = 500 [1 𝑠⁄ ], which is an arbitrary choice based on a previous study [36, 67-

68]. The table is augmented with the steady flamelet simulations covering the strain 

rates where 𝑎𝑠𝑡𝑒𝑎𝑑𝑦 ∈ [1, 500] [1 𝑠⁄ ]. The selection of the strain rate is based on ignition 

delay times of flamelets evaluated with the detailed chemistry. As seen in Figure 2.6, 

the ignition delay time versus strain rate plot is similar to an exponential curve. For the 

strain rates below 1000 [1 𝑠⁄ ], ignition delay does not differ drastically, hence selecting 

a strain rate in this flat region is a suitable choice to predict the ignition delay accurately. 

In order to assess the quality of the FGM table and the effect of the actual strain rate 

selection, a series of unsteady flames with varying strain rates are computed with 

detailed chemistry and with the FGM method applying this single table (generated with 

𝑎𝑢𝑛𝑠𝑡𝑒𝑎𝑑𝑦 = 500 [1 𝑠⁄ ]) within the CHEM1D code. The source terms of 𝑃𝑉 and other 

relevant data (i.e. transport properties) are stored and retrieved as functions of the 

controlling variables. The ignition delay times for both methods (i.e. the detailed 

chemistry and the FGM method) are compared as a function of the strain rate, as shown 

in Figure 2.6. Here, the ignition delay time is defined as the first time that the 

temperature in a computational cell reaches the arithmetic mean of the minimum 

oxidizer temperature and the global maximum temperature (i.e. adiabatic flame 

temperature), as given in Equation 2.33,  

  oxidizer

ign max min max
time 0.5 ( )

local global
T T T =   + . (2.33) 
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The temperature-based definition is selected in order to be able to compare the 

ignition delay times obtained with the detailed chemistry and the FGM method. The 

solutions obtained with the FGM method do not contain species information (i.e. 

species mass fractions) due to the current CHEM1D solver code implementation. 

However, in literature, there are other ignition delay time definitions, such as the one 

based on species information, e.g. 𝑌𝑂𝐻∗. The details are discussed in Appendix A.2. 

The FGM method captures the ignition delay times for the strain rates below 1000 [1 𝑠⁄ ] 

well, see Figure 2.6. For higher strain rates, the FGM results underpredicts the ignition 

delay times and, in fact, predicts a different ignition limit. It must be noted that the FGM 

method can be extended to include flames with multiple strain rates (i.e. several but a 

limited set of tables generated at different strain rates) to predict the ignition delays 

accurately even for the flames with high strain rates. In that case, the tabulated data 

can be interpolated between the tables generated at different strain rates. However, in 

this research, a single strain rate of 500 [1 𝑠⁄ ] for unsteady flamelets is used since it can 

predict the ignition delay times well for a relevant span of strain rates. In Figure 2.7, the 

range of strain rates occurring in a turbulent combustion simulation is assessed to 

check the ignition limit. It is seen that around the lifted flame, i.e. the lift-off length, the 

range of strain rate is far off from the ignition limit and mostly close to the selected 

value for the strain rate. 

As briefly discussed previously, chemical kinetics plays a major role for the flamelet 

results. In literature, several chemical reaction mechanisms are available for the  

n-dodecane surrogate fuel. These mechanisms are initially analysed for ignition delay 

times of laminar flames. In Tables 2.2, the ignition delay times show that chemical 

kinetics results are significantly different among the reaction mechanisms for the same 

operating condition. As a result, it can be expected that the FGM tables show a different 

structure for each of these mechanisms. 

 

Figure 2.7. Fields of strain rate at the ignition time (𝑡 = 0.3 [𝑚𝑠]) and at the quasi-steady state 

(𝑡 = 1.3 [𝑚𝑠]) evaluated at the nominal Spray-A condition. The lift-off lengths from the 

simulation (with the Yao) and the experiment are shown with white and red lines, respectively. 
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In Figure 2.8, the source terms of the 𝑃𝑉 are plotted with respect to the controlling 

variables by using the specified chemical kinetics mechanisms for the nominal Spray-A 

condition. The 𝑃𝑉 definition is optimized to predict the ignition delay time correctly 

compared to the detailed chemistry. It is kept the same for all reaction mechanisms due 

to the good agreement between the reduced chemistry and the detailed chemistry 

results for the ignition delay times, as demonstrated in Appendix A.3. In the FGM tables, 

see Figure 2.8, three separate zones are observed due to the 𝑃𝑉 definition. The first 

zone is mainly governed by 𝐻𝑂2 and 𝐶𝐻2𝑂 intermediate species which are produced 

right after the ignition. The second zone is mainly governed by 𝐶𝑂 which is an 

important intermediate species in any carbon-based fuel. The third zone is mainly 

governed by 𝐻2𝑂 and 𝐶𝑂2 which are the final products of the combustion process. 

Note that the shape of these zones and the magnitudes of the source term differ 

significantly among the applied chemical kinetics mechanisms. In order to assess the 

impact of this, further analysis is performed for the Spray-A model in the next chapter. 

 

Figure 2.8. 2-D FGM tables at which source terms of 𝑃𝑉 (�̅̇�𝑃𝑉) are plotted with respect to the 

controlling variables (𝑍 and 𝑃𝑉) by using the mechanisms of Narayanaswamy (top-left), Wang 

(top-right), Cai (bottom-left) and Yao (bottom-right) at the nominal Spray-A condition. The 

three distinctive zones of the �̅̇�𝑃𝑉 are indicated with numbers in the bottom-right plot. 
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Table 2.2. Comparison of the ignition delay times between the detailed chemistry and the FGM 

for the specified chemical reaction mechanisms at the nominal Spray-A condition. 

Chemical Kinetics Size of the 

Mechanism 

𝝉𝒊𝒈𝒏
𝒅𝒆𝒕𝒂𝒊𝒍𝒆𝒅  

[𝒎𝒔] 
𝝉𝒊𝒈𝒏
𝒇𝒈𝒎

  

[𝒎𝒔] 

Rel. Difference  
[%] 

Narayanaswamy 257 – species 0.495 0.505 2.0 

Wang 100 – species 0.423 0.445 5.2 

Cai 56 – species 0.306 0.299 2.3 

Yao 54 – species 0.219 0.219 0.0 

 

In Table 2.2, the results show that the 𝑃𝑉 definition used to generate the FGM table for 

the various chemical kinetics mechanisms is good enough to predict the ignition delay 

time compared to the detailed chemistry results. The relative differences with respect 

to the detailed chemistry results are marginal. Therefore, the definition of the 𝑃𝑉 is kept 

the same for the rest of this thesis. Similar comparisons are performed for various 

Spray-A conditions as well in the next chapter. 

In the subsequent part of this chapter, evaluation of the reacting mixture properties for 

the CFD is described. 

2.2.3. FGM Modification for CFD: Virtual Species Approach 

For the simulations where reactions occur, in general (and also in the OpenFOAM CFD 

tool) the temperature is retrieved from the enthalpy, the composition, and the known 

and tabulated (Nasa polynomials) specific properties of each species (e.g. enthalpy, 

heat capacity). To least interfere with the internal solver procedure in the CFD code, for 

a tabulated approach, all species should be stored in the table and need to be retrieved 

and passed to the CFD code. This leads to two practical problems. Firstly, the look-up 

tables become large. Secondly, the maximum number of species in most CFD solvers 

is restricted (𝑁𝑠 < 50) and often considerably lower than the number of species in most 

reaction mechanisms. Hence, often a reduced set of species is stored. The species that 

are retained are chosen such that they will yield a reasonably accurate estimate of the 

temperature given the enthalpy computed in the CFD solver [74-76]. In the LibICE 

package, this procedure is even further optimised and rather virtual mass fractions of 

species are computed to minimize the computational error [77-78]. 

The virtual mass fractions of the species (here seven species) are computed with a linear 

system at which the elemental mass fractions, the total enthalpy, the specific heat 

capacity, and the gas constant of the mixture are conserved for each cell in the 

computational domain. The linear system is presented in the form of 𝐀 ∙ 𝑥 = �⃗� , where 
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𝐀 is the coefficient matrix comprising the species coefficients, 𝑥  is the unknown vector 

for the virtual species mass fractions and �⃗�  is the vector for the conserved variables of 

the mixture computed from the full detailed solution. The coefficient matrix, 𝐀, is 

constructed as follows:  
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where 
ℎ𝑖

ℎ𝑚𝑖𝑥𝑡𝑢𝑟𝑒 is the ratio between the total enthalpy (ℎ) of the species 𝑖 and the total 

enthalpy of the mixture computed from all species in 1-D detailed chemistry. Similarly, 
𝑐𝑝,𝑖

𝑐𝑝
𝑚𝑖𝑥𝑡𝑢𝑟𝑒 and 

𝑅𝑔,𝑖

𝑐𝑝
𝑚𝑖𝑥𝑡𝑢𝑟𝑒 are the ratios between the specific heat capacity (𝑐𝑝) and gas 

constant (𝑅𝑔) of the species 𝑖 and the specific heat capacity of the mixture computed 

from all species in 1-D detailed chemistry, respectively. Furthermore, 𝑌𝐶𝑖
, 𝑌𝐻𝑖

, 𝑌𝑂𝑖
 and 𝑌𝑁𝑖

 

are the elemental mass fractions of carbon, hydrogen, oxygen and nitrogen for the 

species 𝑖 computed in the (CFD) flow field. Since the modelled combustion chamber is 

a closed system, the only elemental mass entrainment is due to the fuel injection which 

can be computed with the mixture fraction. 𝑥  is an unknown vector for the virtual 

species mass fractions as follows:  

 
12 26 2 2 2 2 2

T

n C H CO H O O N CO HY Y Y Y Y Y Y−
 
 

 (2.35) 

where 𝑌 represents the species mass fraction. The �⃗�  vector for the conserved variables 

is expressed as  

 

T
mixture mixturemixture
p g mixture mixture mixture mixture

C H O Nmixture mixture mixture

p p

c Rh
Y Y Y Y

h c c

 
 
  

 (2.36) 
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where ℎ𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , 𝑐𝑝
𝑚𝑖𝑥𝑡𝑢𝑟𝑒 and 𝑅𝑔

𝑚𝑖𝑥𝑡𝑢𝑟𝑒 are the total enthalpy, specific heat capacity and 

the gas constant of the mixture, respectively. 𝑌𝐶
𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , 𝑌𝐻

𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , 𝑌𝑂
𝑚𝑖𝑥𝑡𝑢𝑟𝑒 and 𝑌𝑁

𝑚𝑖𝑥𝑡𝑢𝑟𝑒 

are the total elemental mass fractions of the mixture in the flow field, i.e. CFD domain. 

The computed virtual mass fractions are such that for this sub-selection the total 

elemental composition, average heat capacity, specific gas constant and enthalpy are 

the same as those of the original full set of species. The use of a virtual species mass 

fractions is an efficient way to evaluate the thermodynamic properties of the mixture 

due to the fact that heat capacity, specific gas constant and enthalpy can be computed 

from the NASA polynomials with ease. Evaluations of the laminar viscosity and the 

diffusivity of species and mixture are more complex and may give higher deviations 

compared to the full detailed set. 

In the following section, aspects of the turbulent flow modelling are discussed together 

with the transport equations for the flow field and the controlling variables. 

2.3. Turbulent Flow Modelling with RANS 

The turbulent flow fields are simulated in the OpenFOAM CFD tool in which the LibICE 

libraries and combustion solvers are integrated. In a RANS approach, an arbitrary 

property is split into its mean value and a fluctuating part as shown in Figure 2.9. For 

reacting simulations, most of the time a special averaging procedure, i.e. a density-

weighted procedure, is applied commonly referred to as Favre averaging [17] 

designated with ~ over a scalar (e.g. 𝑍). It is particularly useful for turbulent flow fields 

at which large density variations occur. 

The key quantities that need to be determined are the turbulent transport properties 

(e.g. viscosity, diffusivity and conductivity). In this respect, RANS time-averaged method 

is utilized for the modelling of the turbulent dynamic viscosity. This is discussed in the 

next section. 

 

Figure 2.9. Temporal fluctuations and time-averaged in statistically non-stationary process [17]. 

The LibICE libraries comprise modifications to the original OpenFOAM models for the 

sub-models of liquid fuel spray with surrogate fuel properties, wall heat transfer, and it 
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includes the modules of look-up data retrieval tailored for tabulation, i.e. FGM. The 

FGM implementation is be described in Section 2.3.2, whilst the other sub-models are 

described in Sections 2.3.3 and 2.3.4. The mesh generation for the applications 

of constant volume, i.e. for the Spray-A case, and varying volume, i.e. for an IC engine, 

are explained in the respective chapters because for each case different methodologies 

are followed. 

2.3.1. Turbulence Model 

The Navier-Stokes equations are not closed for the averaged conservation equations, 

such as depicted in Equation 2.2, for Reynolds’ stresses (𝜏 ) and fluxes (�̅�𝑢′𝜙 ′̃) of a 

variable 𝜙. These terms need to be modelled. Several closures have been proposed in 

literature. These closure models can be grouped as follows:  

 Zero-equation 

 One-equation 

 Two-equation 

models depending on the number of additional transport equations solved for the 

closure of the Navier-Stokes equations. In this research the standard 𝑘 − 𝜀 two-

equation model is applied for the closure of the Navier-Stokes equations as is done by 

most researchers in engine research [74-76, 78]. 

For the 𝑘 − 𝜀 model, two transport equations for turbulent kinetic energy (𝑘) and 

dissipation rate (𝜀) are solved in addition to Equations 2.1, 2.2, 2.4, 2.43, 2.44 and 2.55 

[79-80]. The turbulent kinetic energy (𝑘) equation is given by  

 ( ) ( ) ( )
2

3
k k k

D
k D k G u k

Dt
    =  + −  − +  (2.37) 

where 𝐷𝑘 is the effective diffusivity for the turbulent kinetic energy, 𝐺𝑘 is the production 

term due to the mean velocity gradients and 𝜔𝑘 is the source term of 𝑘 (due to the 

buoyancy forces in this application) [79]. The dissipation rate equation is given by  

 ( ) ( ) ( )
2

1
1 2

2

3

kC GD
D C u C

Dt k k
 

 
      =   + −  − +  (2.38) 

where 𝐷𝜀 is the effective diffusivity for the dissipation rate and 𝜔𝜀 is the source term of 

𝜀 (due to the buoyancy forces in this application). 𝐶1 and 𝐶2 are the model constants 

(see Table 2.3) [79]. 

The 𝐷𝑘 (from Equation 2.37) is evaluated as follows:  
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l t

k

k

D
 

 
= +  (2.39) 

where 𝜇 is the dynamic viscosity at which the subscripts 𝑙 and 𝑡 refer to laminar and 

turbulent values, respectively. 𝜇𝑡 is evaluated from  

 

2

t

k
C 


= . (2.40) 

𝐺𝑘 (from Equations 2.37 and 2.38) is expressed as  

 
2

k tG S=    with   2 ij ijS S S  (2.41) 

where 𝐶𝜇 is a model constant (see Table 2.3) and 𝑆 is the modulus of the mean rate-

of-strain tensor. 𝐷𝜀 (from Equation 2.38) is evaluated from  

 
l tD



 

 
= +  (2.42) 

where 𝜎𝜀 is a model constant given in Table 2.3. 

Table 2.3. The 𝑘 − 𝜀 turbulence model constants used in the RANS model. 

Constant 𝑪𝝁 𝑪𝟏 𝑪𝟐 𝝈𝒌 𝝈𝜺 

Value 0.09 1.55 1.92 1.0 1.4 

 

For diesel spray combustion, 𝐶1 is set as 1.55 (instead of 1.44) in order to match the 

vapour-tip penetration length of the Spray-A experiments [38, 78]. 

In the end, evaluation of the turbulent kinetic energy and dissipation rate allows to 

close the transport equations that are solved in the CFD flow field. 

2.3.2. Extension for FGM Method 

In addition to the conservation equations of mass, momentum and energy given in 

Equations 2.1, 2.2 and 2.4, respectively, the transport equations for the mean (i.e. Favre 

averaged) 𝑍 and 𝑃�̃� together with their variances (when variances are considered) are 

added to the flow field computations (RANS-CFD code) to couple the chemistry from 

the look-up tables. Yet, the number of tables relevant for each application differ. For 

the constant volume applications, such as Spray-A, only 𝑍 and 𝑃�̃� together with their 

variances (𝑍′′2 and 𝑃�̃�′′2) are the controlling variables [67-68]. In IC reciprocating 
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engine applications, the oxidizer temperature and the cylinder pressure vary due to the 

piston motion and heat transfer, whereas the fuel temperature stays constant. Since 

igniting 1-D CD-flame solutions depend explicitly on ambient temperature and 

pressure, for the IC engine simulations the ambient temperature (unburnt temperature 

𝑇𝑢)  and the in-cylinder pressure (𝑝) are added as extra tabulation parameters. This is 

explained in more details in Chapter 7. In any case, to describe the mixing and reaction 

progress, the mixture fraction and the progress variable need to be computed. Both 

are described by simple conservation equations for their mean values. 

For the mean of 𝑍, this is:  

 ( ) ( ) l t
Z

l t

Z uZ Z
t Sc Sc

 
  

  
+ − +  =      

 (2.43) 

where 𝜇 is the dynamic viscosity at which the subscripts 𝑙 and 𝑡 refer to laminar and 

turbulent values, respectively. 𝑆𝑐 is the Schmidt number which are assumed 𝑆𝑐𝑙 = 1 

and 𝑆𝑐𝑡 = 0.9 for all transport equations of the flow field. �̅̇�𝑍 is the mean (i.e. Reynolds 

averaged) source term of the mean mixture fraction due to spray evaporation. 

Modelling of �̅̇�𝑍 is explained in the spray model part of this section. 𝜇𝑡 is evaluated 

from the 𝑘 − 𝜀 model (Equation 2.39) as explained in Section 2.3.1. 

The mean of 𝑃𝑉 is given by  

 ( ) ( ) l t
PV

l t

PV uPV PV
t Sc Sc

 
  

  
+ − +  =      

 (2.44) 

where �̅̇�𝑃𝑉 is the mean source term of the progress variable which is stored in the FGM 

look-up tables as shown in Section 2.2.2, Figure 2.8. However, in a turbulent simulation, 

the mean of the source term is of importance and the interaction between chemistry 

and turbulence needs to be specified. Since laminar flames are used to build the FGM 

tables, the effect of turbulence on the chemical reactions is not included. In order to 

account for the turbulence-chemistry interaction (TCI), statistical approaches are being 

applied. The well-known beta-PDF is one of the presumed PDF methods widely used 

to account for TCI. The presumed PDF methods are computationally less costly than 

other PDF methods, such as the transported PDF method [27]. In this research, the 

beta-PDF method is therefore applied. For tabulated chemistry applications, like the 

FGM method, the tables can even be pre-integrated reducing the computational time 

of the CFD simulation. Formally, the mean quantities can be computed by applying  



2. Theoretical Background and Numerical Analysis 

41 

 ( ) ( )2 2, , , ,   f f Z PV P Z PV Z PV dZ dPV =    (2.45) 

and its variance with  

 ( )( ) ( )
2

2 2 2, , , ,   f f Z PV f P Z PV Z PV dZ dPV  = −   (2.46) 

where 𝑓 is the mean, 𝑓′′2 is the variance of the variable 𝑓 (i.e. a variable from the FGM 

table, e.g. mixture fraction, 𝑍) and 𝑃 is the probability density function. 

The chemical source term, �̇�, can be closed by assuming a form of joint PDF of the 

mixture fraction and the progress variable. It can be decomposed as the product of the 

conditional PDF of the progress variable and the PDF of the mixture fraction as follows:  

 , |  PV Z ZPV ZP P P=  . (2.47) 

For the PDF of the mixture fraction, a beta-PDF is applicable. On the other hand, the 

progress variable is bound by the piece-wise linear functions 𝑃𝑉𝑚𝑖𝑛(𝑍) and 𝑃𝑉𝑚𝑎𝑥(𝑍); 

therefore, it can be redefined as  

 
( )

( ) ( )
min*

max min

PV PV Z
PV

PV Z PV Z

−


−
 (2.48) 

where the conditional PDF of 𝑃𝑉∗ is non-zero for all values of 𝑍. In this respect, the 

conditional PDF of the progress variable can be approximated by a beta-PDF similar to 

the PDF of 𝑍. 

The general description of the beta-PDF is  
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− −
=

−
   with   m f n   and , 0   . (2.49) 

The 𝛼 and 𝛽 are the shape parameters, 𝑚 and 𝑛 are the lower and upper bounds of 

the distribution, respectively, and 𝐵(𝛼, 𝛽) is the beta function:  

 ( ) ( )
1 11

0
, 1B t t dt

 
−−= −  (2.50) 

where the integral of the total probability 𝑃(𝑓) is unity. When 𝑚 = 0 and 𝑛 = 1, it is 

the standard beta distribution. The shape parameters, 𝛼 and 𝛽, depend on the mean 

and variance of the variable 𝑓 and contain the actual effect of the turbulence on the 

chemistry. They are expressed as  
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and  

 ( ) 2

2

1
1

f
f f f
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−  = − −
 

. (2.52) 

The first and second moments of the beta distribution are expressed as  

 ( )  f f P f df


 
 =

+  (2.53) 

and  

 ( ) ( )
( ) ( )

2
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f f f P f df


   
  − =

+ + +
 . (2.54) 

As seen, the PDFs involve the variance of both the mixture fraction (𝑍′′2) and the 

reaction progress variable (𝑃�̃�′′2). The variance of mixture fraction is transported in 

the flow domain. The transport equation of the variance of mixture fraction (𝑍′′2) can 

be obtained from the equation of the mean mixture fraction and some manipulation 

[81] giving  
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 (2.55) 

where 𝜀 and 𝑘 are dissipation and kinetic energy terms, respectively, as computed from 

the turbulence model. A similar approach can be followed for the variance of the 

progress variable. The transport equation of the variance of the progress variable 

(𝑃�̃�′′2) is given by  
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where 𝑃�̃̇�′′2 is the source term of the 𝑃�̃�′′2 which is not closed. In this research, 𝑃𝑃𝑉 is 

described with a delta function (Equation 2.47). Therefore, Equation 2.47 simplifies to 

𝑃𝑧, hence the dependent variables of the FGM table are integrated only for the variance 

of the mixture fraction, 𝑍′′2. The transport equation of the 𝑍′′2 is closed together with 

the RANS turbulence model, as illustrated in Equation 2.55. However, the same situation 

is not valid for the progress variable variance, 𝑃�̃�′′2. Thus, the source term of the 𝑃𝑉 

variance, 𝑃�̃̇�′′2 from Equation 2.56, is to be evaluated and stored in the FGM. Here, the 

evaluation of the source term is a critical process for the manifold generation and the 

data retrieval since the 𝑃�̃�′′2 becomes another controlling variable because of the PDF 

integration. This is to be analysed at a future work. 

In Figure 2.10, a pre-integrated FGM table is shown. It is generated with the Yao 

chemical mechanism. Similar to Figure 2.8, the source terms of 𝑃𝑉, �̅̇�𝑃𝑉, is plotted with 

respect to the controlling variables 𝑍 and 𝑃𝑉 for different values of mixture fraction 

variance, scaled 𝑍′′2 = 0.0370 and 0.1715 (where 𝑍𝑢𝑛𝑠𝑐𝑎𝑙𝑒𝑑
′′2 = 𝑍𝑠𝑐𝑎𝑙𝑒𝑑

′′2 × [𝑍 ∙ (1 − 𝑍)]) at 

𝑃�̃�′′2 = 0. Here, the effect of PDF integration on the FGM table (i.e. the source term of 

𝑃𝑉) is observed. It is seen that the source term values and the maximum of 𝑃𝑉 are 

significantly lower due to the PDF of mixture fraction at the given mixture fraction 

variances. 

 

Figure 2.10. A set of 2-D FGM tables (with Yao) at 𝑍𝑠𝑐𝑎𝑙𝑒𝑑
′′2 = 0.0370 & 0.1714 at 𝑃𝑉′′2 = 0. 
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To summarize, the laminar counterflow-diffusion flamelets are computed with the 

abovementioned chemical reaction mechanisms. Then, 𝑍 and 𝑃𝑉 are selected as 

controlling variables to quantify respectively the mixing phenomenon and the progress 

of combustion reactions. The TCI effects are considered with the presumed shape beta-

PDF distribution by integrating the dependent variables of the FGM table over the 

independent variables, viz. 𝑍 and 𝑃𝑉. Since this can be done a priori, the computational 

cost of chemistry modelling is decreased significantly. After pre-processing the 

chemistry, the FGM information is coupled back to the flow field via transporting the 

controlling variables in the CFD domain and retrieving the FGM data according to these 

controlling variables including the variance of the mixture fraction for TCI. 

Up to this point, the source term of 𝑃𝑉, i.e. chemical source term due to the reactions, 

is described for the closure of the transport equation of 𝑃𝑉. However, the source term 

due to the liquid fuel injection has not been specified yet. In diesel engines, this source 

term 𝜔�̇� is modelled by a spray sub-model. In the next part, the details of the spray 

model used in the simulations are discussed. 

2.3.3. Spray Model 

The liquid spray injection is modelled with a Lagrangian-Eulerian approach. In this 

method, the spray is described by stochastic liquid particles (i.e. parcels), which 

represent a number of drops with the same properties. The liquid particles are tracked 

with a Lagrangian method considering mass, momentum and energy exchange with 

the gas-phase, viz. the Eulerian phase. The spray model is comprised of several sub-

models for primary break-up, secondary break-up, and evaporation. Further sub-

models for particle collisions, dispersion and wall impingement are also implemented 

in the spray model. In this research, particle collision and turbulent dispersion effects 

are neglected due to their minor roles [82]. When parcels impinge on a wall, they are 

simply removed from the computational domain. In the Spray-A case or the IC engine 

case, the walls are far from the injector. Hence the impact of parcel removal is minimal. 

The spray sub-models used in the constant volume (i.e. Spray-A) and the engine  

(i.e. Cyclops) simulations differ due to differences in the injector geometry (i.e. injector 

nozzle diameter) and the mesh (i.e. cell sizes). 

In the subsequent parts, the details of the primary break-up, the secondary break-up 

and the heat transfer for spray evaporation sub-models used in the constant volume 

and the engine applications are described. 
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Primary Break-up 

Liquid that is injected through a nozzle quickly breaks up into liquid particles (or 

droplets), which can subsequently be tracked with a Lagrangian description. This form 

of breakup is commonly referred to as primary break-up. There are a few detailed 

models for primary break-up. Yet, for dense sprays in extremely small geometries as 

present in diesel engines, validation is an intricate task. Hence, simpler models are 

preferred due to their more global applicability even though more assumptions are to 

be made. The primary break-up models used for the Spray-A and the Cyclops 

simulations differ. This is due to the significant differences between the case setups of 

the Spray-A and the Cyclops in terms of injector geometry (i.e. injector nozzle diameter) 

and mesh (i.e. cell size), leading to differences in velocity field and velocity gradients. It 

should be noted that the injector nozzle diameter and the cell sizes in the Spray-A case 

are much smaller compared to the ones in the Cyclops case. In this respect, for the 

Spray-A simulations, the blob-method is used which is a simple and a widely used 

model for primary break-up developed by Reitz and Diwakar [83]. On the other hand, 

a turbulence-induced primary break-up model developed by Huh and Gosman is used 

for the Cyclops simulations [84]. Here, each of these models are described briefly. 

 

Figure 2.11. Schematics of blob injector (left) and cone angle (right) for spray modelling [82]. 

In the Spray-A simulations, the blob-method is used to specify the initial conditions of 

the first droplets at the exit of the injector nozzle. In this method, big spherical droplets 

with identical size are injected (mono-disperse injection) for which the blob diameter is 

equal to the injector nozzle diameter, i.e. 2𝑅𝑏𝑙𝑜𝑏 = 𝐷𝑏𝑙𝑜𝑏 = 𝐷𝑛𝑜𝑧𝑧𝑙𝑒 , see Figure 2.11. With 

the assumption of slug flow inside the injector nozzle, the injection velocity is evaluated 

from the mass conservation law that is expressed as  

 ( )
( )inj

inj

hole l

m t
U t

S 
=


 (2.57) 

where 𝜌𝑙 is the liquid density, 𝑆ℎ𝑜𝑙𝑒 is the surface area of the nozzle cross-section and 

�̇�𝑖𝑛𝑗 is the injection mass flow rate. 
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The mass flow rates, �̇�𝑖𝑛𝑗, of Spray-A with single injection cases are computed with a 

tool, called virtual injection rate generator, developed at CMT Motores Térmicos [85]. 

For the split injection (i.e. double injection) simulations, they are retrieved from the 

respective experimental data. 

Furthermore, the spray cone angle (𝜃), Figure 2.11, is to be known from experiments or 

is to be estimated from semi-empirical models in order to evaluate the velocity 

components. The direction of the injection velocity is estimated from the azimuthal (𝜑) 

and the polar (𝜓) angles, Figure 2.11, which are expressed as  

 
12 =  (2.58) 

and  

 
2

2


 = . (2.59) 

where 𝜉1 and 𝜉2 are random numbers chosen between 0 and 1 to predict the 𝜑 and the 

𝜓 angles. 

 

Figure 2.12. 1-D cavitating nozzle flow [82]. 

The effective injection velocity and droplet diameter are modified to account for 

cavitation. Cavitating flow occurs when the pressure at vena contracta (𝑝1), in Figure 

2.12, is below the vapour pressure (𝑝𝑣𝑎𝑝) of the fluid; otherwise, the flow regime is 

turbulent. 𝑝1 is expressed from Bernoulli equation as follows:  

 2

1 0
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= −  (2.60) 

where 𝑢𝑣𝑒𝑛𝑎 is the velocity at the vena contracta (point with minimum cross sectional 

area) and 𝑝0 is the pressure at the inlet. 𝑝0 is also expressed from Bernoulli equation as  
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where 𝑢𝑚𝑒𝑎𝑛 is the mean velocity from 𝑢 = 𝑚/(𝑆ℎ𝑜𝑙𝑒  𝜌𝑙) for the nozzle flow. 𝐶𝑑 is the 

discharge coefficient expressed from tabulated inlet loss coefficients and the Blasius 

boundary layer as follows [82];  

0.5
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L
C k c
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−

 
= + + 
 

   with   ( )0.25max 0.316 Re ,64 Rec −=   (2.62) 

where 𝑘𝑖𝑛𝑙𝑒𝑡 is the inlet loss coefficient (tabulated data), 𝑅 is the radius of the nozzle 

and 𝑅𝑒 is the Reynolds number. The contraction at the vena contracta is evaluated from 

( / )c vena holeC S S=  as follows [82]:  
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where 𝑟 is the radius at the vena contracta. 

Furthermore, the velocity at the vena contracta is expressed from mass conservation as 

follows:  
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Moreover, the effective area at the exit of the nozzle is smaller compared to the nozzle 

diameter as a consequence of vena contracta. The effective radius is expressed as  

 2 4eff effR S =  (2.65) 

where 𝑆𝑒𝑓𝑓 is the effective surface area at the nozzle exit. In this manner, the effective 

injection velocity at the exit is described as  
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For the Cyclops simulations, a turbulence-induced break-up model developed by Huh 

and Gosman is used. It is assumed that the turbulent forces in the liquid injected from 

the injector nozzle are the source of the initial surface perturbations leading to form 

new droplets. 
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In this method, the first drops are initialized with injection of spherical blobs with 

𝐷𝑏𝑙𝑜𝑏 = 𝐷𝑛𝑜𝑧𝑧𝑙𝑒 similar to the blob-method. The velocity gradient between the liquid 

and the gas leads to surface waves that trigger the break-up of drops. This break-up is 

characterized by an atomization length scale (𝐿𝐴) and a time scale (𝜏𝐴). The length 

scale (𝐿𝐴) is expressed as  

 
1 2A t wL C L C L= =  (2.67) 

where 𝐶1 = 2.0 and 𝐶2 = 0.5 are the model constants, 𝐿𝑡 is the turbulent length scale 

and 𝐿𝑤 is the wavelength of surface perturbations determined by turbulence. The time 

scale (𝜏𝐴) is expressed as  

 
3 4 spontaneous exponentialA t wC C    =  +  = +  (2.68) 

where 𝐶3 = 1.2 and 𝐶4 = 0.5 are the other model constants, 𝜏𝑡 is the turbulence time 

scale from nozzle flow and 𝜏𝑤 is the wave growth time scale from Kelvin–Helmholtz 

(KH) instability which is expressed as  
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for an inviscid liquid, where 𝜌𝑙 and 𝜌𝑔 are the liquid and gas densities, respectively. The 

injection velocity, 𝑈𝑖𝑛𝑗 , is evaluated from Equation 2.57. For the IC engine (i.e. Cyclops) 

application, the fuel injectors are supplied by Delphi. Thus, the fuel mass flow rate (�̇�𝑖𝑛𝑗 

in Equation 2.57) profiles are evaluated from the experimental data obtained by Delphi. 

The turbulent length and time scales are functions of turbulent kinetic energy (𝑘) and 

dissipation rate (𝜀) [82], which are expressed as follows:  
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where subscript 0 refers to 𝑡𝑖𝑚𝑒 = 0. According to the Huh-Gosman model, the spray 

penetrates in a domain with a radial velocity (𝐿𝐴 𝜏𝐴⁄ ). In this manner, the spray cone 

angle (𝜃) is described as  
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. (2.72) 

The break-up of the primary blobs and their new diameters are determined according 

to the atomization length and time scales as follows:  
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L tD
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=  (2.73) 

where 𝑘1 = 0.05 is the model constant. 

Secondary Break-up 

The secondary break-up is a process of disintegration of the present droplets into 

smaller ones. It occurs due to the high velocity gradients between the liquid spray and 

the ambient gas. In this study, this process is modelled with the Kelvin-Helmholtz and 

Rayleigh-Taylor (KH-RT) instabilities [83] in the Spray-A simulations, whereas the Pilch-

Erdman [86] model is used in the Cyclops simulations. 

Both models evaluate the rate of change of the droplet radius (𝑅𝑑𝑟𝑜𝑝𝑙𝑒𝑡) or diameter 

due to secondary break-up. This rate is expressed as  
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= −  (2.74) 

where 𝑅𝑏𝑙𝑜𝑏 is the radius of the blob (𝑅𝑏𝑙𝑜𝑏 = 𝑅𝑗𝑒𝑡 = 𝑅𝑛𝑜𝑧𝑧𝑙𝑒 in this study) and 𝜏𝑏 is the 

break-up time scale which is expressed as  
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=   (2.75) 

where 𝑢𝑟𝑒𝑙 is the relative velocity between the liquid spray and the ambient gas and 

𝜏𝑏𝑟𝑒𝑎𝑘  is the break-up time coefficient, which is a function of the Weber number  

(𝑊𝑒 = 𝜌𝐷𝑑𝑟𝑜𝑝𝑣
2 𝜎⁄ , where 𝐷𝑑𝑟𝑜𝑝 is the droplet diameter and 𝜎 is the gas-liquid surface 

tension). 𝜏𝑏𝑟𝑒𝑎𝑘  depends on the break-up model (see Table 2.4). 
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Reitz and Diwakar observed that the break-up modes of blobs are of [87];  

 Bag break-up,  

 Stripping break-up. 

The Pilch-Erdman model, on the other hand, considers these break-up modes:  

 Vibrational,  

 Bag,  

 Bag-and-streamer,  

 Sheet stripping,  

 Wave crest stripping followed by catastrophic. 

These break-up modes all depend on the Weber number and are listed in Table 2.4. 

Table 2.4. Break-up modes and break-up times for droplets [88]. 

Break-up Mode Break-up Time (𝝉𝒃𝒓𝒆𝒂𝒌) 𝑾𝒆 

Vibrational 𝜋

4
[

8𝜎

𝜌𝑙𝑅𝑑𝑟𝑜𝑝𝑙𝑒𝑡
3 − 6.25

4𝜇𝑙

𝜌𝑙𝑅𝑑𝑟𝑜𝑝𝑙𝑒𝑡
2 ]

−0.5

 
𝑊𝑒 ≈ 12 

Bag 6(𝑊𝑒 − 12)−0.25 12 ≤ 𝑊𝑒 ≤ 18 

Bag-and-Streamer 2.45(𝑊𝑒 − 12)−0.25 18 ≤ 𝑊𝑒 ≤ 45 

Sheet Stripping 14.1(𝑊𝑒 − 12)−0.25 45 ≤ 𝑊𝑒 ≤ 350 

Wave Crest 

Stripping 

0.766(𝑊𝑒 − 12)−0.25 350 ≤ 𝑊𝑒 ≤ 103 

Catastrophic 0.766(𝑊𝑒 − 12)−0.25 
5.5 

103 ≤ 𝑊𝑒 ≤ 2760 
𝑊𝑒 > 2760 

 

Heat Transfer for Spray Evaporation 

Last but not least, heat transfer between liquid and gas for spray evaporation is 

modelled according to a single component fuel model, viz. the Ranz-Marshall model 

[82, 89]. 

The temperature of the liquid spray can be evaluated from the energy balance as 

follows:  
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where �̇�𝑑𝑟𝑜𝑝𝑙𝑒𝑡 is the total heat flux on the droplet. Besides, 𝑚 and ℎ depict the mass 

and the enthalpy with subscripts of 𝑒𝑣𝑎𝑝 for evaporation, respectively. The total heat 

flux �̇�𝑑𝑟𝑜𝑝𝑙𝑒𝑡 , is obtained from a Nusselt correlation as follows:  
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=  (2.77) 

where 𝜆𝑔 is the conductivity of the gas, 𝑇𝑟 is the temperature of the droplet with radius 

𝑟 and 𝑁𝑢 is the Nusselt number. 

In summary, the spray model used in the constant volume and the engine simulations 

comprises sub-models for primary break-up, secondary break-up, evaporation and wall 

impingement. The wall impingement model considers the removal of the parcels when 

they hit a wall. The primary and the secondary break-up models differ for the Spray-A 

and the Cyclops applications due to the major differences in the injector geometry and 

the mesh. The constant volume simulations are performed with the blob-method and 

the KH-RT break-up model whilst the engine simulations are done with the turbulence-

induced break-up model with the secondary break-up model developed by Pilch and 

Erdman. Last but not least, for liquid fuel evaporation, the Ranz-Marshall’s heat transfer 

model is used both for the Spray-A and the Cyclops simulations. 

In the next part, the details of the wall heat transfer model are discussed. 

2.3.4. Wall Heat Transfer Model 

There are several heat transfer models, which are applied in literature for the simulation 

of IC engines. In this research, a heat transfer model developed for IC engines by Huh 

and Chang [90] is used to evaluate the overall heat loss due to cooling via engine oil 

and coolant. Huh and Chang developed a boundary layer treatment for heat transfer 

in IC engines by modifying the law-of-the-wall [91]. The law-of-the-wall for temperature 

is derived with the assumptions of steady-state incompressible flow, zero pressure and 

temperature gradient and no chemical energy conversion and no work along the wall. 

The temperature profile in the thermal boundary layer can be approximated as a 1-D 

diffusion equation in the wall-normal direction 𝑦 as  

 ( )t

d dT
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dy dy
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 (2.78) 



2. Theoretical Background and Numerical Analysis 

52 

where 𝑆 is the source term for which 𝑆 = −𝑑𝑝 𝑑𝑡⁄  when �̇�𝑐𝑜𝑚𝑏. = 0. The integration of 

the source term, Equation 2.79, over the distance 𝑦 from the wall and 

nondimensionalization of it leads to the following expression:  
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  (2.79) 

for the nondimensionalized temperature gradient 𝑑𝑇+, where 𝜈 is the kinematic 

viscosity and 𝜀𝐻 is the eddy diffusivity of heat. 𝜀𝐻 is expressed as  
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The superscript + refers to the nondimensionalized variables which are described as 

follows:  
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=  (2.82) 

where 𝑢∗ is the friction velocity, 𝜏𝑤 is the stress term at the wall and 𝑞𝑤
′′ is the heat flux 

term defined at the wall. An approximate solution is described for the one-dimensional 

energy equation by Huh and Chang. A curve-fit to the numerical solution enables the 

prediction of the wall heat flux term, 𝑞𝑤
′′ [90]. 

The integration of 𝑑𝑇+ yields the following expressions for the non-dimensional 

temperature 𝑇+ in the laminar sublayer as  

 ( )
2

Pr  0.5 Pr  T x S x+ + + += −  (2.83) 

for 𝑥+ < 13.2 and in the turbulent boundary later as  

( )13.2Pr 2.195 ln 5.66 87.12Pr 2.195 ln 28.98T y S y+ + + += + − − + −  (2.84) 

for 𝑥+ > 13.2. 
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The temperature can be evaluated from the definition of the non-dimensional 

temperature as follows:  
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−
=


. (2.85) 

2.4. Summary 

In this chapter, the theoretical background and numerical analysis of turbulent reacting 

flows are discussed. A flamelet-based chemical reduction method, i.e. the FGM, is 

described together with the respective conservation equations and the adopted 

flamelet equations. Furthermore, the generation of flamelets and FGM tables, and the 

coupling of the pre-processed chemistry with the flow field are elucidated. Moreover, 

the modifications made to the CFD solver code for coupling the chemistry-flow fields 

are explained. Additionally, for the flow field, the RANS turbulence modelling and the 

closure of the Navier-Stokes equations for mean values and their variances are 

explained, along with the sub-models for spray dynamics and heat transfer. 

In the remaining chapters, the results of numerical simulations are presented. These are 

split into two parts: a constant volume application, i.e. Spray-A, which is a representative 

engine-like condition, and a HDDI engine application. For both applications, the 

abovementioned pre-processed chemistry and flow field sub-models are utilized. The 

application specific modifications and definitions are mentioned in the respective 

chapters. 

In the following chapter, the numerical simulations of the Spray-A condition are 

discussed in accordance with model validation for global parameters and 

understanding the fundamentals of turbulent combustion (i.e. diesel combustion). 
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Igniting Diesel Spray Simulations: Global Analysis 

Modelling of turbulent combustion is a sophisticated task due to a large number of 

physical phenomena involved. Furthermore, IC engines add more complexity because 

of the piston motion that continuously changes the ambient condition inside a 

combustion chamber which poses challenges on all sub-models. To alleviate the 

complexity of the computational volume, turbulent combustion is analysed in constant 

volume vessels with operating conditions similar to the ones in IC engines. This chapter 

comprises the global analysis of the spray combustion modelling in a constant volume 

combustion vessel. The chapter begins with an introduction section in which the 

simulation conditions are described. 

3.1. Introduction 

In this chapter, simulations of inert and igniting diesel sprays are studied with the FGM-

CFD (i.e. FGM-RANS) model implemented in the OpenFOAM CFD tool as previously 

described in Chapter 2. Both single and double injection strategies at “diesel engine 

like” conditions are considered. For this purpose, the well-defined Spray-A condition is 

chosen from the Engine Combustion Network (ECN) as already introduced in Chapter 

2. ECN is an international collaboration supported by numerous partners from industry 

and academic institutions. The goal of the ECN is to establish a database for model 

validations and to improve the scientific understanding of diesel engine combustion. 

Eindhoven University of Technology (TU/e) is one of the contributors of the ECN.  

Spray-A is a well-documented spray combustion condition relevant for diesel engines 

running with moderate exhaust gas recirculation (EGR). The conditions of Spray-A are  
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set to represent diesel engine conditions. However, Spray-A is a constant volume setup. 

As a result, the ambient condition (i.e. in-cylinder pressure and temperature, oxidizer 

composition and boundary conditions) of Spray-A is “diesel engine like” but lacks the 

time-dependency encountered in engines. At all experimental sites, the Spray-A 

experiments are conducted with identical injection systems developed by Robert Bosch 

LLC [41]. The collaborative effort within the ECN goes at great length to guarantee the 

same experimental conditions at all participant institutions [92]. In this respect, the 

Spray-A condition is a reliable test case for the FGM-CFD model validation. The  

Spray-A conditions that are simulated are summarized in Table 3.1. 

Table 3.1. Simulated Spray-A conditions. The varied parameters are shown bold. The single 

injection cases are for various oxidizer conditions, whereas the double injection cases are  

for dwell time variation with constant split injections of 0.5 [𝑚𝑠] and 1.5 [𝑚𝑠] long. 

Injection Ambient Condition Injection Duration [𝒎𝒔] 

 

single 

𝑻𝒐𝒙 =   𝟗𝟎𝟎 [𝑲],  𝑶𝟐 = 𝟏𝟓%  

1.5 𝑻𝒐𝒙 =   𝟗𝟎𝟎 [𝑲],  𝑶𝟐 = 𝟏𝟑% 

𝑻𝒐𝒙 =   𝟗𝟎𝟎 [𝑲],  𝑶𝟐 = 𝟐𝟏% 
𝑻𝒐𝒙 = 𝟏𝟎𝟎𝟎 [𝑲], 𝑶𝟐 = 𝟏𝟓% 

 

double 

 

𝑇𝑜𝑥 =  900 [𝐾], 𝑂2 = 15% 

 

0.5 + 1.5 with 

∆𝒕𝒅𝒘𝒆𝒍𝒍 = 𝟎. 𝟓 [𝒎𝒔] 
∆𝒕𝒅𝒘𝒆𝒍𝒍 = 𝟎. 𝟑 [𝒎𝒔] 
∆𝒕𝒅𝒘𝒆𝒍𝒍 = 𝟎. 𝟕 [𝒎𝒔] 

 

In the next section, the inert Spray-A condition is simulated for the spray model 

validation. A sensitivity study is carried out for varying computational grid sizes to 

generate mesh and time-step independent results. Additionally, a sensitivity analysis 

for two-equation RANS models (for the turbulence closure) is performed by comparing 

the simulation results with the experimental data. Subsequently, the reacting Spray-A 

conditions are modelled for several operating conditions by varying the oxidizer 

temperature and composition in order to validate the FGM-CFD model with single 

injection strategies. In addition to that, the numerical model is further validated with 

double injection strategies under Spray-A conditions. All model validations are 

performed by comparing the numerical results with the corresponding experimental 

data [92-94]. 

In the next part, the details of the case setup for the Spray-A simulations and the inert 

Spray-A results are discussed together with the experimental data. 
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3.2. Modelling of the Inert Spray-A Condition 

The case setup of the numerical model requires a mesh generation and setting the gas-

phase initial and boundary conditions, the details of the spray model and the injection 

rate profiles. The FGM-CFD (i.e. the FGM-RANS) model validation is carried out by 

comparing the numerical results with the experimental data as mentioned previously. 

 

Figure 3.1. Cross-sectional schematic of the Sandia High Pressure Cell (HPC) [93]. 

The experiments of the Spray-A case are executed in a high-pressure combustion 

chamber with a short (∆𝑡𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 1.5 [𝑚𝑠]) and a long (∆𝑡𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 6 [𝑚𝑠]) 

injections. A schematic illustration of the Sandia High Pressure Cell (HPC) is shown in 

Figure 3.1, which is very similar to the Eindhoven High Pressure Cell (EHPC) at TU/e. The 

HPC consists of a horizontally located injector and two pressure transducers, which are 

located in the corners, to correct the timing for the speed-of-sound. For optical 

accessibility, the walls of the HPC consist of circular windows made of sapphire. 

The Spray-A simulations are performed with a wedge-shaped 2-D axis-symmetrical 

structured mesh instead of a full 3-D mesh in order to reduce the computational time. 

In previous studies, a wedge-shaped 2-D structured mesh (i.e. default mesh shown in 

Figure 3.2) is generated for spray combustion simulations [95-96]. The results match 

well with the experiments. Therefore, it is used as the default mesh for the Spray-A 

simulations in this research. The wedge shape represents a slice of the combustion 

chamber (i.e. 1 72𝑡ℎ⁄  of the chamber). The OpenFOAM CFD tool works with a 3-D mesh 

only and a cell volume is required for the evaluation of any scalar field. Therefore, the 

2-D mesh is defined with wedge faces in the 3rd direction (e.g. y-direction). Such 

wedge-shaped 2-D axis-symmetrical mesh can only be used with RANS turbulence 

closures, whereas LES method and DNS require a 3-D mesh (108 × 108 × 108 [𝑚𝑚3] 

cube). The 2-D computational domain is 108 [𝑚𝑚] long and 53.95 [𝑚𝑚] wide. The 
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injector is located in a corner of the 2-D mesh and the injection direction is depicted 

with the red arrow as shown in Figure 3.2. The mesh is refined near the injector in order 

to improve the spray modelling. The size of the cells increases linearly from 

0.1275 [𝑚𝑚] to 1.275 [𝑚𝑚] downstream of the injection and towards the walls of the 

HPC. The mesh consists of 23,328 cells. Fuel is injected horizontally towards the centre-

line of the HPC. Therefore, the spray evolves around the centreline of the injector in a 

conical shape far from the side walls. In this regard, in order to reduce the 

computational cost, the mesh towards the walls is coarsened and the heat loss model 

is turned off (i.e. adiabatic condition) due to the marginal heat loss in the spray 

combustion experiments during the injection and the combustion events. 

 

Figure 3.2. Wedge-shaped 2-D axis-symmetric structured mesh created for the Spray-A 

simulations. The injector location and direction are specified with the red arrow at the  

centre-line of the HPC. 

The initial and boundary conditions of the nominal Spray-A condition are listed in Table 

2.1. The inert simulations are carried out at the nominal Spray-A condition with zero 

oxygen concentration (𝑂2 = 0%) at the oxidizer composition where 𝑁2 = 89.71%, 

𝐶𝑂2 = 6.52% and 𝐻2 = 3.77% by volume [41]. 

The spray model details can be found in Chapter 2. For all Spray-A simulations, the  

KH-RT break-up model is utilized with the model coefficient 𝐵1 = 23.5. Moreover, the 

injection profile is generated with the virtual injection rate generator according to the 

injector specifications stated in the ECN database [41, 85] and the simulations are 

performed with the short injection (∆𝑡𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 1.5 [𝑚𝑠]). For spray modelling, the 

total number of injected parcels is set to 12,000 for all simulations. 

After the case setup, the numerical model is constructed and the inert Spray-A results 

are analysed for the spray model validation with a sensitivity analysis for grid-size, time-
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step and total number of parcels. Also, different two-equation RANS models are 

compared, where the numerical results are compared with the experimental data for 

liquid length and vapour-tip penetration. The liquid length is determined by the 

distance between the injector nozzle and the distance at which 99% of the liquid 

droplets are captured. The vapour-tip penetration, on the other hand, is determined 

by the distance between the injector nozzle and the tip of the vapour cloud at which 

the mixture fraction is 10−3 (i.e. 𝑍 = 10−3). 

In the subsequent part, mesh sensitivity is analysed at the inert nominal Spray-A 

condition. 

3.2.1. Mesh Sensitivity 

The inert simulations are conducted with the default mesh described before and a 

refined version of it in order to show that the outcomes of the simulations are 

sufficiently mesh independent. The default mesh (with 23,328 cells) is refined by 

reducing the cell sizes by around 50% with respect to the original cell-sizes, which 

resulted in 52,488 cells. 

In Figure 3.3, the liquid length and the vapour-tip penetration results are shown for the 

numerical simulations and compared with the corresponding experimental data [92]. 

 

Figure 3.3. Comparisons of the axial liquid (left) and the vapour-tip (right) penetrations 

between the CFD simulations with the default mesh and the refined (i.e. finer) mesh and  

against the experimental data for the nominal Spray-A case with 𝑂2 = 0%. 

The results show that both numerical models capture the liquid length and the vapour-

tip penetration within or very close to the standard deviations of the experimental data. 

Besides, the numerical results with the default and refined meshes are indistinguishable. 
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Therefore, the default mesh (with 23,328 cells) is utilized for the rest of the Spray-A 

simulations in order to keep the computational cost low. 

In the next part, the sensitivity of time-step is analysed. Additionally, the impact of the 

total number of parcels for spray modelling is discussed. 

3.2.2. Time-Step Sensitivity 

A time-step sensitivity analysis is carried out in a similar fashion as the mesh sensitivity 

analysis. In this respect, the inert simulations are conducted with a default time-step of 

1.0 × 10−7 [𝑠] and a smaller time-step of 0.5 × 10−7 [𝑠]. For the smaller time-step, the 

total number of parcels is also varied in order to assess its impact on the liquid length 

and the vapour-tip penetration. 

 

Figure 3.4. Comparisons of the axial liquid (left) and the vapour-tip (right) penetrations 

between the simulations with the default and smaller time-steps and various parcel numbers 

(superscript) and against the experimental data for the nominal Spray-A case with 𝑂2 = 0%. 

Figure 3.4 demonstrates that the vapour-tip penetrations from the numerical models 

match well with the experimental data irrespective of the chosen number of parcels 

and time-step (right figure). However, the simulation with the smaller time-step 

underpredicts the liquid length compared to the experimental data due to the time 

dependency of the spray model. It is observed that reduction in time-step leads to a 

shorter liquid length and vice-versa. Furthermore, the total number of parcels is varied 

for the smaller time-step (∆𝑡 = 0.5 × 10−7[𝑠]). It is illustrated that increase in total 

injected parcel number (i.e. from 12,000 parcels to 60,000 and 120,000 parcels) results 

in a shorter liquid-length, whilst reduction in parcel number (i.e. 6,000 parcels) 

compared to the default value (i.e. 12,000 parcels) yields marginal changes for both 

liquid length and vapour-tip penetration. Such decrease in liquid length due to the 
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smaller times-step and larger total parcel number is not expected. Ideally, the spray 

model ought to be time-step and number of parcel independent. Here, this might be 

due to the discrete Lagrangian spray sub-model utilized in the OpenFOAM CFD solver 

[97]. Further research is to be done for the spray sub-model to remedy its time-step 

and total parcel number dependencies. 

In consequence of this outcome, the total number of injected parcels is kept at 12,000 

and the optimal time-step is chosen as 1.0 × 10−7[𝑠]. 

In the next part, the sensitivity analysis for the model case setup is extended for two-

equation RANS models. 

3.2.3. Sensitivity Analysis for Two-Equation RANS Models 

A sensitivity study for the two-equation RANS models is executed by varying the 

turbulence closure models namely RNG, realizable, Launder-Sharma, 𝑘 − 𝜀 with 

respectively standard (𝑘 − 𝜀𝑑𝑒𝑓) and modified (𝑘 − 𝜀𝑚𝑜𝑑)  coefficients. The main 

difference among the RANS models is the evaluation of the dissipation term (𝜀). The 

differences between the stated RANS models are discussed in Appendix B.1.  

The 𝑘 − 𝜀𝑑𝑒𝑓 model utilizes the coefficients specified in Table 2.5 with 𝐶1,𝜀 = 1.44 and 

𝜎𝜀 = 1.3 instead of the stated values. 

 

Figure 3.5. Comparisons of the axial liquid (left) and the vapour-tip (right) penetrations 

between the simulations with specified RANS models and against  

the experimental data for the nominal Spray-A case with 𝑂2 = 0%. 

Similar to the previous part, the inert simulations are performed by varying the RANS 

models. The resulting liquid length and vapour-tip penetration are plotted against the 

experimental data in Figure 3.5. It is seen that both results vary significantly with 



3. Igniting Diesel Spray Simulations: Global Analysis 

62 

different RANS models. For the liquid length, the simulations with the Launder-Sharma 

and 𝑘 − 𝜀𝑑𝑒𝑓 underpredict the experimental result, whilst the other models predict the 

liquid length near to the experimental values. For the vapour-tip penetration, only the 

simulation with the 𝑘 − 𝜀𝑚𝑜𝑑  model matches the experiment data. In this respect, the 

𝑘 − 𝜀𝑚𝑜𝑑 RANS model works well against the other two-equation models compared to 

the experimental data. Therefore, it is selected as the RANS turbulence closure model 

for all subsequent Spray-A simulations. 

 
Figure 3.6. Comparisons of the radial 𝑍 distributions between the simulation with 𝑘 − 𝜀𝑚𝑜𝑑 

model and the experimental data at the axial locations of 20 [𝑚𝑚] (top-left), 25 [𝑚𝑚]  

(top-right), 30 [𝑚𝑚] (bottom-left) and 40 [𝑚𝑚] (bottom-right) at the nominal inert condition. 

In addition to the earlier comparisons in the axial direction, the radial mixture fraction 

distributions at the specified locations downstream of the injector are assessed in Figure 

3.6. The actual spray evolves both in axial and radial directions mainly due to the species 

advection and diffusion. The global parameters (i.e. the liquid length and the vapour-

tip penetration) in the axial direction are the primary targets compared to the radial 

distribution of the spray. Therefore, the mixture fraction distribution in the radial 

direction is only assessed for the model case setup that agrees well for the global 
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parameters (i.e. the liquid length and the vapour-tip penetration). In Figure 3.6, it is 

observed that the FGM-CFD model yields a slower radial vapour penetration than that 

of the experiment downstream of the injector. However, the differences are marginal 

except near the centre-line (i.e. around 𝑟 = 0 [𝑚𝑚]). Despite these minor differences, 

the results in the axial direction (z-direction in Figure 3.2) show good agreement with 

the experimental data (i.e. the liquid length and the vapour-tip penetration), as was 

illustrated in Figures 3.3-3.5. 

In conclusion, the cell size of the mesh, the time-step and total number of parcels, and 

the 𝑘 − 𝜀 model with the stated model coefficients, see Table 2.5, are selected 

according to the sensitivity analyses and they are set as the default values for the  

Spray-A simulations in the remainder of this chapter. The summarized settings are;  

 The minimum and maximum cell sizes: 0.1275 [𝑚𝑚] and 1.275 [𝑚𝑚]; 

 The total number of cells: 23,328; 

 The time-step:  ∆𝑡 = 1 ∙ 10−7 [𝑠]; 

 Total number of parcels: 12,000; 

 The two-equation RANS model: the 𝑘 − 𝜀 model with the modified 

coefficients (i.e. 𝑘 − 𝜀𝑚𝑜𝑑). 

 

3.3. Modelling of the Reacting Spray-A Condition 

3.3.1. Introduction 

The reacting Spray-A simulations are split into two parts, i.e. cases with single injection 

and double injection strategies. The mesh, initial and boundary conditions, spray 

model, turbulence model, total parcel number and time-step of the cases are selected 

according to the inert results discussed in the previous section. In addition, the FGM 

look-up tables are generated from the igniting laminar flamelet solutions, which are 

obtained with different chemical reaction mechanisms stated in Chapter 2. For 

simplicity, the name of the simulation refers to the chemical reaction mechanism used 

for the FGM table generation. For the flamelet generation, one of the key aspects is the 

mixing line which refers to the initial condition obtained after the fuel is introduced into 

the ambient and mixed with the oxidizer before the chemical reactions begin. In this 

chapter, the evaluation of the mixing line is described prior to the reacting cases. Last 

but not least, the results of the simulations are compared with corresponding 

experimental data for the global parameters, i.e. the ignition delay time, the lift-off 

length, the apparent rate of heat release (aROHR) and the pressure-rise. 
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In the subsequent part of this section, the evaluation of the mixing line for the flamelet 

generation is discussed. 

3.3.2. Mixing Line 

Spray combustion requires modelling of a spray event (i.e. droplets). However, the 

flamelet solver (CHEM1D) code does not comprise any spray model and it only solves 

gas-phase transport equations. Therefore, assigning the boundary temperature of the 

liquid fuel from the Spray-A condition as temperature of the gaseous fuel in CHEM1D 

is not correct. The liquid fuel evaporation is an endothermic process; therefore, the 

evaporated fuel temperature is lower than the liquid fuel temperature. Thus, the heat 

loss due to the liquid fuel evaporation needs to be accounted for in the 1-D laminar 

flamelet solutions. In this respect, the gaseous fuel temperature at the boundary of the 

1-D flamelet setup is evaluated from the mixture fraction – enthalpy (𝑍 − ℎ) scatter plot, 

which is obtained from an actual spray event in the CFD domain at a reacting  

Spray-A condition (𝑂2 = 15% by volume and 𝑡 < 𝑡𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛). 

As mentioned in the previous chapter, the unity Lewis assumption is applied for the 

solution of the conservation equations leading to a linear relation between the total 

enthalpy and the mixture fraction as shown in Figure 3.7 (left-plot). Therefore, it is 

possible to extrapolate the total enthalpy towards the unity mixture fraction (𝑍 = 1, the 

fuel side). In the end, the virtual gaseous fuel temperature is evaluated by using the 

NASA polynomials together with the total enthalpy at 𝑍 = 1. 

For the given liquid fuel temperature, 𝑇𝑙
𝑓𝑢𝑒𝑙

= 363 [𝐾], the virtual gaseous fuel 

temperature is evaluated as 𝑇𝑔
𝑓𝑢𝑒𝑙

≈ 155 [𝐾] which is, in fact, out of the temperature 

limits of the NASA polynomials (i.e. the lower temperature limit is 300 [𝐾]). The exact 

value of 𝑇𝑔
𝑓𝑢𝑒𝑙

 depends on the extrapolation scheme and the points that are used for 

the extrapolation. Also, the use of NASA polynomials introduces an uncertainty for the 

gaseous fuel properties at such low temperatures. Nevertheless, the effects of these on 

the mixture temperature at relevant mixture fraction are small and decrease for smaller 

𝑍 and lower values of 𝑚𝑓𝑢𝑒𝑙 as illustrated in Figure 3.7 (right-plot). In this figure, 𝑇𝑔 

designates the gaseous fuel temperature where the superscript refers to the 

extrapolation scheme (e.g. spline or linear), whilst the number at the subscript refers to 

the data set used for extrapolation. In Appendix B.2, the scatter plots of 𝑍 − ℎ obtained 

in the CFD domain and from the flamelet data (i.e. 𝑍 − ℎ from the CHEM1D solutions 

with 𝑇𝑔
𝑓𝑢𝑒𝑙

≈ 155 [𝐾]) are compared to assess the accuracy of the virtual gaseous fuel 

temperature. 



3. Igniting Diesel Spray Simulations: Global Analysis 

65 

 

Figure 3.7. 𝑍 − ℎ scatter plot obtained from an actual spray event (left-plot) and the 

corresponding temperatures, virtual 𝑇(𝑍), compared to the temperature without considering 

the evaporation heat loss, 𝑇𝑔 = 𝑇𝑙𝑖𝑞𝑢𝑖𝑑, (right-plot) at the nominal Spray-A condition. 

In the end, the laminar flamelets are solved for the computed fuel temperature as the 

fuel-side boundary temperature. Furthermore, the maximum mixture fraction value at 

the fuel boundary is decreased from 𝑍 = 1 to 𝑍 = 0.75 in order to avoid cryogenic 

temperatures (i.e. 155 [𝐾] ≅ −118 [℃]), which is a safe choice since the maximum 

mixture fraction obtained in the CFD domain is 𝑍𝑚𝑎𝑥 < 0.6, Figure 3.7 (left-plot). 

Moreover, the computed flamelet data is stored in the FGM look-up tables for the 

reacting spray combustion simulations. The effect of the mixing line is analysed within 

the flame structure analysis in Chapter 5. For the simulations presented in this chapter, 

turbulence-chemistry interaction is not included, which is the subject of the next 

chapter.  

The results of reacting Spray-A simulations with single and double injection strategies 

are discussed in Section 3.3.3 and 3.3.4, respectively. 

3.3.3. Reacting Spray-A Simulations with Single Injection 

The FGM-CFD model is validated for various reacting Spray-A conditions with a single 

injection by varying the oxidizer concentration and temperature. First of all, the 

numerical model results are compared with the experimental data for the nominal 

Spray-A condition for which 𝑇𝑜𝑥 = 900 [𝐾] and 𝑂2 = 15% by volume. Then the study 

is extended to a lower and a higher oxygen concentration as well as to a higher oxidizer 

temperature for further model validation. 
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Figure 3.8. Comparison of the ignition delay times with the ignition delay definitions based on 

the temperature and pressure for the nominal Spray-A condition. 

Firstly, the simulations are executed for the nominal Spray-A condition. One of the most 

critical aspects of spray combustion modelling is the ignition delay time. The turbulent 

combustion in diesel engines comprises a transient state from the beginning of fuel 

injection till a stable flame is established (i.e. steady-state). The delay between the 

beginning of the fuel injection and the chemical reactions is the so-called ignition delay. 

The definitions of the ignition delay used in this study (viz. temperature-based and 

pressure-based) are expressed in Appendix B.3. For numerical modelling, the definition 

based on the temperature is suggested by the ECN. In Figure 3.8, the ignition delay 

times for different simulations are presented and compared to corresponding 

experimental data [92]. The results show that the simulations with the reaction 

mechanisms of Narayanaswamy and Wang overpredict the ignition delay time 

considerably, whereas the simulations with the Cai and the Yao reaction mechanisms 

yield a better match with the experimental result. On the other hand, depending on the 

ignition delay definition, the choice of the best chemical reaction mechanism differs, as 

illustrated in Figure 3.8. 

The spray combustion begins with a pre-mixing event when the fuel injection starts. 

Initially, the premixed charge ignites and then it evolves towards a mature lifted-

diffusion flame. The lifted-flame reaches to nearly steady state (i.e. quasi-steady state). 

Therefore, another critical global parameter to assess the quality of the simulation 

results is the location of the foot of a lifted flame after it stabilizes, viz. the lift-off length. 

The definition of lift-off length is based on 𝑂𝐻 species concentration as stated by the 

ECN [41], which is expressed in Appendix B.3. 𝑂𝐻 species predominantly exists around 

the stoichiometric plane, 𝑍 = 𝑍𝑠𝑡 where 𝑍𝑠𝑡 ≅ 0.045 for the nominal Spray-A condition. 

Therefore, it yields a good representation of the flame location, in other words, the 

highly reactive zone. In Figure 3.9, scalar fields of the 𝑂𝐻 species mass fractions 

obtained in the simulations at the quasi-steady state (𝑡 = 1.3 [𝑚𝑠]) are shown. Here, 
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the white and red dashed lines depict the simulated and the experimental lift-off 

lengths, respectively. 

 

Figure 3.9. Simulated 𝑂𝐻 species mass fractions with the lift-off lengths (red dashed line for the 

experiment, white dashed line for the simulations) at the quasi-steady state, 𝑡 = 1.3 [𝑚𝑠],  

for the nominal Spray-A condition. 

As mentioned, the chemical reaction mechanism plays a significant role in the 

combustion modelling and its effect on the flame structure will be discussed in  

Chapter 5. Figure 3.9 clearly shows the impact of the reaction mechanism on the 𝑂𝐻 

mass fraction field and the associated lift-off length. The simulation result with the Yao 

reaction mechanism shows the best prediction for the lift-off length (𝐿𝑂𝐿 = 15.2 [𝑚𝑚]) 

compared to the other simulation results. Yet, the lift-off length is slightly 

underpredicted with the Yao mechanism compared to the experimental result  

(𝐿𝑂𝐿 = 16.5 [𝑚𝑚]). The simulations with the other reaction mechanisms overpredict 

the lift-off length significantly, especially the one with the Narayanaswamy mechanism  

(𝐿𝑂𝐿 = 28.1 [𝑚𝑚]). Apart from the location of the lifted flame, the structure of the 

flame is comparable among the simulations both qualitatively (i.e. the mushroom-

shaped 𝑂𝐻 cloud) and quantitatively (i.e. the location of the 𝑂𝐻 cloud and the absolute 

values of the 𝑂𝐻 species mass fraction). The simulation with the Cai mechanism results 

in higher 𝑂𝐻 species mass fraction compared to those of the simulations with other 

mechanisms. 
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The flame tip penetration of the simulation with the Yao mechanism is faster than the 

ones with the other mechanisms due to the fact that the simulation with the Yao 

mechanism yields a shorter ignition delay time and a lift-off length. Pressure rises after 

the ignition, generating a (spherical) potential difference between the ignition point 

and the rest of the mixture, i.e. leading to expansion. This leads to a net increase in 

momentum downstream of the injection due to the direction of the injection. Besides, 

as the vapour cloud (which combusts after ignition) penetrates downstream, the kinetic 

energy is dissipated due to the viscous forces acting on the cloud. Therefore, the bulk 

velocity of the mixture decreases. The earlier ignition increases the momentum of the 

mixture downstream (also the velocity of the mixture since the mass is constant) for 

which the bulk velocity of the mixture is higher compared to the one with a late ignition. 

Consequently, early ignition leads to a faster flame tip penetration as can be observed 

in Figure 3.9. 

Furthermore, heat release is analysed. Ideally, the actual rate of heat release is to be 

studied for heat release analysis. However, this is not possible in the experiments with 

the current diagnostic methods. Instead, the apparent rate of heat release (aROHR) and 

the pressure-rise plots are analysed since the aROHR is evaluated from the work done. 

This is especially useful for metal engine applications since pressure is one of the 

measured parameters. The aROHR is given by  

 ( ) ( )1
1 1

dQ dp dV
aROHR V p

dt dt dt


 

 = +
− −

 (3.1) 

where 𝛾 is the ratio between the specific heat capacities (𝑐𝑝 𝑐𝑣⁄ ), 𝑝 is the pressure and 

𝑉 is the volume of the vessel. For constant volume applications, the 2nd term in right-

hand-side of Equation 3.1 becomes zero. The integral of Equation 3.1 yields the 

cumulative (total) heat release: 
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The aROHR is helpful for making quantitative comparisons of ignition time and overall 

heat release trend, i.e. reaction rate. Normalizing the aROHR helps to analyse the trends 

qualitatively. Besides, comparison of the actual pressure rise provides an insight in the 

absolute differences between simulations and experiments. In this respect, the 

normalized aROHR and the actual pressure-rise results are compared between the 

simulations with the specified reaction mechanisms and the experiment in Figure 3.10. 

The actual (not normalized) aROHR plots are given in Appendix B.4. As seen in Figure 
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3.10, the experimental data contains oscillations (left-plot) at the beginning even 

though filtered data is plotted. In order to reach the elevated temperature and pressure 

(i.e. diesel engine like conditions), acetylene (𝐶2𝐻2) is burnt in the combustion chamber 

initially. Combustion event creates sound waves, i.e. pressure waves, which leads to 

such oscillations at the beginning of the n-dodecane injection (𝑛𝐶12𝐻26). Details of the 

experimental aROHR data at 𝑡 < 0  can be found in Appendix B.4. The oscillatory 

behaviour is not observed in the numerical results due to the incompressible flow 

equations. Note that the (𝜕𝜌 𝜕𝑡⁄ ) term is included in the governing equations since 

density varies due to the chemical reactions. 

The comparison between the second peak of the experimental data and the first peak 

of the model results (i.e. the premixed part of the diffusion combustion) in the 

normalized aROHR plot (Figure 3.10) shows that the model with the Yao mechanism 

captures the ignition time well compared to the experimental data. This can also be 

observed from the initial pressure rise in the right-plot of Figure 3.10. After the first 

peak, the main (diffusive) part of the combustion takes place. The model with Yao 

mechanism matches the trend of the experimental result, yet the absolute value of the 

aROHR and the pressure-rise are overpredicted. Note that all simulations yield a larger 

slope for the pressure-rise indicating that the heat releases (i.e. reaction rates) in the 

simulations are larger compared to the experiment. In literature, similar issues have 

been noted for the reduced chemical kinetics of n-dodecane surrogate fuel [98]. 

Besides, as mentioned previously, the heat losses from the combustion chamber walls 

are neglected in the simulations, yet it is estimated to be marginal in the experiments. 

Moreover, turbulence-chemistry interaction (TCI) is not included in the FGM tabulation. 

The effects of TCI on the Spray-A simulations are analysed in Chapter 4. 

 

Figure 3.10. Comparisons of the normalized aROHR (left) and pressure-rise (right)  

at the nominal Spray-A condition. 
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Summarizing, it is observed that the numerical model with the Yao mechanism yields 

comparable results for the specified global parameters. However, it is seen that the 

chemical reaction mechanism plays a significant role. The Narayanaswamy mechanism 

fails to match the experimental data the most. Therefore, from this point, it is not 

included in further model validation at other operating points. 

Table 3.2. The ignition delay times (temperature-based) for the specified Spray-A conditions. 

The names refer to the reaction mechanism used for the FGM tabulation. 

Spray-A Condition Experiment Yao Cai Wang 

𝑻𝒐𝒙 = 𝟗𝟎𝟎 [𝑲] 
𝑶𝟐  = 𝟏𝟑% 

0.470 [𝑚𝑠] 0.433 [𝑚𝑠] 0.225 [𝑚𝑠] 0.655 [𝑚𝑠] 

𝑻𝒐𝒙 = 𝟗𝟎𝟎 [𝑲] 
𝑶𝟐  = 𝟐𝟏% 

0.270 [𝑚𝑠] 0.222 [𝑚𝑠] 0.295 [𝑚𝑠] 0.350 [𝑚𝑠] 

𝑻𝒐𝒙 = 𝟏𝟎𝟎𝟎 [𝑲] 
𝑶𝟐  = 𝟏𝟓% 

0.250 [𝑚𝑠] 0.206 [𝑚𝑠] 0.279 [𝑚𝑠] 0.318 [𝑚𝑠] 

 

The numerical model validation is extended for the operating points stated in Table 3.2, 

which are for a lower and a higher oxygen concentration and a higher oxidizer 

temperature. The simulation results are analysed in the same fashion as for the nominal 

Spray-A condition. In Table 3.2, the ignition delay times are given. For the first operating 

point, 𝑇𝑜𝑥 = 900 [𝐾] and 𝑂2 = 13% by volume, the simulation with the Cai reaction 

mechanism yields a significant deviation from the experimental value. The ignition 

delay time is half of the experiment (Table 3.2). Besides, the flame is attached to the 

injector nozzle as shown in Figure 3.11, which is not correct. The 𝑂𝐻 species mass 

fraction data at the quasi-steady state also shows elevated values (𝑌𝑂𝐻 > 0) far from 

the flame which is not observed with the other reaction mechanisms. Nevertheless, for 

all ignition delay times, the model results with the Yao and Cai (except the first 

operating condition for the Cai mechanism) reaction mechanisms match better with 

the experiments compared to the simulations with the Wang mechanism, see Table 3.2. 

The simulations based on the Yao reaction mechanism results in shorter ignition delay 

times compared to the experiments which is also found in literature with a different 

sub-model for combustion [98]. 
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Figure 3.11. Simulated 𝑂𝐻 species mass fraction maps with the lift-off lengths (red dashed line 

for the experiment, white dashed line for the simulations) at the quasi-steady state,  

𝑡 = 1.3 [𝑚𝑠], for the indicated Spray-A conditions. 
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Furthermore, the lift-off lengths from the 𝑂𝐻 species mass fraction fields at the quasi-

steady state (𝑡 = 1.3 [𝑚𝑠]) are compared in Figure 3.11. The lift-off length comparisons 

show that the numerical models mainly underpredict it compared to the corresponding 

experimental data except for the lower oxygen concentration condition  

(𝑇𝑜𝑥 = 900 [𝐾] and 𝑂2 = 13%) with the Wang mechanism. Nevertheless, similar to the 

nominal condition, the simulations with the Yao reaction mechanism results in 

comparable lift-off lengths with respect to the experimental data for all three operating 

conditions, especially for the higher oxygen concentration (𝑇𝑜𝑥 = 900 [𝐾] and  

𝑂2 = 21%) and higher oxidizer temperature (𝑇𝑜𝑥 = 1000 [𝐾] and 𝑂2 = 15%) 

conditions. For the conditions with the higher oxygen concentration and the higher 

oxidizer temperature, the Cai mechanism yields higher 𝑂𝐻 species mass fractions 

compared to the Yao and the Wang mechanisms. This is also observed at the nominal 

Spray-A condition. The mushroom-shaped 𝑂𝐻 cloud is qualitatively comparable for all 

simulations. Similar to the nominal Spray-A simulation, the Yao mechanism yields a 

faster flame-tip penetration compared to the other simulations. This shows that 

chemical reaction mechanism plays a key-role on ignition delay time, lift-off length and 

𝑂𝐻 species mass fraction. However, its effect on the flame shape (i.e. mushroom-

shaped 𝑂𝐻 cloud) is marginal which can be particularly important for the soot emission 

analysis that will be discussed in Chapter 6. 

In Figure 3.12, the normalized aROHR and the pressure-rise are plotted for the 

numerical and experimental results for the specified operating conditions. Similar to 

the nominal Spray-A condition, the ignition timing and qualitative trends are compared 

as well as quantitative comparison for the pressure-rise curves. The numerical model 

with the Yao chemical kinetics shows a good match with the experiments for ignition 

timing quantitatively and the overall trend (i.e. the slopes) of the aROHR qualitatively 

matches for all stated conditions. The Wang mechanism yields an overprediction in 

ignition timing and fails to match the trend of the aROHR after the first peak, i.e. the 

premixed part of the diffusion combustion. The results obtained with the Cai 

mechanism are somewhere in between those obtained with the Yao and the Wang 

mechanisms. 
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Figure 3.12. Comparisons of the normalized aROHR (left) and pressure-rise (right) plots for the 

Spray-A conditions with 𝑇𝑜𝑥 = 900 [𝐾] & 𝑂2 = 13% (top-row), 𝑇𝑜𝑥 = 900 [𝐾] & 𝑂2 = 21% 

(middle-row) and 𝑇𝑜𝑥 = 1000 [𝐾] & 𝑂2 = 15% (bottom-row). 

As a result, the Yao reaction mechanism predicts the ignition time, the lift-off length 

and the trend of aROHR well compared to the experiments for all four operating 

conditions of Spray-A. However, similar to the other reaction mechanisms, the model 

based on the Yao mechanism overpredicts the pressure-rise. In summary, the  
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FGM-CFD model validation is performed in terms of liquid and vapour-tip penetrations, 

lift-off length, normalized aROHR and pressure-rise. The numerical model is tested for 

various operating points. The simulations for the reacting Spray-A conditions with the 

single injection strategy show that the FGM-CFD model (with the Yao reaction 

mechanism) compares well with the experimental data. Depending on the chemical 

reaction mechanism used for FGM tabulation and the operating condition, the relative 

differences between the simulations and the experiments vary for the global 

parameters. 

In the following part, the nominal reacting Spray-A simulations are carried out for a 

double injection strategy, at which the dwell time between the two pulses is varied. 

3.3.4. Reacting Spray-A Simulations with Double Injection 

Multiple injection strategy can be the key to control the combustion phasing by 

regulating the fuel injection since the amount of oxidizer cannot be altered after inlet 

valve is closed. This leaves fuel injection to be the only control parameter for diesel 

engines. Prior to application of multi-pulse injection strategy in the engine simulations, 

the FGM-CFD model is validated for the nominal reacting Spray-A condition with a 

double injection strategy. For chemistry modelling, the same FGM table generated for 

single injection studies is utilized since the double injection cases are performed at the 

nominal Spray-A condition. The double injection strategy is studied for three cases at 

which the dwell time is varied. In all cases, the durations of the two injections are set to 

be 0.5 [𝑚𝑠] and 1.5 [𝑚𝑠] for the first and second injections, respectively. The dwell 

times (∆𝑡𝑑𝑤𝑒𝑙𝑙) are set as 0.5 [𝑚𝑠], 0.3 [𝑚𝑠] and 0.7 [𝑚𝑠] for Cases 1, 2 and 3, 

respectively. The simulation results are compared with experiments that were 

conducted at the TU/e previously [94]. The goal of the numerical modelling of these 

cases is to validate the model for split injection strategies. The simulation results are 

analysed in a similar way to the simulations with single injection. 

In Figure 3.13, the ignition time and the heat release trend are compared to the 

experimental data with the normalized aROHR (filtered for the experimental data) and 

the pressure-rise plots. The qualitative comparisons between the simulations and the 

experiments show that the simulation results with Yao and Cai reaction mechanisms 

match the overall trend of the normalized aROHR and the pressure-rise well compared 

to the experiments for the slopes of aROHR and pressure-rise curves. However, the 

ignition times differ significantly among the simulations. The ignition delay times of the 

first and second injections are well predicted with the model based on the Yao 

mechanism, only showing marginal differences compared to the experimental values. 

The experimental values are indicated with black dotted lines in Figure 3.13 (left-plots). 



3. Igniting Diesel Spray Simulations: Global Analysis 

75 

The simulations based on other mechanisms overpredict the ignition delay time, 

especially the Wang mechanism, similar to the findings for the single injection 

simulations. The Cai mechanism yields the ignition delay times in between those of the 

Yao and the Wang mechanisms. Moreover, qualitatively, the simulation results with the 

Yao mechanisms show a fairly good match for the pressure-rise profiles for all cases. 

 

Figure 3.13. The normalized aROHR (left) and pressure-rise (right) from Cases 1-3. 

The split injection timings and durations are indicated with the black dashed lines,  

whilst the ignition delay times of the experiments are indicated with the black dotted lines. 
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The model validation is extended with the so-called 𝐼 − 𝑥 − 𝑡 plots, which are helpful 

to quantitatively analyse the flame structure in terms of the ignition delay time, the lift-

off length and the combustion recession phenomenon as well as flame foot and tip 

locations, which are indications of the velocity field. The experimental and numerical 

𝐼 − 𝑥 − 𝑡 plots differ in how they are constructed. For the experiments, the intensity of 

the chemiluminescence signal from the 𝑂𝐻 species (𝐼) is integrated along the 

symmetry axis, which is expressed as follows:  

 
0

( , ) ( , , )

R

I x t I x r t dr=  . (3.3) 

Then 𝐼 is plotted against the axial distance (𝑥) and time (𝑡). For the numerical data 

however, the 𝑂𝐻 mass fraction is used instead of the signal intensity; therefore, it can 

be described as 𝑂𝐻 − 𝑥 − 𝑡. Since the exact quantitative relationship between the 

intensity and the 𝑂𝐻 mass fraction is not known; both signals are scaled, which makes 

quantitative comparisons possible. Strictly speaking, the signal intensity (𝐼) is a measure 

of the 𝑂𝐻 concentration and not the 𝑂𝐻 mass fraction. However, the simulated spatial 

and the temporal distributions of both parameters differ only marginally; therefore, the 

available 𝑂𝐻 mass fraction is used for the analysis. 

 

Figure 3.14. Illustration of a typical 𝑂𝐻 − 𝑥 − 𝑡 (i.e. 𝐼 − 𝑥 − 𝑡) plot. The ignition delay times of 

the 1st and 2nd injections are indicated by respectively dashed and dotted lines. Similarly, the 

lift-off lengths are indicated with the blue lines. The combustion recession is shown in the 

green circle. The flame tip and foot locations are illustrated with the grey lines. 
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Figure 3.15. The 𝑂𝐻 − 𝑥 − 𝑡 plot (middle) together with the 2-D 𝑂𝐻 species mass fraction plots  

at 𝑡 = 750 [𝜇𝑠] (left) and 𝑡 = 3000 [𝜇𝑠] (right) obtained with the Yao mechanism. 

Before the analysis, it is crucial to comprehend how to interpret the 𝐼 − 𝑥 − 𝑡 plots, see 

Figure 3.14. Here, the first location of the signal projected on the horizontal time axis 

refers to the ignition time. The ignition delay times are indicated by vertical yellow lines 

(i.e. dashed line for the 1st injection and dotted line for the 2nd injection). The vertical 

axis indicates the axial distance from the injector nozzle. The first location of the signal 

refers to the lift-off length, which are indicated by the light-blue lines. Due to the flame 

propagation, the combustion recession is observed after the end of each injection, 

which is highlighted by the green circle. Last but not least, the flame foot and tip 

locations are indicated by the vertical curves of the signal in the 𝐼 − 𝑥 − 𝑡 plots (e.g. as 

illustrated with grey coloured curves in Figure 3.14). To make it easier to compare the 

simulations results with the experimental data, the outer contour of the experimental 

data is added to the 𝐼 − 𝑥 − 𝑡 plots. The purple contour shown in Figures 3.16 - 3.18 

indicates the experimental intensity at which 0.015 < 𝐼𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 < 0.025. 

The 𝐼 − 𝑥 − 𝑡 plots for Case 1 (∆𝑡𝑑𝑤𝑒𝑙𝑙 = 0.5 [𝑚𝑠]) are presented in Figure 3.16. It is 

observed that the simulations based on the Yao and Cai reaction mechanisms predict 

the ignition delay times for both injections very well compared to the experimental 

data, whilst the model with the Wang reaction mechanism overpredicts the ignition 

delays for both injections. Furthermore, it is interpreted that only the FGM-CFD model 

based on the Yao mechanism yields a good agreement for the lift-off lengths compared 

to the experimental data. The simulations based on the Cai and Wang mechanisms 
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significantly overpredict the lift-off lengths as can be seen in Figure 3.16. Moreover, the 

combustion recession is only observed for the model with the Yao mechanism. 

However, the speed of the flame propagation is much larger than that of the 

experiment. The axial penetration (viz. flame tip penetration) also proceeds faster as 

can be seen at the top left part of the 𝐼 − 𝑥 − 𝑡 plot. This is due to the fact that the Yao 

reaction mechanism is more reactive compared to the other n-dodecane chemical 

kinetics utilized in this research. The source term of the 𝑃𝑉 is relatively high in the zone-

1 demonstrated in Figure 2.8. Therefore, the combustion evolves faster compared to 

the ones with the other chemical kinetics (i.e. Cai, Wang and Narayanaswamy), which 

leads to a faster expanding flame. Still, the quantitative comparisons show that the 

simulations based on the Yao mechanism are the only ones that yield a good 

agreement for the ignition delay times, the lift-off lengths and exhibit the combustion 

recessions. 

 
Figure 3.16. 𝐼 − 𝑥 − 𝑡 plots from the experiment (top-left) and the simulations based on the Yao  

(top-right), the Cai (bottom-left) and the Wang mechanisms (bottom-right) for Case 1 

(∆𝑡𝑑𝑤𝑒𝑙𝑙 = 0.5 [𝑚𝑠]). The purple contour is from the experimental data, 0.015 < 𝐼 < 0.025. 
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Figure 3.17. 𝐼 − 𝑥 − 𝑡 plots from the experiment (top-left) and the simulations based on the Yao  

(top-right), the Cai (bottom-left) and the Wang mechanisms (bottom-right) for Case 2 

(∆𝑡𝑑𝑤𝑒𝑙𝑙 = 0.3 [𝑚𝑠]). The purple contour is from the experimental data, 0.015 < 𝐼 < 0.025. 

Next, the 𝐼 − 𝑥 − 𝑡 plots for Case 2 (∆𝑡𝑑𝑤𝑒𝑙𝑙 = 0.3[𝑚𝑠]) and Case 3 (∆𝑡𝑑𝑤𝑒𝑙𝑙 = 0.7[𝑚𝑠])  

are presented in Figure 3.17 and 3.18, respectively. Note that the experiments (Cases 1, 

2 and 3) do not yield identical results for the 1st injection as can be seen from the purple 

coloured contours in Figures 3.16-3.18. In Case 2, the dwell time is so short that the 

separation between the flames is not observed, see Figure 3.17. The combustion 

recession is observed at the end of both injections. In Case 3, the dwell time is 

considerably long such that the separation between the flames is clearly visible, see 

Figure 3.18. Similar to Case 1, only the simulation based on the Yao mechanism captures 

the combustion recession due to the flame propagation towards the injector, see 

Figures 3.17 and 3.18. The lift-off lengths of the 1st and 2nd injections are predicted well. 

However, the simulations based on the Cai and the Wang mechanisms fail to capture 

the combustion recession completely for both Cases 2 and 3. The lift-off lengths of 

these simulations are well above the experimental data due to the lower source terms 

of 𝑃𝑉 in zone-1 as shown in Figure 2.8 compared to that of the Yao mechanism, see 

Figures 3.17 and 3.18. For the ignition delay times, the simulations yield comparable 

results for both injections with respect to the experimental data; however, the Yao 
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mechanism yields slightly shorter ignition delay times compared to the experimental 

data (Cases 2 and 3). Similarly, the simulations based on the Yao mechanism result in 

faster flame tip and foot penetrations compared to the simulations based on the other 

mechanisms and the experimental data, as can be seen in Figures 3.17 and 3.18. 

 
Figure 3.18. 𝐼 − 𝑥 − 𝑡 plots from the experiment (top-left) and the simulations based on the Yao  

(top-right), the Cai (bottom-left) and the Wang mechanisms (bottom-right) for Case 3 

(∆𝑡𝑑𝑤𝑒𝑙𝑙 = 0.7 [𝑚𝑠]). The purple contour is from the experimental data, 0.015 < 𝐼 < 0.025. 

In summary, similar to the simulations with the single injection, the model based on the 

Yao reaction mechanism yields a good agreement for the ignition delay times and the 

lift-off lengths compared to the experimental data. Moreover, the trends in the aROHR 

and the pressure-rise as well as the 𝐼 − 𝑥 − 𝑡 plots are comparable for the simulations 

with double injection corresponding to those of the experimental data. Again, the 

absolute values of the normalized aROHR (also aROHR) and the pressure-rise are not 

captured well with the FGM-CFD model compared to the experimental data which is 

consistent with the single injection cases. Furthermore, contrary to the model based on 

the Yao mechanism, the simulations based on the Cai and the Wang mechanisms did 

not capture the combustion recession. However, the timing and the spatial location of 

the combustion recession is not predicted well even with the model based on the Yao 

mechanism. 
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In the next part, the summary of the chapter and the main conclusions from all 

simulations are discussed. 

3.4. Conclusions 

In this chapter, Spray-A is modelled with the FGM-CFD solver introduced in the 

previous chapter. Firstly, the inert case at the nominal condition (𝑇𝑜𝑥 = 900 [𝐾] and  

𝑂2 = 15% by volume) is simulated in order to set the initial conditions especially for 

the mesh and the spray model, i.e. the case setup. Moreover, the validity of the case 

setup is supported by a sensitivity analysis. After setting the case setup, the reacting 

simulations are carried out at various Spray-A conditions with a single injection strategy 

and at the nominal condition with double injection strategies. The single injection cases 

comprise conditions with a lower and a higher 𝑂2 concentrations at 𝑇𝑜𝑥 = 900 [𝐾] and 

a higher oxidizer temperature at 𝑂2 = 15% by volume compared to the nominal 

condition. The double injection cases comprise various dwell times for a split injection, 

as illustrated in Table 3.1. Furthermore, the effect of the chemical reaction mechanism 

on the global parameters is analysed by using different chemical kinetics for the FGM 

tabulation. The global analysis of the simulations is carried out by comparing the 

simulation results with the corresponding experimental data. 

The simulations of the inert case yield that the FGM-CFD model is capable of capturing 

the global trends expressed in terms of liquid length and vapour-tip penetration. The 

sensitivity analysis for the mesh (i.e. cell size), the two-equation RANS model, the time-

step and the number of parcels show that the initial and boundary conditions of the 

case setup as well as the set sub-models are sufficient to match the experimental 

results. However, it is observed that a decrease in the time-step and an increase in the 

total number of parcels have adverse effects on the prediction of the liquid length. The 

spray model uses a Lagrangian-Eulerian approach that models discrete particle 

trajectories which primarily depends on time-step and cell size of the mesh because of 

the involved velocity field evaluation [97]. To solve this issue a further study is required. 

The results of the reacting simulations of the Spray-A conditions demonstrate that the 

FGM-CFD model based on the Yao mechanism yields the best results for the global 

parameters compared to the corresponding experimental data. It should be noted that 

the TCI effect is not accounted for the simulations discussed in this chapter. Without 

TCI, the FGM-CFD model is able to predict the ignition delay times and the lift-off 

lengths with small differences when the Yao mechanism is used. However, the models 

based on the other reaction mechanisms result in larger deviations (e.g. the model with 

the Cai mechanism deviated significantly from the experimental values at the lower 𝑂2 
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concentration case as shown in Figure 3.11). Besides, the performance of the FGM-CFD 

model in prediction of the ignition delay and the lift-off length varies depending on the 

operating conditions mainly due to the chemical reaction mechanism. The simulations 

with all mechanisms show comparable trends for the pressure-rise with respect to the 

experimental data. Besides, the overall trends of the normalized aROHR, i.e. the 

locations of the peaks and the slopes of the aROHR curve, from the numerical model 

match well with the experimental results. However, the absolute values differ 

significantly between the simulations and the experiments which is not yet understood. 

Whether this is due to the lack of turbulence-chemistry interaction is addressed in the 

next chapter. 

For the double injection cases, the 𝐼 − 𝑥 − 𝑡 plots are analysed and the results are 

compared between the simulations and the experiments. It is observed that the ignition 

delay times and the lift-off lengths from the simulations based on the Yao mechanism 

show a fairly good agreement compared to the experimental results. For all cases, the 

combustion recession is only captured when the Yao mechanism is used, even though 

the flame penetration time and its speed do not match with the experimental results. 

Similarly, the timing and speed of the flame tip penetrations do not match well with the 

experimental data. This is attributed to the chemical kinetics, since the vapour-tip 

penetration at the inert condition (Figures 3.3-3.5) shows a good agreement with the 

experimental data. It should be noted that the Yao mechanism yields higher flame 

speeds (note that it is a function of fuel/air ratio) compared to the experimental values. 

Also, the validation of the Yao mechanism for the flame speed is conducted for lower 

ambient pressures and temperatures compared to the diesel engine conditions [56]. As 

a consequence of the outcomes of the FGM-CFD simulations, the validity of the 

chemical kinetics for the n-dodecane fuel is to be extended for “diesel engine like” 

conditions. In this respect, additional comparisons of the critical species between the 

skeletal (e.g. LLNL) and the reduced (e.g. Yao) mechanisms and the corresponding 

experiments will help to comprehend the shortcomings of such chemical kinetics. These 

species include 𝐻𝑂2, 𝐶𝐻2𝑂 and 𝐶𝑂 existing in zones 1 and 2 of the FGM table, see 

Figure 2.8. These species are critical for the evolution of the flame towards products. 

Turbulence-chemistry interaction (TCI) is not included for the simulations presented in 

this chapter. It is discussed in Chapter 2 that TCI plays a crucial role on the source term 

of the 𝑃𝑉, �̇�𝑃𝑉, which directly affects the 𝑃𝑉 term and hence the retrieved tabulated 

data. Note that the selection of the best chemical kinetics for the chemistry modelling 

of turbulent combustion will also depend on whether TCI is considered in the FGM. This 

is studied in the next chapter, where the Spray-A simulations are repeated for the cases 

with single and double injection at the nominal condition while accounting for TCI. 
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Igniting Diesel Spray Simulations:  

Turbulence-Chemistry Interaction 

In this chapter, the effects of the turbulence-chemistry interaction (TCI) on global and 

local parameters are analysed with the reacting Spray-A simulations, which are 

introduced in the previous chapter. This chapter begins with an introductory part to 

summarize the TCI used in this study, the operating conditions and the chemical 

kinetics utilized for the FGM tabulation. 

4.1. Introduction 

As described previously, the FGM method decouples the combustion chemistry from 

the turbulent flow field. Consequently, the laminar flamelet equations are solved in a 

simple flow field and the relevant data of chemical processes is stored in a look-up 

table, i.e. FGM. However, in this way, turbulence effects on chemical processes are not 

accounted for. Hence, essentially only the mean values of scalars, e.g. mean source 

term of 𝑃𝑉, �̅̇�𝑃𝑉, are stored in the FGM. In order to include the turbulence-chemistry 

interaction (TCI), the dependent variables of the FGM table (i.e. evaluated form the 

laminar flamelets) are integrated by applying a probability density function (PDF) that 

depends on the dependent variables, i.e. controlling variables. In this chapter, TCI is 

accounted by using a presumed PDF method that incorporates the probability of a 

certain chemical state. After the beta-PDF integration of the FGM, the  𝑍′′2 is added as 

an extra controlling parameter and also transported in the CFD domain (Equation 2.55) 

in addition to the other transport equations (Equation 2.1, 2.2, 2.4, 2.43 and 2.44). 
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In the next sections of this chapter, the simulations are analysed by comparing the 

results with and without TCI and against the corresponding experimental data [92, 94]. 

For the FGM tabulation, two chemical reaction mechanisms, the Yao and Wang 

mechanisms introduced in Chapter 2, are utilized. The Cai and Narayanaswamy 

mechanisms are excluded since the Cai mechanism has a narrower span of operating 

conditions compared to the other mechanisms (i.e. significant deviation at the  

𝑇 = 900 [𝐾] and 𝑂2 = 13% condition), whereas the simulation based on the 

Narayanaswamy mechanism yields poor results for the global parameters compared to 

the experimental data, as discussed in Chapter 3. 

In the next section, the effects of TCI on the Spray-A simulations are analysed with the 

global and the local parameters that are introduced in the next section of this chapter.  

4.2. Results of the Reacting Spray-A Condition 

The simulations of the reacting Spray-A condition are performed at the nominal  

Spray-A condition for both single and double injection cases. The simulation results 

accounting for TCI are investigated in a similar fashion to the analysis in Chapter 3. In 

this respect, the predicted global parameters are compared with experimental data. 

Moreover, local parameters are analysed at the quasi-steady condition. These are the 

key scalar fields for 𝑃𝑉, �̇�𝑃𝑉, temperature and key species relevant for ignition (e.g. 𝑂𝐻 

and 𝐶𝐻2𝑂) and emissions (e.g. 𝐶2𝐻2). The latter is accounted as a soot-precursor and 

will come back in Chapter 6. 

In the subsequent part, the global analysis is performed for the simulations where the 

TCI is accounted for the variance of the mixture fraction (𝑍′′2). The single and the 

double injection cases are analysed separately. 

4.2.1. Global Analysis 

Single Injection Case 

The simulations with the single injection are carried out at the nominal Spray-A 

condition with the short injection (∆𝑡𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 1.5 [𝑚𝑠]). The simulation results are 

compared with the experimental data [92] for the global parameters, i.e. ignition delay 

time, lift-off length, normalized aROHR, pressure-rise, cumulative heat release and 

maximum 𝑂𝐻 species mass fraction. 

In Figure 4.1, the ignition delay times are compared among the simulations with and 

without TCI and the experimental data. It is observed that the ignition delay times 

decrease slightly for the simulations with both chemical reaction mechanisms when TCI 
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is accounted for in the FGM. A probability density function (PDF) is essentially a function 

of the mean and variance of a scalar (e.g. 𝑍′′2 or  𝑃�̃�′′2). A scalar stored in the FGM, 

e.g. �̇�𝑃𝑉, is distributed over a wider range of mixture fractions when the FGM table is 

integrated with a presumed-PDF for 𝑍′′2. For the nominal Spray-A condition, this yields 

higher source terms of 𝑃𝑉 in the highly reacting zone, i.e. around stoichiometry and 

locally richer mixture where 𝑃𝑉 ≈ 0, compared to the ones without TCI. It should be 

noted that a decrease in ignition delay time due to TCI is not a definite outcome. The 

effect of TCI on ignition delay time may differ for a different operating condition and/or 

chemical reaction mechanism due to the reaction progress variable (𝑃𝑉) dependency 

of the tabulated chemistry. 

 

Figure 4.1. Comparison of the ignition delay times between the simulations with the Yao and 

the Wang mechanisms without and with TCI and the experimental data  

at the nominal Spray-A condition. 

Another critical global parameter, lift-off length (LOL), is presented in Figure 4.2. Here, 

in order to determine the lift-off length, the scalar field of 𝑂𝐻 species mass fraction is 

plotted for the simulations without (top-halves) and with (bottom-halves) TCI 

accounted for in the FGM. The LOL from the simulations are indicated by white dashed 

lines, whilst the one from the experiment is indicated by the red dashed line. It is clear 

that TCI leads to decrease in the lift-off lengths about 5 [𝑚𝑚] compared to the ones 

without TCI for both simulations (i.e. with the Yao and the Wang mechanisms). TCI 

essentially allows reactions to occur at locally richer conditions leading to shorter lift-

off lengths compared to the cases without TCI. The source terms of 𝑃𝑉 are larger at 

richer mixtures compared to the ones without TCI integration. The TCI integration also 

reduces the local maximum of 𝑃𝑉 significantly. It should be noted that the 𝑍′′2 field is 

also critical for higher 𝑃𝑉 source terms. The higher the 𝑍′′2 scalar, the larger the area 

(i.e. range of mixture fraction value) of the �̇�𝑃𝑉. This is further discussed in Section 4.2.2. 
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Figure 4.2. Comparison of lift-off lengths (red dashed line for the experiment and white dashed 

line for the simulations) and 𝑂𝐻 species mass fraction at the quasi-steady state, 𝑡 = 1.3 [𝑚𝑠],  

for the nominal Spray-A condition. The results in the top-row are without TCI and  

the ones at the bottom-row are with TCI accounted for in the FGM. 

The normalized aROHR and the pressure-rise trends are shown in Figure 4.3. Here, the 

simulation based on the TCI integrated FGM shows lower values for both the 

normalized aROHR and pressure-rise after the ignition. This is expected due to the PDF 

integration. The beta-PDF integration of the scalars from the FGM results in decreased 

maximum (absolute) values, e.g. lower maximum temperature or �̇�𝑃𝑉. This leads to 

lower aROHR and pressure-rise values. This also affects (i.e. reduces) the slope of the 

cumulative heat release. A similar trend to aROHR is also observed for the maximum 

value of 𝑂𝐻 species mass fraction, as shown in Figure 4.4. The lower value of 𝑂𝐻 mass 

fraction is one of the main reasons for a shorter lift-off length for the simulation with 

TCI. Note that 𝑂𝐻 species is formed when 𝑃𝑉 ≈ 𝑃𝑉𝑚𝑎𝑥
𝑙𝑜𝑐𝑎𝑙 , i.e. in zone-3 (see Figure 2.8). 

 

Figure 4.3. Comparisons of the normalized aROHR (left) and pressure-rise (right) between the 

simulations with and without the TCI effect against the experimental data at the nominal  

Spray-A condition. The Yao reaction mechanism is used for the FGM tabulation. 
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Figure 4.4. Comparisons of the injected fuel energy and the cumulative heat release (left) and 

the maximum 𝑂𝐻 species mass fraction (right) between the simulations with and without the 

TCI effect against the experimental data at the nominal Spray-A condition.  

The Yao reaction mechanism is used for the FGM tabulation. 

The simulation based on the Wang mechanism shows the same behaviour for the 

normalized aROHR and the maximum of 𝑂𝐻 species mass fraction (Figures 4.5 and 4.6, 

respectively). The normalized aROHR reveals a clear difference between the cases with 

and without TCI, whilst the pressure-rise and the cumulative heat release figures show 

less pronounced differences. Still, when TCI is considered, the slopes of the pressure-

rise and cumulative heat release curves are lower than to the those of the simulation 

without TCI. This shows that the effect of TCI depends on the reaction mechanism (as 

previously discussed for the ignition delay time). 

 

Figure 4.5. Comparisons of the normalized aROHR (left) and pressure-rise (right) between the 

simulations with and without the TCI effect against the experimental data at the nominal  

Spray-A condition. The Wang reaction mechanism is used for the FGM tabulation. 
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Figure 4.6. Comparisons of the injected fuel energy and the cumulative heat release (left) and 

the maximum 𝑂𝐻 species mass fraction (right) between the simulations with and without the 

TCI effect against the experimental data at the nominal Spray-A condition.  

The Wang reaction mechanism is used for the FGM tabulation. 

In conclusion, the effect of TCI on the global parameters is shown in this section by 

comparing the simulations with and without TCI accounted for in the FGM and the 

experimental data from the ECN database [92]. It is observed that the simulations with 

TCI accounted for in the FGM yield significant differences for the maximum of 𝑂𝐻 

species mass fraction and the source terms of 𝑃𝑉, leading to a different lift-off length. 

This is analysed further in the next section. The other global parameters such as ignition 

delay time, pressure-rise and cumulative heat release are less sensitive to TCI at the 

nominal Spray-A condition with the specified reaction mechanisms. 

In the subsequent part, the simulations with double injection are studied and the results 

are discussed in a similar fashion to Chapter 3, Section 3.3.4. 

Double Injection Cases 

Similar to the double injection cases in Chapter 3, the simulations with TCI accounted 

for in the FGM are carried out for the dwell time variations: ∆𝑡dwell = 0.5 [𝑚𝑠] (Case 1),  

∆𝑡dwell = 0.3 [𝑚𝑠] (Case 2) and ∆𝑡dwell = 0.7 [𝑚𝑠] (Case 3). The results are analysed on 

basis of the normalized aROHR, the pressure-rise and the 𝐼 − 𝑥 − 𝑡 plots. Comparisons 

between the numerical and the experimental data [94] are shown in Figures 4.7 – 4.12. 

The outcomes of all double injection cases are almost identical to the single injection 

case for the ignition delay time, the normalized aROHR and the pressure-rise, as shown 

in Figures 4.7 – 4.9. The ignition delays from all three cases are slightly shorter for the 

simulations with TCI (dashed lines) compared to the ones without TCI (solid-lines) as 
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can be observed from the pressure-rise curves in Figures 4.7 – 4.9. This is more 

pronounced for the simulations based on the Wang mechanism. Furthermore, the 

simulations with TCI yield lower normalized aROHR values at the diffusion combustion 

part after the first peaks in the aROHR plots, i.e. after the ignition delay. Depending on 

the reaction mechanism, this behaviour leads to smaller (with the Yao mechanism) or 

larger (with the Wang mechanism) differences between the numerical and experimental 

data. For the simulations based on the Yao mechanism, the normalized aROHR of the 

cases with TCI leads to a better match with the experimental data. It should be noted 

that the final values of the total heat release (cumHR) is not affected by the TCI 

integration. 

 

Figure 4.7. Comparisons of the normalized aROHR (left) and pressure-rise (right) between the 

simulations with and without TCI against experimental data for Case 1 (∆𝑡dwell = 0.5 [𝑚𝑠]).  

The results with the Yao mechanism are shown at the top-row whilst the ones  

with the Wang mechanism are shown at the bottom-row. 
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As can be seen in Figures 4.7 – 4.9, the pressure-rise plots show minor differences 

between the simulations with and without TCI at 𝑡 = 4 [𝑚𝑠]. Here, both simulations do 

not reach to the maximum pressure-rise (i.e. quasi steady state) at 𝑡 = 4 [𝑚𝑠]. Hence, 

they slightly differ at the maximum pressure-rise. Note that after 𝑡 = 4 [𝑚𝑠], the burnt 

gas hits the wall of the combustion chamber so the simulations are stopped at that 

time. 

 

Figure 4.8. Comparisons of the normalized aROHR (left) and pressure-rise (right) between the 

simulations with and without TCI against experimental data for Case 2 (∆𝑡dwell = 0.3 [𝑚𝑠]).  

The results with the Yao mechanism are shown at the top-row whilst the ones  

with the Wang mechanism are shown at the bottom-row. 
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Figure 4.9. Comparisons of the normalized aROHR (left) and pressure-rise (right) between the 

simulations with and without TCI against experimental data for Case 3 (∆𝑡dwell = 0.7 [𝑚𝑠]).  

The results with the Yao mechanism are shown at the top-row whilst the ones with  

the Wang mechanism are shown at the bottom-row. 

Next, the 𝐼 − 𝑥 − 𝑡 plots are studied in a similar fashion as is done in Section 3.3.4. For 

both chemical reaction mechanisms (the Yao and Wang), the 𝐼 − 𝑥 − 𝑡 plots from all 

double injection cases (without TCI in Figures 3.16 – 3.18 and with TCI in Figures 4.10 – 

4.12) show that the flame-tip penetration is not affected significantly by the TCI 

integration, whereas the flame-foot is extended upstream when TCI is accounted for. 

Furthermore, similar to the single injection cases, the lift-off length of the 1st injection is 

significantly shorter when TCI is considered. The change in the lift-off length of the 2nd 

injection, however, is not as drastic as that of the 1st injection. Similarly, the combustion 

recession occurs at an earlier time for the simulations based on the Yao mechanism 

when TCI is considered for the FGM. The simulations based on the Wang mechanism 

still do not capture the combustion recession. 
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Figure 4.10. 𝐼 − 𝑥 − 𝑡 plots for the experiment (top-left) and the simulations with the Yao  

(top-right) and the Wang (bottom-left) mechanisms for Case 1 (∆𝑡dwell = 0.5 [𝑚𝑠]).  

The purple contour is from the experimental data, 0.015 < 𝐼 < 0.025. 

The major difference between the double injection cases, with and without TCI, is 

observed in the 𝐼 − 𝑥 − 𝑡 plots specifically for the simulations based on the Wang 

mechanism. The lift-off length of the 2nd injection changes drastically in time 

independent from the injection profile (i.e. dwell time variation) as illustrated in Figures 

4.10 – 4.12. It does not reach a stable position even after the long injection, i.e.  

∆𝑡𝑖𝑛𝑗
2𝑛𝑑 = 1.5 [𝑚𝑠], as seen for all three cases (Cases 1 – 3). The same applies for the 

Spray-A case with single injection as shown in Appendix B.5. Initially, the lifted flame is 

established further downstream, at which the magnitude of the velocity field is 

significantly lowered due to viscous dissipation, compared to the simulations based on 

the Yao mechanism and the experimental data. When TCI is considered (𝑍′′2 > 0), it is 

seen that the �̇�𝑃𝑉 is higher in zone-1 compared to the one with 𝑍′′2 = 0, Figure 4.14. 

This allows for chemical reactions taking place upstream of the injector nozzle. Hence, 

the flame-foot (i.e. lift-off length) penetrates upstream. In zone-1, the �̇�𝑃𝑉 resulting 

from the Wang mechanism (Figure 4.14) is not as high as it is in the FGM based on the 
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Yao mechanism (Figure 4.13). Therefore, obtaining a stable flame (and lift-off length) 

with the FGM based on the Wang mechanism takes longer time compared to the 

simulations based on the Yao mechanism. In conclusion, with the Wang mechanism, 

the duration of the 2nd injection is not long enough for the simulation to establish a 

stable lift-off length. 

Contrary to the simulations with the Wang mechanism, the ones based on the Yao that 

account for TCI show a marginal difference for the lift-off length of the 2nd injection 

compared to the cases without TCI. They also stabilize quickly after the ignition. This 

might be related to the spatial location of the lifted flame. With the Yao mechanism, 

the lifted flame stabilizes closer to the injector nozzle where the velocity is higher 

compared to with the Wang mechanism. In the latter case, an unstable lifted flame 

occurs due to an imbalance between the velocity generated by the injection and the 

combustion. This should be studied in more detail in a future research. 

 

Figure 4.11. 𝐼 − 𝑥 − 𝑡 plots for the experiment (top-left) and the simulations with the Yao  

(top-right) and the Wang (bottom-left) mechanisms for Case 2 (∆𝑡dwell = 0.3 [𝑚𝑠]).  

The purple contour is from the experimental data, 0.015 < 𝐼 < 0.025. 
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Figure 4.12. 𝐼 − 𝑥 − 𝑡 plots for the experiment (top-left) and the simulations with the Yao  

(top-right) and the Wang (bottom-left) mechanisms for Case 3 (∆𝑡dwell = 0.7 [𝑚𝑠]).  

The purple contour is from the experimental data, 0.015 < 𝐼 < 0.025. 

In conclusion, the Spray-A simulations with double injection strategies are repeated 

with the beta-PDF integrated FGM in order to account for TCI. It is observed that the 

effect of TCI on the normalized aROHR and the lift-off length is significant, whereas its 

effect on the rest of the global parameters is marginal, i.e. ignition delay time, pressure-

rise, cumulative heat release, flame-tip and flame-foot. This outcome is consistent with 

those of the single injection cases discussed previously. Last but not least, the 

comparisons between the simulations with and without TCI show that the effect of TCI 

on the global parameters strongly depends on the applied chemical reaction 

mechanism. Crucial is a good prediction of the ignition delay time, otherwise the 2nd 

injection will encounter a totally different environment than the experiment. 

In the next part, the effect of TCI on local parameters is investigated through a detailed 

analysis of the Spray-A condition with single injection. 

 



4. Igniting Diesel Spray Simulations: Turbulence-Chemistry Interaction 

95 

4.2.2. In-Depth Analysis 

The in-depth analysis for the effect of TCI is carried out for the reacting Spray-A 

simulation case with single injection at the nominal condition. Here, we focus on the 

single injection case only. The effect of TCI on the local parameters (i.e. scalar fields 

such as species mass fraction and temperature) is similar between the single and the 

double injection cases as discussed in the previous parts. Moreover, TCI integration of 

the FGM table is a part of the pre-processed chemistry. The injection profile is not a 

direct parameter of TCI. In this respect, for simplicity, the in-depth analysis of the Spray-

A simulations are done with the single injection cases. Here, the FGM tables (i.e. pre-

processed chemistry) are analysed initially. 

 

Figure 4.13. Comparison of the source terms of 𝑃𝑉 plotted in the 𝑍 − 𝑃𝑉 domain at the 

specified scaled 𝑍′′2̃ , where 0 < 𝑍′′2̃ < 1, which are based on the Yao mechanism. 
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Figure 4.14. Comparison of the source terms of 𝑃𝑉 plotted in the 𝑍 − 𝑃𝑉 domain at the 

specified scaled 𝑍′′2̃ , where 0 < 𝑍′′2̃ < 1, which are based on the Wang mechanism. 

In this part, the effect of TCI on the most relevant local parameters are analysed, i.e. the 

scalar fields of �̇�𝑃𝑉, 𝑃𝑉, temperature, 𝑂𝐻 and 𝐶2𝐻2 species mass fractions. 𝑃𝑉 is one 

of the independent variables of the FGM table. Therefore, 𝑃𝑉 and its source term (�̇�𝑃𝑉) 

are crucial for the retrieval of the pre-processed chemistry. 𝑂𝐻 is a key species to assess 

the ignition phenomenon (i.e. ignition delay) and its location (i.e. lift-off length). 

Temperature and 𝐶2𝐻2 species are important for NOx and soot emissions. In this 

respect, the detailed analysis of the effect of TCI is carried out with these parameters. 

The FGM tables comprise 20 levels for scaled 𝑍′′2 (0 < 𝑍′′2 < 1) in order to reduce the 

interpolation error for data retrieval, where 𝑍𝑢𝑛𝑠𝑐𝑎𝑙𝑒𝑑
′′2 = 𝑍𝑠𝑐𝑎𝑙𝑒𝑑

′′2 × [𝑍 ∙ (1 − 𝑍)].  Figures 

4.13 and 4.14 show the beta-PDF integrated FGM tables based on the Yao and the 

Wang mechanisms, respectively. Here, the �̇�𝑃𝑉 is plotted against the mixture fraction 

and the progress variable (𝑍 − 𝑃𝑉 − �̇�𝑃𝑉 plot) for various values of scaled 𝑍′′2. As 𝑍′′2 

increases, the �̇�𝑃𝑉 is smeared out over a larger area of the mixture fraction, whilst the 
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absolute value of the �̇�𝑃𝑉 decreases. This leads to relatively higher �̇�𝑃𝑉 values at richer 

mixtures, as is pointed out with the green ellipses in Figures 4.13 and 4.14. 

 

Figure 4.15. Comparisons of the 𝑃𝑉 fields between the simulations, which are based on the Yao 

(left) and the Wang (right) mechanisms, without (top-halves) and with (bottom-halves) TCI  

at quasi-steady condition, 𝑡 = 1.3 [𝑚𝑠]. 

 

Figure 4.16. Comparisons of the �̅̇�𝑃𝑉 fields between the simulations, which are based on the 

Yao (left) and the Wang (right) mechanisms, without (top-halves) and with (bottom-halves) TCI  

at quasi-steady condition, 𝑡 = 1.3 [𝑚𝑠]. 

 

Figure 4.17. Comparisons of the temperature fields between the simulations, which are based 

on the Yao (left) and the Wang (right) mechanisms, without (top-halves) and  

with (bottom-halves) TCI at quasi-steady condition, 𝑡 = 1.3 [𝑚𝑠]. 

The scalar fields of 𝑃𝑉 and its source term, �̇�𝑃𝑉, are plotted in Figures 4.15 and 4.16, for 

the simulations based on the Yao and the Wang mechanisms at quasi-steady condition, 

𝑡 = 1.3 [𝑚𝑠], respectively. The top halves of the figures are for the simulations without 



4. Igniting Diesel Spray Simulations: Turbulence-Chemistry Interaction 

98 

TCI, whereas the bottom halves are for the ones with TCI. It is clearly seen that in both 

cases the chemical reactions begin closer to the injector (see Figure 4.16). 

In Figure 4.17, the scalar fields of temperature are presented. As mentioned before, the 

peak values of the scalars stored in the FGM table, e.g. local temperature, are decreased 

due to TCI. As a result, the local temperature in the reaction zone is lower for the case 

with TCI regardless of the reaction mechanism. Considering the well-mixed model, this 

has a direct impact on the NOx and soot emissions due to their dependency on 

temperature. In order to analyse the impact of TCI on the local temperature, 𝑍 − 𝑇 

scatter plots are shown in Figure 4.18. The scatter plots show that the TCI integration 

yields a locally higher peak temperature, i.e. equilibrium temperature, for rich mixtures 

(𝑍 > 𝑍𝑠𝑡 ≅ 0.045), whilst the peak values are lower around stoichiometry (indicated by 

the purple dashed line in Figure 4.18). 

 

Figure 4.18. Comparisons of the 𝑍 − 𝑇 scatter plots between the simulations,  

with the Yao (top-row) and the Wang (bottom-row) mechanisms, without (left-column)  

and with (right-column) TCI at quasi-steady condition, 𝑡 = 1.3 [𝑚𝑠].  

The peak temperatures without TCI are indicated with the green dashed lines. 
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Figure 4.19. Comparisons of the 𝑂𝐻 species mass fraction fields between the simulations with 

the Yao mechanism without TCI (top-half) and with TCI (bottom-half) at quasi-steady condition, 

𝑡 = 1.3 [𝑚𝑠]. The solid lines show the stated 𝑍 values from lean (𝑍 = 0.010) to rich (𝑍 = 0.125). 

 

Figure 4.20. Comparisons of the 𝑂𝐻 species mass fraction fields between the simulations with 

the Wang mechanism without TCI (top-half) and with TCI (bottom-half) at quasi-steady 

condition, 𝑡 = 1.3 [𝑚𝑠]. The solid lines show the stated 𝑍 values from  

lean (𝑍 = 0.010) to rich (𝑍 = 0.125). 

Furthermore, 𝑂𝐻 is a key species to identify the location of a stable flame, hence the 

lift-off length. In Figures 4.19 and 4.20, the scalar fields of 𝑂𝐻 species mass fraction are 

plotted for the simulations based on the respective Yao and the Wang mechanisms 

with and without TCI at quasi-steady condition. Contour lines for a range of mixture 

fraction values (from lean 𝑍 = 0.010 to rich 𝑍 = 0.125) are plotted to illustrate the 

correlation between the 𝑂𝐻 species and the mixture fraction. 𝑂𝐻 is formed around the 

stoichiometry (𝑍 ≅ 0.045) and close to the equilibrium condition, i.e. around 𝑃𝑉𝑚𝑎𝑥(𝑍). 

The PDF integration of the FGM leads to smearing of the 𝑂𝐻 profiles. Figures 4.19 and 
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4.20 also show that when TCI is accounted for, reactions occur at locally richer mixture 

up to 𝑍 = 0.10 with the Yao mechanism and 𝑍 = 0.090 with the Wang mechanism. For 

the simulations without TCI, 𝑂𝐻 exists up to 𝑍 = 0.070 for both mechanisms. TCI 

integration of the FGM table based on the Wang mechanism also affects the mixture 

fraction (i.e. mixing) downstream of the lift-off length, which is not observed with the 

Yao mechanism. This might be due to the spatial location of the lifted flame that is 

further downstream compared to the case based on the Wang mechanism. 

Downstream of the injector, the magnitude of the velocity decreases. Therefore, the 

change in velocity field due to the combustion is relatively more important since such 

variation in 𝑍 field is not observed in the simulation based on the Yao mechanism when 

TCI is considered. 

Last but not least, the acetylene (𝐶2𝐻2) species mass fraction field is analysed for the 

effect of TCI at quasi-steady condition, see Figure 4.21. We consider 𝐶2𝐻2, because it is 

generally accepted as a soot precursor in literature. This is further discussed in Chapter 

6 in the context of soot modelling. Here, the plots illustrate the chemical mechanism 

dependency of TCI. When TCI is considered for the FGM, the simulation based the Yao 

mechanism shows a decrease in the 𝐶2𝐻2 mass fraction locally, whereas the simulation 

based on the Wang mechanism shows an increase in the mass fraction of 𝐶2𝐻2. 

Acetylene is formed in locally rich mixtures with 𝑃𝑉 ≈ 𝑃𝑉𝑚𝑎𝑥
𝑙𝑜𝑐𝑎𝑙 . The FGM tables show 

higher �̇�𝑃𝑉 close to the 𝑃𝑉𝑚𝑎𝑥
𝑙𝑜𝑐𝑎𝑙 for the Wang mechanism (see Figures 4.13 and 4.14). 

Therefore, smearing out the �̇�𝑃𝑉 due to the PDF integration leads to a larger increase 

in the �̇�𝑃𝑉 in the part of the FGM table where 𝑌𝐶2𝐻2
> 0. 

 

Figure 4.21. Comparisons of the 𝐶2𝐻2 species mass fraction fields between the simulations, 

which are with the Yao (left) and the Wang (right) mechanisms, without (top-halves) and with 

(bottom-halves) TCI at quasi-steady condition, 𝑡 = 1.3 [𝑚𝑠]. 

In summary, the Spray-A simulations at the nominal conditions are analysed for the 

effect of TCI by considering the scalar fields of critical parameters (𝑃𝑉, �̇�𝑃𝑉 and key 

species) and the scatter plots (𝑍 − 𝑇) at quasi-steady condition. TCI integration results 

in smearing out the scalars stored in the FGM tables over a larger range of mixture 
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fractions leading to lower absolute values. However, for the mixture fraction values at 

which the �̇�𝑃𝑉 is low, the PDF integration yields higher source terms than the ones 

without TCI. The results in this chapter also show that TCI has a significant effect on the 

local parameters especially for the lift-off length (i.e. 𝑂𝐻) and the key parameters of 

emission modelling, i.e. temperature and 𝐶2𝐻2 for the well-mixed model used with the 

FGM tabulation. 

4.3. Conclusions 

The Spray-A simulations are analysed to assess the impact of TCI on the global and the 

local parameters of turbulent combustion. The simulations are performed with the FGM 

tables that are generated with the Yao and the Wang mechanisms. For TCI, the FGM 

tables are integrated with a presumed PDF method, i.e. beta-PDF. 

The global analysis shows that the effect of TCI on the ignition delay time, the pressure-

rise, the cumulative heat release and the flame-tip penetration is marginal. The ignition 

delay time is directly related to the �̇�𝑃𝑉 around the stoichiometric value and 𝑃𝑉 ≈ 0, 

i.e. the lower left corner (zone-1) of the plots in Figures 4.13 and 4.14. Variations in �̇�𝑃𝑉 

due to the TCI integration are small in zone-1 of the FGM tables. However, the �̇�𝑃𝑉 in 

the 2nd and 3rd zones indicated in Figures 4.13 and 4.14 are reduced more significantly 

as compared to the 1st zone due to the TCI integration. This leads to decreases in the 

slopes of pressure-rise and the cumulative heat release curves, whilst the maximum 

values stay almost the same when TCI is accounted for. Shapes of the beta-PDF used 

for TCI integration may affect the outcomes driven here. Therefore, further investigation 

on the PDF methods to account for TCI might help to comprehend whether the 

outcomes are independent of the PDF method and beta-shapes applied. 

On the other hand, the effects of TCI on the normalized aROHR (after ignition) and the 

𝑂𝐻 species mass fraction are significant. This is directly related with the changes in the 

2nd and 3rd zone of the FGM table at which 𝑂𝐻 species exists. Simulations with TCI show 

that the maximum 𝑂𝐻 mass fraction value drops to almost half. Also, the lift-off length 

decreases when TCI is accounted for in the FGM tabulation. For the cases with the 

Wang mechanism, the lifted-flame is not stabilized within the duration of the injections. 

This is to be analysed in more details in a future study to comprehend the reason 

behind such behaviour of the Wang mechanism. 

The variance of the mixture fraction decreases towards the tip of the flame due to the 

combustion and the viscous dissipation reducing the turbulent kinetic energy. Hence, 

the flame-tip velocity is not affected by TCI significantly. The flame-foot (lift-off length), 

on the other hand, is extended upstream of the injector due to the TCI integration of 
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the FGM tables yielding an increase in �̇�𝑃𝑉 in 1st and 2nd zones indicated in Figures 4.13 

and 4.14. 

The detailed analysis reveals that the peak values of scalars (e.g. temperature, 𝑂𝐻 mass 

fraction) around stoichiometry are lowered with the TCI integration. However, TCI 

implies higher �̇�𝑃𝑉 at rich conditions; hence, higher 𝑃𝑉, temperature, 𝑂𝐻 and 𝐶2𝐻2 

species mass fractions will occur there. This impacts the perceived lift-off length and 

the 𝐶2𝐻2 field and eventually the soot formation, which is also discussed in Chapter 6. 

Furthermore, the variations in the temperature field may impact the NOx formation 

(e.g. for well-mixed approach) depending on the chemistry modelling approach. 

In conclusion, the Spray-A study shows that TCI has an impact on local parameters, e.g. 

�̇�𝑃𝑉 and 𝑂𝐻 species mass fraction. Even though the lift-off length is significantly altered 

due to the TCI integration, the other global parameters show marginal variations 

compared to the simulations without TCI. Therefore, for the analysis of local parameters 

of turbulent combustion, which are especially critical for emission modelling, TCI is to 

be accounted for in the FGM. 
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Flame Structure Analysis at Spray-A Condition 

In Chapter 3, the global parameters from the turbulent combustion at the Spray-A 

condition are discussed. In this chapter, the study is extended by an in-depth analysis 

of the flame structure that is based on the study published at SAE International 

Conference [99]. This chapter begins with an introduction that details the simulation 

conditions and reduced chemistry methods used for the analysis as well as the outline. 

5.1. Introduction 

In this research, the flame structure is seen as a crucial aspect for the fundamental 

comprehension of turbulent combustion. The information obtained in such 

investigations can be vital for understanding of emission formations, which is discussed 

in the next chapter. As mentioned previously, CFD modelling of reacting sprays 

provides access to information that is hard to acquire otherwise, even with the most 

advanced experimental techniques. This is particularly evident if the combustion model 

accounts for detailed chemical kinetic models to describe the fuel auto-ignition and 

oxidation processes. Complex chemistry also provides the temporal evolution of key 

species closely related to emissions formation, such as polycyclic aromatic 

hydrocarbons (PAHs) that are well-known as soot precursors. 

The present investigation focuses on the analysis of the so-called Spray-A combustion 

characteristics using two different flamelet-based combustion models, namely the FGM 

and the Approximate Diffusion Flame (ADF) [100-102]. This is a result of close 

cooperation with CMT-Motores Termicos from Universitat Politecnica de Valencia 

(UPV). The spray combustion simulations with the ADF model are performed by Ricardo 

Novella and Eduardo Javier Pérez-Sánchez from the CMT group at UPV. Both flamelet 
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models were used and the simulation results are discussed in terms of the temporal 

evolution and localization of key species during auto-ignition and flame stabilization in 

spatial coordinates and in the mixture fraction – progress variable (𝑍 − 𝑃𝑉) space. The 

internal structure of the quasi-steady flame is also discussed so that the localization of 

key species including polyaromatic hydrocarbons (PAHs), e.g. naphthalene which is a 

2-ring polyaromatics (𝐴2), is investigated. Naphthalene is one of the soot precursors as 

described in literature [103]. In this respect, the Narayanaswamy reaction mechanism, 

which is introduced in Chapter 2, is utilized for both models due to the large number 

of species and reactions compared to the other reduced chemical kinetics for  

n-dodecane. It also comprises PAH species (i.e. from 1-ring PAH, 𝐴1, till 4-ring PAH, 𝐴4) 

and relevant reactions in the mechanism. Furthermore, the spatial temperature (𝑇) and 

key species contours and mixture fraction – temperature (𝑍 − 𝑇) maps are analysed. 

Then, the sensitivity of the results to the chemical reaction mechanism and to the 

boundary condition (i.e. mixing line at 𝑡 = 0 [𝑠]) imposed for the applied manifold 

generation are investigated. Finally, the main conclusions extracted from this work are 

summarized and future research paths are identified. 

In the subsequent section, the flamelet-based models are briefly introduced and the 

main differences are emphasized at the level of flamelets. 

5.2. Flamelet-Based Models 

The first model is the FGM model (i.e. FGM-CFD), which is described in Chapter 2 and 

3. The second model is similar to the FGM method, the so-called ADF chemistry 

reduction method. It solves the flamelet equation in mixture fraction space only for the 

progress variable. The 𝑃𝑉 equation for the ADF is formulated as follows:  
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where 𝑎 is the strain rate, 𝜒 is the scalar dissipation rate. It is assumed that 𝐿𝑒 = 1 for 

all species similar to the FGM method. The source terms of 𝑃𝑉, �̇�𝑃𝑉
𝐻𝑅 , are retrieved from 

a tabulated set of representative homogeneous reactors (HR). The scalar dissipation 

rate (𝜒) is described with the following profile  
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see the work of Peters [25]. The term to approximate the diffusion effect in Equation 

5.1 (i.e. the 1st term on the RHS) couples the 𝑃𝑉 between all mixture fractions. Therefore, 
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𝑃𝑉 is now a function of strain rate (𝑎) in addition to mixture fraction and time [100]. 

The source terms of 𝑃𝑉 stored in the ADF look-up table (�̇�𝑃𝑉
𝐴𝐷𝐹) are expressed as the 

rate of change of the 𝑃𝑉, which is evaluated from Equation 5.1, for each 𝑍 as follows: 

 ( ) ( ), , , ,ADF

PV

PV
Z t a Z t a

t



=


. (5.3) 

The ADF method can be viewed as a tabulated chemistry approach applied to a laminar 

flamelet system. The main advantage of the ADF method is that its computational time 

is about 10 times lower than that of the FGM method. However, note that in this 

approach the approximate diffusion does not have a direct effect on the evolving 

chemistry since the homogenous reactors used to generate the look-up table are by 

definition independent from the applied strain. In this work, the HRs are computed with 

the commercial software CHEMKIN [104]. For each 𝑍 value, an adiabatic HR is solved 

assuming a constant pressure constraint. The target variables are finally stored in a 

table as a function of the controlling variables 𝑍 and 𝑃𝑉 similar to the FGM method. 

For the ADF method, the definitions of the 𝑍 and 𝑃𝑉 are the same as in the FGM 

method. 

 

Figure 5.1. Source terms of the 𝑃𝑉 with respect to the controlling variables (𝑍 − 𝑃𝑉) for the 

FGM method (left) and for the ADF method (right) at 𝑎 = 500 [1 𝑠⁄ ] for the Narayanaswamy 

mechanism. The purple dashed line shows the 𝑍𝑠𝑡 ≅ 0.045. 

For both methods, the look-up tables are generated from the corresponding flamelet 

solutions at the nominal Spray-A condition [52]. In Figure 5.1, the source terms of the 

𝑃𝑉 are plotted against the controlling variables and compared between the FGM  

(left) and the ADF (right) models. A first look at the source term of the 𝑃𝑉 as a function 

of 𝑍 and 𝑃𝑉 (Figure 5.1) gives an insight about the basic differences at this level. As 

observed in this figure, both models generate three well-defined zones (referred as 
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zone-1, zone-2 and zone-3) with high 𝑃𝑉 source terms. As mentioned earlier, the 

bottom high 𝑃𝑉 source term zone (zone-1) is related to early ignition species (i.e. 𝐻𝑂2), 

the intermediate zone (zone-2) mainly with intermediate combustion species (i.e. 𝐶𝑂) 

and the top zone (zone-3) with final close-to-equilibrium species (i.e. 𝐶𝑂2). However, 

Figure 5.1 evidences some differences between both models in terms of the extent and 

shape of the three high 𝑃𝑉 source term zones and also the maximum values of the 𝑃𝑉 

source term. Particularly, comparing the results in the bottom zone is interesting, i.e. 

zone-1 in Figure 5.1, since this zone controls the flame ignition characteristics. Higher 

𝑃𝑉 source terms are observed in zone-1 for the ADF model especially in the rich region, 

i.e. 𝑍 up to 0.25. This might be due to two reasons. Firstly, as stated in the ADF model, 

a constant predefined 𝜒(𝑍, 𝑎) profile is imposed while the 𝜒(𝑍, 𝑎) profile evolves in 

time in the FGM approach, as illustrated in Figure 5.2. Besides, 𝜒(𝑍, 𝑎) profile from 

Peters is significantly larger compared to the those of the FGM model which may lead 

to higher source terms (Equation 5.1) especially in rich mixtures (i.e. 𝑍 > 0.1). Secondly, 

the chemistry is decoupled from the diffusive processes since HRs do not account for 

the diffusion term. In the igniting counter-flow diffusion flame (CD-flame) simulation, 

the diffusion of species affects the local conditions and hence the reaction rates. This is 

not present in the ADF method. In Figure 5.2, 𝜒 obtained from the FGM method is 

plotted for 𝑡 = [0, 0.4, 0.6, 0.7, 0.8, 1.0, 1.5] [𝑚𝑠]. In this figure, 𝜒 is shown before  

(𝑡 = 0.4 [𝑚𝑠]) and after (𝑡 ≥ 0.6 [𝑚𝑠]) the ignition and it is compared with the 𝜒 profile 

that is used in the ADF method (i.e. Peters’ profile). 

 

Figure 5.2. Comparison of the scalar dissipation rates (𝜒) evaluated in the FGM method  

(based on the Narayanaswamy mechanism) that varies in time as shown with the red arrow  

and the one used in the ADF method that is fixed in time, i.e. Peters’ profile. 

Figure 5.3 provides a more detailed insight in differences between the FGM and the 

ADF methods. This figure shows the temporal evolution of a representative parameter, 
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𝑇 in this case, for different 𝑍 values from lean (𝑍 = 0.02) to rich (𝑍 = 0.2) conditions. 

According to this figure, the ADF approach generally promotes slightly longer auto-

ignition delays but significantly faster transition from inert to high temperature ignition 

conditions compared to the FGM approach, which shortens the cool-flame ignition 

stage. As will be discussed in the next section, this trend is transferred to the spray 

simulation, where the ADF model predicts a higher reactivity at rich mixtures compared 

to that of the FGM model. 

 

Figure 5.3. Comparisons of the temperature from the flamelet solutions with respect to the time 

for lean, stoichiometric (𝑍𝑠𝑡 ≅ 0.045), and rich mixture fractions for the FGM method (left) and 

for the ADF method (right) at 𝑎 = 500 [1 𝑠⁄ ] with the Narayanaswamy reaction mechanism. 

Note that the coupling of the FGM to the CFD solver is discussed in Chapter 2. The 

same coupling is applied for the ADF method. The case setups for the simulations are 

exactly the same with the reacting nominal Spray-A condition explained in Chapter 3. 

The results of the inert nominal Spray-A condition from both models are included in 

Appendix C.1. 

The subsequent part continues with the results and discussion of the reacting Spray-A 

simulations. 

5.3. Reacting Results and Discussions 

In this section, firstly, the simulation results for the temporal evolution and the 

localization of key species during auto-ignition and at quasi-steady condition are 

discussed and compared between the FGM and ADF methods. Afterwards, the effects 

of the so-called mixing line and the chemical kinetics are investigated with the FGM 

method in a similar fashion. 
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5.3.1. Auto-Igniting Reacting Spray Description 

In this part, the results from the two (i.e. the FGM and the ADF) models are discussed 

for the two key aspects of spray combustion; auto-ignition and flame structure at the 

quasi-steady state (the state after the lifted flame is stabilized as described in  

Chapter 3). Table 5.1 contains the results provided by the models for the two basic 

macro-parameters (viz. global parameters), i.e. auto-ignition delay and lift-off length. 

Table 5.1. Auto-ignition delays and lift-off lengths predicted by the models with the 

Narayanaswamy mechanism compared to the experimental results. 

 Experiment FGM-CFD ADF-CFD 

Ignition Delay [𝒎𝒔] 0.440 0.653 0.559 

Lift-off Length [𝒎𝒎] 16.50 25.58 15.50 

 

 

Figure 5.4. Comparison between the FGM model (left) and the ADF Model (right) in spatial 

coordinates coloured by temperature during the auto-ignition event. The times are selected 

such that the auto-ignition processes from both models can be observed and compared. 

The FGM model predicts a longer auto-ignition delay for the spray combustion than 

that of the corresponding laminar flamelet, i.e. 0.653 [𝑚𝑠] compared to 0.538 [𝑚𝑠] as 

shown in Table 5.1. This is explained by the additional physical delay time required by 

the initial injected fuel for the atomization/breakup and evaporation processes. 
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However, the ADF model predicts a shorter auto-ignition delay for the spray than that 

of the laminar flamelet, 0.559 [𝑚𝑠] compared to 0.625 [𝑚𝑠]. This unexpected result 

seems to be related with the evaluation of the source term of the 𝑃𝑉 (�̇�𝑃𝑉
𝐴𝐷𝐹) from 

Equation 5.3, in which the diffusion term alters the 𝑃𝑉, hence its source term (i.e. 

compared to the �̇�𝑃𝑉
𝐻𝑅). 

Additionally, both models overpredict the experimental auto-ignition delay by around 

0.2 [𝑚𝑠] for the FGM model and 0.1 [𝑚𝑠] for the ADF model. This is mostly caused by 

the chemical reaction mechanism, which is known for predicting too long auto-ignition 

delays as already discussed in Chapter 3 [98]. Figure 5.4 shows the evolution of the 

temperature field during the auto-ignition process, where the differences between the 

models are evident. Both models predict the ignition region at around 25 [𝑚𝑚] to 

30 [𝑚𝑚] from the injector nozzle which is further downstream compared to the  

Spray-A experiment, for which it is around 20 [𝑚𝑚] [92]. This is due to the longer  

auto-ignition delays. 

 

Figure 5.5. Comparison between the FGM Model (left) and the ADF Model (right) for the  

𝑍 − 𝑇 diagrams coloured with the mass fraction of 𝐻𝑂2 during the auto-ignition. 

 The purple line is for the 𝑍𝑠𝑡 condition, 𝑍𝑠𝑡 ≅ 0.045. 

A better insight into the structure of the auto-ignition process is obtained by switching 

from spatial coordinates to mixture fraction space (𝑍 − 𝑇). Figure 5.5 shows the 𝑍 − 𝑇 

maps for the two models coloured by 𝐻𝑂2 mass fraction, which is a species 
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conventionally used as a tracer for the low temperature chemistry. For the FGM model, 

auto-ignition starts at rich conditions (𝑍 around 0.1) and it propagates towards both 

leaner and richer mixture fractions in time. The structure predicted by ADF model is 

different since it predicts much faster propagation towards the lean side. This trend is 

consistent with the differences observed in the laminar flamelets (see Figures 5.1 and 

5.3), where the lean mixture fractions (i.e. for 𝑍 = 0.02 in Figure 5.3) react faster in the 

ADF model than those of the FGM approach. 

There are significant differences in the lift-off length prediction between the two 

models as already reported in Table 5.1. Compared to the experimental value, the FGM 

model over predicts the lift-off length significantly, whereas the ADF model slightly 

under predicts it. The main reason is related to the generally higher 𝑃𝑉 source terms 

close to the mixing line (zone-1) observed for the ADF model manifold in Figure 5.1, for 

lean and also especially for rich mixture fractions. This affects the mixture formation 

due to the alterations in the local ambient conditions since it allows reactions in richer 

mixtures which occur closer to the injector nozzle. This is confirmed in Figure 5.6 

(bottom-row) with higher values for 𝐻𝑂2 species mass fraction, which is one of the very 

first species formed during an auto-ignition event, at rich mixtures (𝑍 > 𝑍𝑠𝑡). 

 

Figure 5.6. Comparison between the FGM Model (left) and the ADF Model (right) for the 

temperature field (top), and the 𝑍 − 𝑇 diagram coloured with the mass fraction of 𝐻𝑂2 

(bottom) at 𝑡 = 1.3 [𝑚𝑠]. The white line is the LOL of the experiment [92].  

The yellow curve is for the equilibrium temperature, 𝑇(𝑍), from the FGM model. 

The purple dashed line is for the 𝑍𝑠𝑡 . 

Figure 5.6 (top-row) shows the temperature field at 𝑡 = 1.3 [𝑚𝑠], close to the end of 

the injection. At quasi-steady condition, the flame establishes around the stoichiometric 
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mixture and surrounds the rich internal region of the spray. The 𝑍 − 𝑇 map coloured 

by 𝐻𝑂2 is also included in Figure 5.6 (bottom-row) and shows that the 𝑍 − 𝑇 zone 

where the auto-ignition tracer is observed is qualitatively similar. Yet, differences 

between models arise in the rich region. The FGM model predicts a mixture fraction 

(𝑍) range between 0.12 and 0.18 where the ignition does not progress up to equilibrium 

whilst mixtures reach to equilibrium below 0.12. The ADF model behaves markedly 

different. The frontier between the reacting and the non-reacting mixture fractions is 

much sharper, with a threshold at 𝑍 = 0.15. From this mixture fraction down to almost 

stoichiometry, the equilibrium is not fully reached. This is confirmed by the slightly 

lower maximum temperatures as compared to the FGM model (yellow equilibrium line) 

which is observed in the region 𝑍𝑠𝑡 < 𝑍 < 0.15 in the 𝑍 − 𝑇 maps, see Figures 5.6 and 

5.7. These differences are also closely related to those observed in Figure 5.1. At the 

rich side, 𝑍𝑠𝑡 < 𝑍 < 0.25, the ADF model manifold has higher 𝑃𝑉 source term values in 

zone-1 (Figure 5.1) compared to the FGM manifold. This leads to a shorter ignition delay 

time. However, in the ADF manifold, the source terms in zone-3 are lower than those 

of the FGM manifold. Therefore, the flame reaches the local equilibrium (i.e. 𝑃𝑉𝑙𝑜𝑐𝑎𝑙
𝑚𝑎𝑥(𝑍)) 

in a longer time with the ADF manifold despite the shorter ignition delay time. 

 

Figure 5.7. Comparisons between the FGM Model (left) and the ADF Model (right) for the  

𝑍 − 𝑇 diagrams coloured with the mass fractions of 𝐶𝐻2𝑂 (top-row) and the two-ring PAH,  

𝐴2, (bottom-row) at 𝑡 = 1.3 [𝑚𝑠]. The purple dashed line is for the 𝑍𝑠𝑡 . 
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𝐶𝐻2𝑂 is a tracer of the low temperature combustion. The 𝑍 − 𝑇 map coloured by 𝐶𝐻2𝑂 

is shown in Figure 5.7 and confirms how this species is located in between the inert and 

the equilibrium regions (i.e. yellow line in Figure 5.7). 𝐶𝐻2𝑂 particularly is concentrated 

in rich mixtures. This result matches with the experimental observations reported in 

literature [105], where 𝐶𝐻2𝑂 is measured in the rich zone of the spray and close to the 

lift-off length. 

The relation between the structure obtained in the reacting spray simulations and the 

prediction of PAH, in particular naphthalene (two-ring aromatic, 𝐴2), is described by 

means of the 𝑍 − 𝑇 map included in Figure 5.7. According to this figure, 𝐴2 is observed 

in rich conditions and only very close to the equilibrium line (yellow line), which is logical 

considering the time needed to chemically convert the PAH precursors such as 

acetylene (𝐶2𝐻2) into 𝐴2. Therefore, the smaller region of 𝐴2 in the 𝑍 − 𝑇 map and the 

lower maximum mass fraction are obtained with the ADF model despite its shorter lift-

off length estimation. This is, in fact, consistent with that the ADF model does not reach 

the equilibrium 𝑃𝑉 values at rich mixtures (where the local maximum 𝑃𝑉 is below yellow 

line in Figures 5.6 and 5.7). According to the laminar flamelet results, most of 𝐴2 is 

formed in this zone. 

Consequently, these results confirm how the basic differences in the laminar flamelets 

and the manifolds have a direct impact on the global parameters and the quasi-steady 

flame structure. The latter will lead to significant differences in prediction of emissions 

such as PAHs. However, it should be noted that this is in the absence of a turbulence-

chemistry interaction model which may reduce the differences. 

5.3.2. Effect of Mixing Line 

The manifold generation for the pre-processed chemistry requires a simulation of an 

igniting flame with a so-called mixing line as the initial condition (as discussed in 

Chapter 3, in Section 3.2.2). Therefore, in this part, the reacting simulations are repeated 

with the FGM and ADF look-up tables generated with new sets of flamelets which are 

solved with the mixing lines that account for heat loss due to fuel evaporation. 

It is shown in Table 5.2 that the global parameters are significantly increased for both 

models when the mixing lines are corrected by accounting for the fuel evaporation. 

Considering for fuel evaporation, in fact, results in a reduced fuel-side boundary 

temperature. This decrease in the temperature reduces the reaction rates (source 

terms), which leads to longer auto-ignition delays. A secondary effect is that the most 

reactive mixture fraction (green dashed line) shifts towards the leaner side as depicted 

in Figure 5.8. Here, the black points are for the cases without considering fuel 
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evaporation, whilst the coloured points are for the cases with the corrected mixing lines. 

As the mixture fraction field becomes leaner downstream of the nozzle, the reduced 

reaction rates at richer mixture results in longer lift-off lengths. 

Table 5.2. Comparison between the models for the effect of the evaporation of the fuel  

(i.e. mixing line described in Chapter 3, in Section 3.2.2) on the auto-ignition delays  

and the lift-off lengths compared to the experimental data. 

 Experiment FGM Model ADF Model 

 w/ evap. w/ evap. w/out evap. w/ evap. w/out evap. 

Ignition Delay 
[𝒎𝒔] 

0.440 0.766 0.653 0.784 0.559 

Lift-off Length 
[𝒎𝒎] 

16.50 29.40 25.58 20.14 15.50 

 

 

Figure 5.8. Comparison between the FGM Model (left) and the ADF Model (right) for the 𝑍 − 𝑇 

diagrams coloured with the mass fraction of 𝐻𝑂2 during the auto-ignition, the red line is for 

the 𝑍𝑠𝑡 . Black dots are the results from the simulations with 𝑇𝑓𝑢𝑒𝑙
𝑔𝑎𝑠

= 𝑇𝑓𝑢𝑒𝑙
𝑙𝑖𝑞𝑢𝑖𝑑

= 363 [𝐾].  

The purple line is for the 𝑍𝑠𝑡 . 
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Figure 5.9. Comparison between the FGM (left) and the ADF (right) models for the temperature 

field (top), and for the 𝑍 − 𝑇 diagram coloured with the mass fraction of 𝐻𝑂2 (bottom) at 𝑡 =

1.3 [𝑚𝑠]. The white line is the lift-off length from the experiment. Black dots are the results 

from the simulations with 𝑇𝑓𝑢𝑒𝑙
𝑔𝑎𝑠

= 𝑇𝑓𝑢𝑒𝑙
𝑙𝑖𝑞𝑢𝑖𝑑

= 363 [𝐾]. The purple dashed line is for the 𝑍𝑠𝑡 . 

 

Figure 5.10. Comparisons between the FGM Model (left) and the ADF Model (right) for the  

𝑍 − 𝑇 diagrams coloured with the mass fraction of 𝐶𝐻2𝑂 (top-row) and the two-ring PAH, 

 𝐴2, (bottom-row) at 𝑡 = 1.3 [𝑚𝑠]. The purple dashed line is for the 𝑍𝑠𝑡 . 
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Figure 5.11. Effect of corrected mixing line on the Z-T diagram are shown  

for the results from the FGM model (left) and the ADF model (right)  

without (black dots) and with (red dots) fuel evaporation. 

Similar to the igniting regime, in the quasi-steady condition, the shift of the reaction 

zone towards leaner mixtures is also observed in 𝑍 − 𝑇 scatter diagrams (Figures 5.9 

and 5.10). In the igniting zone (𝑇 < 2000 [𝐾]), the local temperatures are lower for the 

cases with the corrected mixing line due to the reduced source terms. However, on the 

left-hand side of the blue dashed line in Figure 5.11, the differences between the local 

temperatures obtained with (red) and without (black) considering the fuel evaporation 

are not large. With the corrected mixing line, the typical drops in the peak 

temperatures, at which quasi-steady state is reached, are less than 5 [𝐾]. Similar drops 

in temperature are also observed near 𝑍𝑠𝑡 . On the other hand, at richer mixtures (i.e. 

right hand-side of the blue dashed line), the local temperatures and the mass fractions 

of the species (𝐻𝑂2, 𝐶𝐻2𝑂, and 𝐴2 in Figures 5.9 and 5.10, respectively) are significantly 

reduced when the fuel evaporation is considered. This happens because the effect of 

evaporation is larger where the fuel concentration is higher (i.e. richer mixtures). 

5.3.3. Effect of Chemical Reaction Mechanism 

In the previous section, it is shown that evaporation has a significant effect on the main 

flame characteristics. Besides evaporation, also a chemical reaction mechanism applied 

in a flamelet generation plays an important role. In this section, the mechanisms of 

Narayanaswamy (used so far in this chapter) and Yao (see Chapter 2) are assessed in 

terms of the predicted flame structure using the FGM model. Similar to the previous 

parts, the results are analysed with 𝑍 − 𝑇 maps coloured by species and temperature 

fields in addition to the comparisons of the global parameters (i.e. auto-ignition delay 

and lift-off length). 
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In Chapter 2, the differences in the flamelet results and eventually the FGM look-up 

tables are illustrated in Figure 2.8 (with the comparison of the source term of 𝑃𝑉) and 

Table 2.2 (with the comparison of the auto-ignition delay times). Additionally, in 

Chapter 3, the effect of the chemical kinetics on the global parameters is discussed 

comprehensively. In this section, the sensitivity of the local parameters on the chemical 

kinetics is investigated. Interpretation of the local parameters is a key for the analysis 

and comprehension of the global parameters (i.e. auto-ignition delay time and lift-off 

length) as well as emissions. Soot and NOx emissions are strongly dependent on local 

parameters, such as local temperature and species concentrations, similar to the other 

species. Therefore, analysis of the local parameters may improve the understanding of 

these emission formations. 

The results for the auto-ignition delays and the lift-off lengths are compared for both 

reaction mechanisms. It is observed that the Yao mechanism results in much shorter 

ignition delay, 0.298 [𝑚𝑠], and lift-off length, 13.52 [𝑚𝑚], compared to the results with 

the Narayanaswamy mechanism in Table 5.1. In Figure 5.12, the ignition behaviour of 

both mechanisms is compared in 𝑍 − 𝑇 space coloured with the mass fraction of 𝐻𝑂2.  

 

Figure 5.12. Comparison between the reaction mechanisms Narayanaswamy (left) and Yao 

(right) for the 𝑍 − 𝑇 diagrams coloured with the mass fraction of 𝐻𝑂2 during the auto-ignition. 

The purple line is for the 𝑍𝑠𝑡 . 
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It is seen that the Yao mechanism (right-side) is much more reactive on the rich mixture 

side. Moreover, the peak values of 𝐻𝑂2 are higher for the Yao mechanism. Higher mass 

fractions of species indicate that source terms of the species are higher, and this leads 

to a shorter auto-ignition delay. 

Additionally, in the quasi-steady state, the lift-off lengths are compared in the spatial 

temperature fields in Figure 5.13. The existence of higher source terms on the richer 

side (𝑍 > 0.12) results in a shorter lift-off length. Compared to the results based on the 

Narayanaswamy mechanism, the flame ignites at richer conditions when the Yao 

mechanism is used for tabulation. Also, higher reactivity of the Yao mechanism at richer 

conditions allows the flame to stabilize closer to the nozzle (i.e. shorter lift-off length). 

Similarly, the 𝑍 − 𝑇 fields with the 𝐻𝑂2 and 𝐶𝐻2𝑂 mass fractions shown in Figure 5.14 

illustrate that the reaction occurs in a broader range of mixture fractions when the Yao 

mechanism is used for tabulation. The results also show higher 𝐻𝑂2 and 𝐶𝐻2𝑂 mass 

fractions compared to the results based on the Narayanaswamy mechanism, see Figure 

5.6 (left-side) and 5.7 (top-left side), respectively. 

 

Figure 5.13. Comparison between the reaction mechanisms Narayanaswamy (left) and Yao 

(right) for the 𝑇 field in the spatial domain at 𝑡 = 1.3 [𝑚𝑠],  

white line is the lift-off length of the experiment. 

 

Figure 5.14. 𝑍 − 𝑇 diagrams coloured with 𝐻𝑂2 (left) and 𝐶𝐻2𝑂 (right) at 𝑡 = 1.3 [𝑚𝑠]  

for the Yao reaction mechanism. The purple dashed line is for the 𝑍𝑠𝑡 . 
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Figure 5.15. Comparison between the reaction mechanisms Narayanaswamy (left) and Yao 

(right) for the 𝑍 − 𝑇 diagrams coloured with the mass fraction of 𝐶2𝐻2 at 𝑡 = 1.3 [𝑚𝑠].  

The purple dashed line is for the 𝑍𝑠𝑡 . 

Last but not least, 𝑍 − 𝑇 maps coloured with 𝐶2𝐻2 are shown in Figure 5.15. These can 

be used to assess the sensitivity of the reaction mechanisms for this soot precursor. 

Preferably, PAHs should be studied but these are not available in the Yao mechanism. 

Therefore, 𝐶2𝐻2 is chosen to compare since it is commonly accepted as a soot precursor 

in literature [103, 106]. As can be seen in the 𝑍 − 𝑇 maps, 𝐶2𝐻2 is formed in rich mixtures 

at elevated temperatures, at which also PAHs are formed, see Figure 5.15. However, the 

values of the mass fractions significantly differ for each mechanism (i.e. 1-2 orders of 

difference), which is expected to lead to a significant difference in the resulting amount 

of soot. It should be noted that in the Narayanaswamy mechanism, 𝐶2𝐻2 is also 

converted into PAHs (in addition to oxidation), which is not the case for the Yao 

mechanism. This aspect should be further analysed by tracking the pathways of PAHs 

formations and 𝐶2𝐻2 consumption. However, this is beyond the scope of this study. 

In the next section, the main conclusions and the future research paths are discussed. 

5.4. Conclusions 

In the present study, the performance of two different flamelet-based CFD combustion 

models, the FGM and the ADF, is investigated. The most relevant characteristics of 

Spray-A are described in terms of the transient auto-ignition process, the flame 

stabilization and the internal flame structure at quasi-steady condition. Besides, the 

impacts of the construction of the initial mixing line and the chemical reaction 

mechanism are analysed. 

The main difference between the FGM and the ADF method is the way the laminar 

flamelet solutions are obtained to build the manifold for the CFD simulations. The ADF 

method solves a 𝑃𝑉 equation in the mixture fraction space applying a constant scalar 
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dissipation rate profile. Its source term is retrieved from precomputed HR solutions. The 

FGM method, on the other hand, solves a one-dimensional counter-flow diffusion 

flame in a physical space for all species, enthalpy and velocity. The scalar dissipation 

rate consequently is a function of mixture fraction and time. Although the inert 

conditions are essentially the same, these fundamental differences between the FGM 

and ADF models lead to significant deviations in the flame structure. 

Both models predict longer ignition delays than that of the experiment, which is 

partially due to the reaction mechanism since it has been noted in literature that the 

Narayanaswamy mechanism yields longer ignition delays compared to the 

experimental data. Although the FGM model predicts the initial stage of the ignition 

earlier than the ADF method, the completion of the second-stage takes longer. As a 

result, a slightly longer auto-ignition delay is predicted by the FGM model. The resulting 

flame structures during ignition for both models are also different due to the fact that 

the ADF model shows larger source terms in rich mixtures. This is essentially the most 

important difference between the two models and is related to the quasi-steady flame 

structure, yielding a longer lift-off length in the FGM model than in the ADF model. 

The ADF model reacts at richer mixture fractions and this yields a shorter lift-off length 

compared to the FGM model, which affects the flame structure and species mass 

fractions. This is particularly relevant for soot modelling as this typically occurs at these 

rich conditions. The sensitivity of the spray flame structure to the differences on the rich 

side of the laminar flamelets has been confirmed. 

The mixing line significantly affects the reaction rates which depend on the 

temperature. Accounting for the heat loss due to the evaporation of the liquid fuel 

leads to lower temperatures especially in rich mixtures. This reduces the source terms 

and also shifts the reaction zone towards leaner conditions in the mixture fraction 

domain. Especially, our results show that the auto-ignition delay is prolonged due to 

the slower chemistry. The lift-off length depends on the mixing line as well. This is 

mainly because of the shift in the reacting zone towards leaner mixtures, which leads 

to a higher lift-off length. In this respect, accounting for the evaporation of the liquid 

fuel alters the global parameters significantly. 

Flamelet evaluations rely on the chemical kinetics since source terms are computed 

with respect to reaction rates defined in a chemical reaction mechanism. Similar to the 

effect of the mixing line, changes and shifts in the source terms alter the ignition delay 

and the lift-off length directly. The flamelet results show that reaction mechanisms 

yielding lower source terms close to the mixing line give a rise to longer ignition delay 

and lift-off length. Furthermore, the CFD results show that highly reactive (at rich 
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conditions) chemical reaction mechanisms (i.e. the Yao mechanism rather than the 

Narayanaswamy mechanism) result in a shorter ignition delay and lift-off length due to 

the higher source terms and their existence in rich mixtures. 

In conclusion, the comparisons between the FGM and ADF methods show that the 

diffusion term in the flamelet equations plays a crucial role on the global and local 

parameters that are investigated in this study. Therefore, it should be considered in the 

flamelet equations. Furthermore, laminar flamelets for pre-processed chemistry (e.g. 

FGM manifold) are to be generated by accounting the liquid fuel evaporation for spray 

combustion modelling. Last but not least, the importance of the chemical reaction 

mechanism on combustion modelling is shown by using two different n-dodecane 

reaction mechanisms (i.e. the Yao and the Narayanaswamy mechanisms). Ideally, a 

reaction mechanism should predict the auto-ignition of spray combustion correctly. For 

auto-ignition and lift-off length, the reactivity at rich mixtures (𝑍 > 𝑍𝑠𝑡) is key. This is, 

however, hardly studied when reaction mechanisms are validated. Among the available 

reduced n-dodecane reaction mechanisms (mentioned in Chapter 2), the large 

mechanisms that consider more species including PAHs and/or NOx species and 

reactions (e.g. Narayanaswamy) fail to predict the global parameters (e.g. ignition delay 

and lift-off length) of the Spray-A condition compared to the experimental results. This 

may lead to serious issues in the IC engine simulations such as misfire predictions due 

to the varying in-cylinder conditions, i.e. piston motion. Hence, correct prediction of 

the ignition delay in engine simulations is crucial to estimate the global and local 

parameters accurately. 
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A Preliminary Study of Emission Modelling 

This chapter contains a preliminary study of emission modelling of soot and NOx by 

extending the FGM method. Here, the details of the FGM extension for emission 

modelling are discussed and the simulation results are compared with the 

corresponding experiments. This work is previously published and presented at 9th 

International Conference on Modeling and Diagnostics for Advanced Engine Systems 

(COMODIA 2017) [107]. In the next part, the significance of emissions (i.e. soot and NOx) 

and their impact on the environment are introduced and the main aspects of the study 

are described. 

6.1. Introduction 

Emissions are a key aspect in engine development. The ability to model them in 

numerical studies is necessary to comprehend their sources and reduce or avoid their 

formations. Diesel spray combustion is prone to soot and nitrogen oxides (NOx) 

emissions. Legislation (e.g. EURO norms) all around the globe imposes severe limits on 

these emissions because of their adverse effects on health and environment such as 

respiratory problems, global warming and acid rains that deteriorate water quality. In 

addition to that, soot formation leads to a loss in thermal efficiency due to heat loss 

through radiation and late or no oxidation of soot particles. Modelling of soot and NOx 

emissions is crucial to understand and reduce their formations. However, this is 

challenging especially in diesel engine operating conditions. At high ambient 

temperatures and pressures, it is hard to estimate the reaction rates of soot formation 

and oxidation correctly. Soot formation is a very complex phenomenon including 

chemical and physical processes in the gas and the solid phases. In addition to that, 
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there is no unique definition for the composition of the soot particles. Furthermore, the 

chemical time scales of soot and NOx formation especially differ from those of other 

species in the combustion process. This makes modelling of them even more 

challenging. To circumvent such difficulties, the FGM reduced chemistry modelling 

method is extended to enable the calculation of soot and NOx emissions. 

For the modelling of soot, there are generally three methods: empirical, semi-empirical 

and detailed models. The empirical models are utilized to predict soot emission from 

experimental data obtained at similar operating conditions. However, empirical models 

lack detailed information about chemical and physical processes of soot formation and 

oxidation. In semi-empirical models, soot emission is modelled in steps, such as 

nucleation, growth, oxidation and coagulation (e.g. multi-step phenomenological 

model). Even though semi-empirical models necessitate optimization with respect to 

experimental data, they are more robust models compared to empirical ones. Detailed 

soot kinetics models are the most versatile ones compared to the other two methods. 

Moreover, detailed models can lead to more accurate results and detailed particle 

information at the expense of computational cost. In this study, a two-equation (i.e. for 

the soot mass fraction and the soot number density) multi-step phenomenological 

(MSP) soot model is coupled with the gas-phase reactions by Yigit H. Akargun [107]. 

Moreover, the gas-phase reaction mechanism includes NOx species and reactions. Two 

different soot kinetics models are used which utilize either 𝐶2𝐻2 or PAH as the  

soot-precursor. 

The flamelet database is generated at the nominal Spray-A condition which now 

includes emission information, i.e. NOx and soot carbon concentrations, and the soot 

particle number density. The flamelet data is stored in a look-up table, i.e. the FGM 

manifold, with respect to the controlling variables: mixture fraction and progress 

variable as introduced in Chapter 2. Firstly, in the mixture fraction domain, the flamelets 

are analysed to characterize the soot formation and oxidation, and nitrogen monoxide 

(𝑁𝑂) formation. NOx emissions (𝑁𝑂 + 𝑁𝑂2) mainly comprise 𝑁𝑂; therefore, only 𝑁𝑂 

emission is investigated in this study. Furthermore, the definition of the 𝑃𝑉 is optimized 

for key parameters, i.e. soot and 𝑁𝑂, in order to improve its predictive capabilities. 

Finally, the FGM is coupled with the CFD as discussed in Chapter 2. At the Spray-A 

conditions, there is no experimental data available in the ECN database for NOx. 

Nevertheless, the simulations are performed at the nominal Spray-A condition. The 

simulation results are analysed by comparing them with the available experimental data 

for soot in terms of optical thickness, soot volume fraction and total soot mass. At the 

end of the chapter, the outcomes of this study are discussed in the conclusion section. 



6. A Preliminary Study of Emission Modelling 

123 

In the next part, the details of the NOx and the two-equation soot modelling are 

described. 

6.2. Soot and NOx Emission Modelling 

The main focus of this study is the extension of the FGM method for soot and NOx 

predictions in diesel spray combustion. Therefore, the reaction rates in the soot kinetics 

are not specifically tuned for the simulation conditions and the gas-phase reaction 

mechanism used. Instead, the soot kinetics are adopted from Leung et al. [108] and 

Vishwanathan et al. [109] in which 𝐶2𝐻2 and 𝐴4 (a PAH species) are used as  

soot-precursors, respectively. The cases in this chapter are referred to after the soot-

precursor species used in the soot modelling, i.e. the 𝐶2𝐻2 case or the PAH case. 

In this study, a chemical reaction mechanism for n-dodecane surrogate fuel 

(Narayanaswamy, see Chapter 2) is used for the gas-phase reactions. The gas-phase 

mechanism is extended to include the NOx kinetics model from GRI 3.0 [110]. The 

resulting mechanism comprises 253 species and 1437 reactions in total. The reason for 

this specific choice is that the Narayanaswamy reaction mechanism includes 1-ring to 

4-ring PAHs (e.g. Benzene, 𝐶6𝐻6 or 𝐴1, and Pyrene, 𝐶16𝐻10 or 𝐴4) which can be used as 

soot precursors [103]. Small reaction mechanisms, such as the Yao and Cai, do not 

comprise PAHs. In the absence of PAHs, generally 𝐶2𝐻2 is used as a soot-precursor. It 

plays a crucial role in formation of PAHs and soot particle inception as well as soot 

surface growth. The interaction between the gas and the soot particles is schematically 

illustrated in Figure 6.1. It can be seen that after the soot particles are formed, they can 

grow via surface growth and coagulation or oxidize reducing the soot particle mass. 

 
Figure 6.1. Schematics of the soot kinetics integrated with the CHEM1D laminar flamelet solver. 

R1 – R7 are the principal reactions in the soot formation and oxidation processes. 
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The NOx related species and reactions are embedded in the gas-phase kinetics. 

However, for the soot formation, two extra transport equations need to be added to 

the flamelet solver that differ from the gas-phase transport equations. These two 

additional equations describe the soot mass fraction (𝑌𝑠) and the soot number density 

(𝑁𝑠 [𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑘𝑔⁄ ]) which are given by  
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where 𝐷 is the laminar diffusivity, �̅̇�𝑌𝑠
 is the mean source term of the soot mass fraction 

(𝑌𝑠) and �̅̇�𝑁𝑠
 is the mean source term of the soot number density (𝑁𝑠). According to the 

schematics shown in Figure 6.1, the source terms are  
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Here, 𝑀𝑠 is the molar mass of the soot particle, 𝑛𝐶 is the number of carbon atoms in 

the soot precursor (e.g. 2 for 𝐶2𝐻2 or 16 for 𝐶16𝐻10), 𝑅 is the reaction rate [𝑘𝑚𝑜𝑙 𝑚3 𝑠⁄⁄ ] 

with the subscript indicating the process shown in Figure 6.1, 𝐶𝑚𝑖𝑛 is the average 

number of carbon atoms in the incipient soot particle (i.e. 700 in this study) and 𝑁𝐴 is 

Avogadro’s Number. The reaction rates for the soot inception are taken from the work 

of Leung et al. [108] and Vishwanathan et al. [109] for the soot-precursors 𝐶2𝐻2 and 𝐴4, 

respectively; 

   ( )( )4

 1 2 2 1 10 exp 21000R C H T=   −    and (6.5) 

   ( ) 2 4 2000R A=   (6.6) 

where the species in square brackets indicates the species concentration and 𝑇 is the 

temperature. The reaction rate of the surface growth, for which only 𝐶2𝐻2 is considered 

[108], is expressed as follows:  

   ( )( )4
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where the particles are assumed to be spherical, 𝑆 is the specific surface area of soot, 

𝑑𝑝 is the soot particle diameter and 𝜌𝑠 is the density of the soot (assumed to be 

2000 [𝑘𝑔 𝑚3⁄ ]). The reaction rate of the coagulation process, i.e. the rate at which soot 

particles merge, is given by  
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where 𝑀𝐶𝑠
 is the molar mass of soot and 𝑘𝑏 is the Boltzmann constant. The oxidation 

of soot is modelled with the reactions between soot and 𝑂2, 𝑂𝐻 and 𝑂 species. The 

reaction rate with 𝑂2 species (𝑅5) is based on the Nagle and Strickland-Constable 

model [111]. The other reaction rates with 𝑂𝐻 (𝑅6) and 𝑂 (𝑅7) species are based on the 

work of Moss et al. [112] and the kinetic model of Bradley et al. [113], respectively. They 

are given by  
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where 𝑘𝐴, 𝑘𝐵 , 𝑘𝑇 and 𝑘𝑍 are the model coefficients described in the work of Zimmer et 

al. [114]. 𝑃𝑖 is the partial pressure of species 𝑖, which is linked to the total pressure 𝑃 by 

𝑃𝑖 = 𝑋𝑖 ∙ 𝑃. 

The FGM method is used to store the flamelet data with respect to the controlling 

variables for 𝑍 and 𝑃𝑉. The definition of 𝑍 is described in Chapter 2. As mentioned 

earlier, the definition of 𝑃𝑉 is critical for combustion modelling in order to capture the 

key species of the combustion reactions. In this work, a particular 𝑃𝑉 definition is 

selected such that it captures the ignition, the quasi-steady state flame as well as the 

emissions. The new 𝑃𝑉 definition includes some key species for the ignition process 

(𝐻𝑂2, 𝐶𝐻2𝑂, 𝐶𝑂, 𝐶𝑂2 and 𝐻2𝑂 as discussed in Chapter 2) and some species for soot 

and NOx (𝐶2𝐻2, 𝐶2𝐻4, 𝐶3𝐻3, 𝐶4𝐻2, 𝐶6𝐻2, 𝐴2𝐶2𝐻𝐴, 𝐴2𝐶2𝐻𝐴∗, 𝐴2𝐶2𝐻𝐵, 𝐴2𝐶2𝐻𝐵∗, 𝐴2𝑅5
−, 
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𝐻𝑁𝐶𝑂, 𝑁𝐶𝑂, 𝑁𝑂 and 𝑁𝑂2). The new definition is optimized manually, which is a tedious 

but necessary process, and given in Appendix D.1. The previously defined 𝑃𝑉 (the 

default 𝑃𝑉 from Chapter 2) is not able to capture the emissions since soot and 𝑁𝑂 

species are concentrated in a narrow band in the FGM, which cannot be resolved 

properly. However, the new definition improves the resolution in the region where soot 

and 𝑁𝑂 species present as illustrated in Figures 6.2 and 6.3. 

 
Figure 6.2. Comparison of the tabulated soot mass fractions from the PAH case as a function of 

𝑍 and default 𝑃𝑉 described in Chapter 2 (left) and the new 𝑃𝑉 (right) definitions. The dashed 

lines indicate the equilibrium (i.e. quasi-steady state) of the corresponding FGM table. 

 
Figure 6.3. Comparison of the tabulated 𝑁𝑂 mass fractions the PAH case as a function of 𝑍 and 

default 𝑃𝑉 described in Chapter 2 (left) and the new 𝑃𝑉 (right) definitions. The dashed lines 

indicate the equilibrium (i.e. quasi-steady state) of the corresponding FGM table. 

Next, simulations are performed with the FGM-CFD (i.e. FGM-RANS) model at the 

nominal Spray-A condition with sub-models and related coefficients as described in 

Chapter 2 and Chapter 3. In this study, the fuel evaporation effect on the fuel-side 

boundary, which is explained in Chapter 3 and 5, is not included in the flamelet 
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solutions. The emissions, soot and 𝑁𝑂, are directly retrieved from the look-up table 

together with their source terms to analyse whether they are consistent with each other. 

A common alternative is to retrieve soot and 𝑁𝑂 source terms from the FGM table and 

transport them in the CFD domain. In this way, the history effect is included which is an 

important aspect for IC engine applications. Yet, this is not considered in this study. 

This is to be studied in a future work. 

In the subsequent part of this chapter, the results of the simulations are discussed for 

a 1-D laminar flame and in a 2-D FGM-RANS framework. 

6.3. Results and Discussions 

The gas-phase reaction mechanism that is coupled with the soot kinetics is solved in 

the 1-D detailed flame solver, i.e. CHEM1D, for the time-dependent igniting CD-flames 

at the nominal Spray-A condition. Afterwards, the flamelet data is stored in the FGM 

table. The analysis is carried out in two parts, i.e. for a 1-D laminar flame and in a 2-D 

FGM-RANS framework. 

In Figure 6.4, the flame structure in the 1-D framework, in which 𝐴4 is used as the soot 

precursor, is given at quasi-steady state. Here, the fuel stream is introduced from the 

left of the domain, whilst the oxidizer is introduced from the right of the domain. The 

normalized mass fractions of soot and 𝑁𝑂 and the key species’ mass fractions are 

presented in Figure 6.4. The stagnation plane is at 𝑥 = 0 [𝑚𝑚] and the stoichiometric 

condition (indicated with the red dashed line) is established on the oxidizer side. Soot 

is observed at the location where 𝐶2𝐻2 and 𝐴4 are found. The formation of thermal 𝑁𝑂 

involves interactions of some key species, i.e. mainly 𝑂2, 𝑁2, 𝑂, 𝑁 and 𝑂𝐻 species at 

high temperatures. The maximum temperature is found near the stoichiometric 

condition. In this respect, 𝑁𝑂 is formed also near the stoichiometric line, where the 

reaction rate of 𝑁𝑂 is at its maximum (see Figure 6.5). In Figure 6.5, the source terms 

of soot and 𝑁𝑂 [𝑚𝑜𝑙 𝑐𝑚3 𝑠⁄⁄ ] are shown as a function of time and equivalence ratio, 

which is connected to the mixture fraction as given by  
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In Figure 6.5, it is confirmed that 𝑁𝑂 is formed near the stoichiometric condition 

(𝜙 = 1) and soot is formed at the fuel-rich part of the flame (𝜙 > 1). In a flamelet, 

even though they are formed at different equivalence ratios, soot and 𝑁𝑂 can exist in 

the same region due to diffusion, as is found in Figure 6.4. 
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Figure 6.4. Mass fractions of key species, the normalized mass fractions of soot and 𝑁𝑂 and the 

temperature (bottom-plot) from the flamelet at the nominal Spray-A condition for the PAH 

case. The red dashed line indicates the position where 𝑍 = 𝑍𝑠𝑡 ≅ 0.045. 

 
Figure 6.5. Source terms of soot [𝑚𝑜𝑙 𝑐𝑚3 𝑠⁄⁄ ] and 𝑁𝑂 [𝑚𝑜𝑙 𝑐𝑚3 𝑠⁄⁄ ] as a function of time and 

equivalence ratio from the laminar flamelet at the nominal Spray-A condition for the PAH case.  

The auto-ignition delay time is depicted with the blue dashed line. 
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Figure 6.6. Maximum soot volume fraction in time (left-plot). The soot nucleation rates 

[𝑚𝑜𝑙 𝑐𝑚3𝑠⁄ ] by 𝐶2𝐻2 and 𝐴4 and the temperature from the PAH case as a function of the 

mixture fraction are given in the right-plot. The red dashed line is at 𝑍𝑠𝑡 . 

In this study, the soot nucleation with 𝐶2𝐻2 and 𝐴4 soot-precursors adopted from 

respectively Leung et al. [108] and from Vishwanathan et al. [109] are compared. In 

Figure 6.6 (left-plot), it is seen that the maximum soot volume fraction of the soot 

nucleation model with 𝐴4 (PAH case) increases slightly later but reaches higher values 

compared to the soot nucleation with 𝐶2𝐻2. In the model of Vishwanathan (i.e. PAH 

case), the reaction rate for the soot nucleation by 𝐴4 does not depend on temperature. 

The peak nucleation rate of the PAH case is significantly higher compared to the 𝐶2𝐻2 

case and also shows a different trend, see Figure 6.6 (right). 𝐴4 is formed at the fuel rich 

and hot regions and diffuses to colder regions. Since the reaction rate constant in the 

model does not depend on temperature (Equation 6.6), it results in high nucleation 

rates even at low temperatures as seen in Figure 6.6. This is not expected because 

reaction rates of species mostly depend strongly on temperature. As the temperature 

decreases, the reaction rate for the soot nucleation should decrease as well (from 

Arrhenius equation). 

Prior to the analysis of the CFD results, it is helpful to look into key parameters of the 

FGM table. In this way, the impact of the new 𝑃𝑉 definition on key parameters of the 

emissions (i.e. source term of 𝑃𝑉, temperature and mass fractions of soot and 𝑁𝑂) can 

be observed. Only the FGM table of the PAH case is shown in Figure 6.7, because the 

differences between the FGM tables from the two different soot nucleation models are 

marginal. Only the maximum of the 𝑃𝑉 differs between the PAH and 𝐶2𝐻2 cases as can 

be seen in Figure 6.8 from the equilibrium line (blue dashed line). Here, the source term 

of the new 𝑃𝑉, the temperature and the mass fractions of soot and 𝑁𝑂 are plotted as 

a function of 𝑍 and 𝑃𝑉. The source term of 𝑃𝑉 and the temperature plots (top-row) 

depict that reactions can occur at mixture fractions up to 0.4. In richer mixtures, the 

source terms drop to almost zero and the temperature is below the ambient 
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temperature. The maximum temperatures are obtained near 𝑃𝑉 = 0.25. In the bottom-

row, on the other hand, the mass fraction plots show that the emissions are formed at 

higher 𝑃𝑉 values. Soot is formed at rich mixtures, whilst 𝑁𝑂 is mostly formed near 

stoichiometry. With the new definition of the 𝑃𝑉, the resolution near the equilibrium 

line is increased. In fact, the fast processes (ignition and evolution towards a nearly 

stationary flame) are governed by zone 1-3 with higher source terms, which are also 

present in the FGM tables with the old 𝑃𝑉 definition. The slow progression afterwards 

is governed by a new zone-4. This corresponds to the time-scales of the soot and 𝑁𝑂 

formation. With the old 𝑃𝑉 definition, this was captured badly and it prohibited an 

accurate description of the emission processes within the FGM concept. Nevertheless, 

the global parameters are hardly affected by the new 𝑃𝑉 definition where the ignition 

delay and the lift-off length are 0.647 [𝑚𝑠] and 22.5 [𝑚𝑚], respectively, whereas they 

were found 0.602 [𝑚𝑠] and 22.5 [𝑚𝑚], respectively, with the old 𝑃𝑉 definition. 

 

Figure 6.7. The FGM table from the PAH case with the new 𝑃𝑉 definition showing the source of 

the 𝑃𝑉 (top-left), the temperature (top-right) and the mass fractions of soot (bottom-left) and 

𝑁𝑂 (bottom-right). The dashed lines show the location of 𝑍𝑠𝑡 (red) and 𝑍 = 0.4 (green). 
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In Figure 6.8, the 𝑍 − 𝑃𝑉 scatter plots from the FGM-CFD simulations for the 𝐶2𝐻2 and 

PAH cases are shown. It is seen that the combustion occurs near the equilibrium line 

(blue dashed line) with the mixtures up to 𝑍 = 0.1, where soot and 𝑁𝑂 formation occur 

as shown in the FGM table (see Figure 6.7). Hence, the Spray-A condition is prone to 

soot and NOx formation. 

 

Figure 6.8. Scatter plots of the 𝑃𝑉 as a function of 𝑍 from the CFD simulation for the 𝐶2𝐻2 case 

(left) and the PAH case (right) at the quasi-steady state, 𝑡 = 4 [𝑚𝑠]. The blue dashed line 

indicates the equilibrium (i.e. quasi-steady state) from the corresponding FGM table.  

The red dashed line shows the location of the 𝑍𝑠𝑡 ≅ 0.045. 

 

Figure 6.9. Comparisons between the soot optical thickness (top-row) from the experiment [92] 

and the soot volume fraction from the simulations, i.e. the 𝐶2𝐻2 case (middle-row) and the PAH 

case (bottom-row), at 𝑡 = 1.5 [𝑚𝑠], 𝑡 = 2.0 [𝑚𝑠] and 𝑡 = 2.5 [𝑚𝑠]  

from left to right, respectively. 
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Last but not least, the soot volume fraction fields obtained from the simulations are 

compared with the optical thickness contours obtained from the Spray-A experiment 

in Figure 6.9. The CFD simulations show a good qualitative agreement with the 

experimental data both in axial and radial directions. However, the tip of the flame 

cloud is not captured well with the FGM-CFD model, which causes difference in the 

soot structure, especially in the radial direction. This is clearly observed at 𝑡 = 1.5 [𝑚𝑠] 

in Figure 6.9. Also, Figure 6.10 shows a comparison of the simulated and the measured 

soot volume fractions at the quasi-steady state (𝑡 = 4 [𝑚𝑠]). Quantitatively, the  

FGM-CFD model overpredicts the soot volume fraction by an order of magnitude. 

However, it must be noted that no attempt has been made to tune the rate parameters 

of the soot models to match the experimental results. Additionally, the soot and 𝑁𝑂 

mass fractions are plotted side-by-side with their source terms in Figures 6.11 and 6.12, 

respectively. These figures demonstrate that soot is formed in the inner part of the 

flame cloud, i.e. in rich conditions 𝑍 > 𝑍𝑠𝑡 , whereas 𝑁𝑂 is formed on the stoichiometry 

contour (i.e. 𝑍 ≈ 𝑍𝑠𝑡) where the maximum temperatures are achieved, as also illustrated 

in Figure 6.4. This is also confirmed with the mass fraction contours which are consistent 

with the source terms. 

 

Figure 6.10. Comparisons of the soot volume fractions between the experimental data (top) [92] 

and the simulations of the 𝐶2𝐻2 case (middle) and the PAH case (bottom) at 𝑡 = 4 [𝑚𝑠]. 
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Figure 6.11. Comparisons of the mass fraction and the source term of soot from the simulations 

with the soot model using 𝐶2𝐻2 (top) and PAH (bottom) as the soot-precursor at 𝑡 = 1.5 [𝑚𝑠]. 

The red contour indicates the location of the stoichiometric condition, 𝑍𝑠𝑡 ≅ 0.045. 

 

Figure 6.12. Comparisons of the mass fraction and the source term of 𝑁𝑂 from the simulations 

with the soot model using 𝐶2𝐻2 (top) and PAH (bottom) as the soot-precursor at 𝑡 = 1.5 [𝑚𝑠]. 

The red contour indicates the location of the stoichiometric condition, 𝑍𝑠𝑡 ≅ 0.045. 
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Figure 6.13. Comparison of the total soot (left) and 𝑁𝑂 (right) masses with respect to the soot 

models using 𝐶2𝐻2 and 𝐴4 as soot precursors and the experiment [92]. 

In Figure 6.13 (left), the total soot mass results are shown with respect to time. It is 

observed that the soot models using 𝐶2𝐻2 and 𝐴4 as soot precursors predict 

significantly different total soot mass, as found also with the flamelet results in Figure 

6.6. Moreover, the total soot mass results from the simulations oscillates, which is not 

commonly observed for RANS-averaged simulations. This might be related with the PV 

definition which is not perfectly monotonic around equilibrium (i.e. 𝑃𝑉𝑙𝑜𝑐𝑎𝑙
𝑚𝑎𝑥). The values 

are also significantly larger than the experimental result, in which the total soot mass at 

the quasi-steady state is about 15 [𝜇𝑔]. The soot model using 𝐶2𝐻2 as the precursor 

results in almost 55 [𝜇𝑔] total soot mass, whereas the model using PAH as the precursor 

reaches 92 [𝜇𝑔]. This is in line with the earlier observations in Figure 6.6. The reaction 

rate of the soot inception in the PAH case is higher than that of the 𝐶2𝐻2 case and also 

does not depend on temperature leading to high reaction rates at low temperatures. 

Finally, the total 𝑁𝑂 masses are plotted and compared for the different soot models in 

Figure 6.13. Soot related reactions do not affect the 𝑁𝑂 emission directly, but higher 

soot fractions yield a lower flame temperature because less carbon is combusted. As a 

result, this leads to lower total 𝑁𝑂 values. 

6.4. Conclusions 

In the present study, the FGM approach is extended for soot and NOx modelling. Firstly, 

the NOx reaction kinetics is added to the gas-phase reaction mechanism. Then, the 

solid-phase soot kinetics is coupled with the gas-phase reaction mechanism. The 

flamelet results are analysed with respect to soot and NOx emissions. The FGM table is 

constructed from the detailed flamelet database including the emission information. 

Finally, the FGM-CFD simulations are performed and compared with the experiment at 

the nominal Spray-A condition. 
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Soot is formed in fuel rich and hot regions of a flame and 𝑁𝑂 is formed around 

stoichiometric mixture fraction (𝑍 ≈ 𝑍𝑠𝑡), where a high flame temperature is observed. 

The soot nucleation is modelled by either utilizing 𝐶2𝐻2 or 4-ring PAHs, 𝐴4 as a soot-

precursor. The rate constant adopted for the nucleation through 𝐴4 is not temperature 

dependent, whereas the nucleation rate constant with 𝐶2𝐻2 as the soot-precursor is. 

This has profound consequences. A high nucleation rate is seen at rich but cold regions 

where 𝐴4 is found due to diffusion. Thus, using an Arrhenius type of rate constant that 

depends on temperature appears to be crucial especially for non-premixed flame 

studies. This would require extra attention in future studies. 

In the FGM part, the definition of the 𝑃𝑉 is altered to describe emissions accurately. 

Species related with soot and 𝑁𝑂 are added to the default 𝑃𝑉 definition in order to 

increase the resolution of the FGM table for soot and 𝑁𝑂 data. Here, the 𝑃𝑉 definition 

is critical because both ignition and emission characteristics are captured with a single 

𝑃𝑉 definition. It is shown that the global aspects (i.e. ignition delay and lift-off length) 

as well as emissions can be modelled with this tailored new 𝑃𝑉 definition. In this study, 

the optimal definition is found by trial and error. This might be improved in the future 

by constructing the 𝑃𝑉 definition in a more rigorous way or in an iterative, i.e. 

automated fashion. 

Qualitatively, soot field data of the FGM-CFD simulation result is comparable with the 

experimental data. However, quantitative discrepancies between the FGM-CFD and the 

experiment are observed. One of the main reasons for such quantitative differences is 

due to the reaction rates used in the soot model. These have not been optimized in 

this work, as is commonly done. Furthermore, for the modelling of emissions, using a 

single 𝑃𝑉 definition for both ignition characteristics and emissions limits the simulation 

accuracy. This may be improved by using multiple 𝑃𝑉 scalars that describe different 

stages of the combustion process. Moreover, the FGM-CFD model does not capture 

the width of the flame-tip, which is not as wide as it is observed in the experiment. It 

should be also noted that turbulence-chemistry interaction (TCI) is not accounted for, 

which is essential for accurate estimation of the local parameters as discussed in 

Chapter 4. 

It is seen that the FGM method can also model emission formation for diesel engine 

like conditions. Yet, there are several issues to address in order to have accurate results. 

The most important issue is the validation of the rate constants used for the soot model. 

Another point of improvement is the soot kinetics mechanism itself, as it does not 

include reverse reactions (e.g. reverse reaction in Equation 2.12). The inclusion of 

reverse soot reactions is worth investigating. 
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Last but not least, more advanced FGM techniques can be used to improve the 

accuracy [115]. In these techniques, multi-stage 𝑃𝑉 scalars are used to represent the 

different combustion stages (i.e. ignition and post-combustion). Furthermore, TCI is to 

be accounted for better estimation of the local parameters, hence the emissions. 
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Heavy Duty Direct Injection Diesel Engine Simulations 

7.1. Introduction 

Modelling of turbulent combustion is challenging due to several aspects, as discussed 

in Chapter 1. Modelling it in an IC engine is even more challenging compared to the 

application in constant volume chamber presented in previous chapters. The conditions 

in a cylinder of an IC engine do not only change because of fuel injection and 

combustion but also change due to the piston motion. In the previous chapters, it is 

mentioned that the pre-processed chemistry data is stored in a look-up table, namely 

FGM, with respect to the mixture fraction, 𝑍, and a reaction progress variable, 𝑃𝑉, (also 

the variance of the mixture fraction when TCI is considered). For constant volume 

applications, e.g. Spray-A, the boundary conditions for the representative flamelets (i.e. 

the mixing line mentioned in Chapter 3 and Chapter 5) do not change in time. 

Therefore, storing a single set of flamelet data with respect to the mixture fraction and 

a reaction progress variable suffices to preserve the details of the chemistry. In engine 

simulations, however, multiple set of flamelets need to be solved and stored for a range 

of in-cylinder pressure and oxidizer temperature values. In literature, it is stated that a 

low number of pressure levels (i.e. 5 levels) for tabulation is sufficient for IC engine 

simulations [36]. When heat loss due to cooling is not accounted for, the oxidizer 

temperature and pressure are uniquely coupled. However, when heat loss is included, 

a set of flamelets is also solved with a number of in-cylinder temperature levels for each 

pressure level. These additional degrees of freedom, i.e. controlling variables, yield a  

4-D FGM table to model the combustion chemistry in IC engines when TCI is not 

considered. However, 2-D FGM tables (without TCI) are enough for the Spray-A 

simulations. 
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As mentioned previously, the objective of this research is to develop a CFD model for 

diesel combustion with multi-pulse fuel injection in a HDDI diesel engine. Thus, an 

injection strategy may consist of pre, main and post injections depending on the actual 

calibration of an IC engine. Considering possible timings of pre and post injections, it 

is necessary to cover a wide range of pressure and temperature values for the pre-

processed chemistry. Hence, the numbers of temperature and pressure levels are 

chosen relatively large (e.g. more than 5) in order to have high resolution for both 

variables, which is discussed in the following section. 

In this chapter, the simulations for a single cylinder HDDI diesel engine, i.e. the Cyclops, 

are performed with the FGM-CFD model that is introduced in the previous chapters 

and validated with the constant volume combustion chamber, viz. the Spray-A. Initially, 

the case setup for numerical modelling is described together with a brief explanation 

of the experimental setup of the Cyclops engine. Afterwards, the FGM-CFD model is 

validated with the experimental results at various operating points, at which the engine 

speed and the load are varied, with motorized cycles and single and double injection 

strategies. Furthermore, the model validation is extended with NOx emission modelling, 

which is described in the last section. 

In the subsequent section, the experimental setup of the Cyclops engine and the case 

setup of the numerical model are described. Furthermore, a sensitivity analysis is 

performed for mesh (i.e. cell size), time-step and in-cylinder and wall temperatures. 

7.2. Modelling Setup of the Cyclops Engine 

The model case setup is a crucial step for accurate and reliable numerical simulations. 

In this part, essential steps of the case setup for modelling of the Cyclops engine are 

described. These comprise details of the experimental setup (i.e. Cyclops engine setup) 

to create the case setup of the numerical model, the generation of the FGM tables as 

pre-processed chemistry, the mesh generation for the computational domain and 

finally setting up the initial and the boundary conditions according to the experimental 

data. Finally, the model case setup is validated with the motorized cycle experiments 

by analysing the model sensitivity for the initial and the boundary (i.e. wall) 

temperatures. 

In the subsequent part, the experimental setup of the Cyclops engine and the operating 

conditions of the available experimental data is briefly described. 
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7.2.1. Experimental Setup 

The Cyclops is a dedicated engine test rig that is designed and built at TU/e [33]. 

Originally, it is a DAF XE 355 C straight 6-cylinder heavy duty direct injection diesel 

engine. 

 

Figure 7.1. Schematics of the cyclops engine [116]. 

Table 7.1. Cyclops specifications where 0 [°𝐶𝐴] is chosen for TDC after compression stroke. 

Total Displacement Volume [𝒅𝒎𝟑] 12.6 

Displacement Volume of a Cylinder [𝒅𝒎𝟑] 2.097 

Cylinder Bore [𝒎𝒎] 130 

Stroke [𝒎𝒎] 158 

Connecting Rod Length [𝒎𝒎] 266.7 

Geometrical Compression Ratio [−] 15.85 

Inlet Valve Closing [°𝑪𝑨 𝒂𝑻𝑫𝑪] -153 

Exhaust Valve Opening [°𝑪𝑨 𝒂𝑻𝑫𝑪] 125 

 

At the test rig shown in Figure 7.1, the first cylinder is used as a test cylinder for the 

measurements. The second and third cylinders do not have any fuel injector and they 

are used as the exhaust gas recirculation (EGR) pump. The last three cylinders (4-6) are 

used as propelling cylinders combined with an engine brake (i.e. dynamometer) to keep 

the engine at a fixed speed. In this setup, the first (i.e. test) cylinder runs autonomously 

with an air-path and a fuel injection system independent from the propelling cylinders. 

The specifications of the Cyclops engine are listed in Table 7.1. The fuel injector of the 

test cylinder is supplied by Delphi which is capable of multiple injections (up to 8-10) 

per cycle. The injector specifications are listed in Table 7.2. 
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Table 7.2. Cyclops injector specifications. 

Number of Nozzle [−] 7 

Diameter of the Nozzle [𝒎𝒎] 0.195 

Umbrella Angle [°] 139 

Needle Control Valve Length [𝒎𝒎] 1 

 

The experiments of the Cyclops engine, which are for motorized, single and double 

injection strategies, are conducted by Robbert Willems for the Heat2Control project 

(STW 12678)1 at TU/e. The term motorized cycle is used for running the engine without 

any fuel injection into the test cylinder while the crankshaft is motorized either by the 

propelling cylinders or by an auxiliary motor. The motorized cycle experiments provide 

crucial information for the CFD model calibration, i.e. for setting the initial and 

boundary conditions. The experiments with single and double injections are done for 

various engine speeds and loads with a Gas-to-Liquid (GTL) fuel. The available data 

obtained from the experiments is used for the FGM-CFD model validation. For the 

engine speed, two speed variations, the so-called A (1200 [𝑟𝑝𝑚]) and B (1425 [𝑟𝑝𝑚]) 

speeds, are selected. These are representative engine speeds commonly used for HDDI 

diesel engine experiments. Similar to the engine speed, two engine load levels are 

selected, which are 30% and 50% of the maximum achievable load with the current 

test rig. In the rest of this chapter, the operating conditions are labelled with the 

combination of the engine speed and load, e.g. A30 referring to an engine speed of A, 

1200 [𝑟𝑝𝑚], and an engine load of 30% of its maximum. The details of the operating 

conditions are summarized in Tables 7.3 and 7.4. Here, SOA designates the start of 

actuation. SOA refers to the crank angle at which a current is started to apply to the 

injector. The subscripts refer to the corresponding injection event (e.g. 1 for the first 

injection). All experimental data is sample at 0.01 [°𝐶𝐴] and averaged over 70 cycles. 

For each operating point, 10 datasets are collected and averaged. NOx emission is 

averaged over 3 measurements for each dataset. Furthermore, the experimental data 

is filtered with the Savitzky-Golay filter, where 𝑜𝑟𝑑𝑒𝑟 = 1 and 𝑓𝑟𝑎𝑚𝑒 𝑙𝑒𝑛𝑔𝑡ℎ = 19. 

A key parameter for the model case setup and also for the experiments is the bulk inlet 

temperature (𝑇𝑖𝑛𝑙𝑒𝑡) which is evaluated from the ideal gas law given by  

 
total u

PVT
n R

=  (7.1) 

 

1 Heat2Control research project, file number: 12678, is funded by the Netherlands Organisation for Scientific Research (NWO), formerly STW. 
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where 𝑛𝑡𝑜𝑡𝑎𝑙 is the total number of moles of the mixture (i.e. oxidizer) and 𝑅𝑢 is the 

universal gas constant. The total number of moles is estimated from the flowrates of 

air and EGR and their respective compositions. 

Table 7.3. Engine (Cyclops) operating conditions with single and double injections. 

Speed 
[𝒓𝒑𝒎] 

Load 
[%] 

Injection 𝐏𝐢𝐧𝐥𝐞𝐭 
[𝒃𝒂𝒓] 

𝐓𝐢𝐧𝐥𝐞𝐭 
[𝑲] 

𝐦𝐟𝐮𝐞𝐥 
[𝒎𝒈 𝒄𝒚𝒄𝒍𝒆⁄ ] 

𝐦𝐚𝐢𝐫 
[𝒈 𝒄𝒚𝒄𝒍𝒆⁄ ] 

Case 

 0 motorized  385.4 0 3.09 I 

1200  

30 

single 1.59 400.2 88.9 3.04 II 

(A) double  401.4 87.9 3.03 III 

 0 motorized  385.9 0 3.12 IV 

  

30 

single 1.61 398.2 90.5 3.09 V 

1425 double  399.1 91.3 3.09 VI 

(B) 0 motorized  383.1 0 4.70 VII 

  

50 

single 2.41 399.5 140.9 4.61 VIII 

 double  399.2 141.0 4.62 IX 

 

Table 7.4. Injection timings with single and double injections. 

Speed 
[𝒓𝒑𝒎] 

Load 
[%] 

Injection 𝐒𝐎𝐀𝟏 
[°𝑪𝑨 𝐚𝐓𝐃𝐂] 

𝐒𝐎𝐀𝟐 
[°𝑪𝑨 𝐚𝐓𝐃𝐂] 

Split Inj.  

Fuel Mass 
[% − %] 

Case 

1200  

30 

single -5.8 − − II 

(A) double -5.8 3.0 75% − 25% III 

  

30 

single -8.6 − − V 

1425 double -8.6 3.3 72% − 28% VI 

(B)  

50 

single -11.1 − − VIII 

 double -11.1 3.2 70% − 30% IX 

 

In summary, the experiments are conducted for various engine speeds and loads 

together with single and double injections as well as motorized cycles. In this way, the 

FGM-CFD model can be validated for different operating conditions which is necessary 

for model reliability and also for future optimization studies related with injection 

strategies.  

In the next part, tabulation of the flamelet data and the modifications performed for 

chemistry-turbulent flow field coupling are discussed. 
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7.2.2. Pre-Processed Chemistry: FGM 

The pre-processed chemistry, i.e. FGM tabulation, is performed with the Yao reaction 

mechanisms, which is introduced in Chapter 2 and used in Chapters 3, 4 and 5. The 

simulations for the constant volume case, i.e. Spray-A, show that the results based on 

the Yao mechanism yield a good agreement with the experimental data for various 

operating conditions with single and double injection strategies. Moreover, the Yao 

mechanism is the smallest chemical reaction mechanism in terms of number of species 

among the ones available for n-dodecane surrogate fuel. It takes less computational 

time for the flamelet solutions. Considering the size of the FGM look-up tables due to 

the number of controlling variables and the number of levels of each controlling 

variable discussed in this section, the size of the tables can easily become an issue. To 

limit the modelling complexity and the memory demand due to the FGM tables, TCI is 

not considered for the pre-processed chemistry for the modelling of turbulent 

combustion in the engine application, i.e. the Cyclops. In other words, probability 

density functions (PDFs) for the variances of 𝑍 and 𝑃𝑉 are assumed to be delta 

functions. Thus, 4-D look-up tables generated from the laminar flamelet solutions are 

used in the CFD simulations. In the FGM tables, the flamelet data is stored with respect 

to the controlling variables that are the mixture fraction, the reaction progress variable, 

the oxidizer temperature (i.e. 𝑇𝑢) and the in-cylinder pressure. 

The flamelet results depend on the in-cylinder temperature (referred as “unburnt 

temperature”) and pressure, which vary in the combustion chamber due to the piston 

motion. Thus, unburnt temperature (𝑇𝑢) and pressure (𝑝) are added as the extra 

controlling variables for the tabulated data. As a consequence, these extra controlling 

variables are to be evaluated in the CFD domain for the retrieval of the tabulated data. 

In this respect, in the RANS-CFD solver code (i.e. LibICE approach), the unburnt 

temperature is evaluated from the transported unburnt gas enthalpy (ℎ𝑢), see Equation 

2.5. The total enthalpy of the unburnt mixture is given by  

 ( ) ( ) ( )u u eff u s

u

Dp
h uh h Q

t Dt


  




+ −  = +


 (7.2) 

where 𝛼𝑒𝑓𝑓 is the summation of laminar and turbulent thermal diffusivity of the mixture, 

𝜌𝑢 is the unburnt density computed from the ideal gas law and 𝑄�̇� is the sink term due 

to the evaporation. It should be noted that ℎ𝑢 is treated as a passive scalar with no 

direct feedback to the turbulent flow field. Pressure, on the other hand, is evaluated 

numerically from the mass and momentum conservation equations. 
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Table 7.5. Temperature and pressure levels used for the FGM table generation. 

Temperature [𝑲] 400, 700, 800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200 
 

Pressure [𝒃𝒂𝒓] 
20, 40, 50, 60, 65, 75, 85, 95, 105, 115, 125,  

135, 145, 155, 165, 175, 185 

 

 

Figure 7.2. 𝑍 − 𝑇 diagram from the time-dependent laminar flamelet solutions used to build 

the FGM tables with 𝑇𝑢 = 800 [𝐾] (left) and 𝑇𝑢 = 700 [𝐾] (right) boundary conditions.  

The left-plot is for an igniting flamelet and the right-plot is for a “frozen solution”.  

Red-curves are identical. Time increases in the direction of the purple arrow. 

Moreover, in order to preserve the whole range of in-cylinder pressures and 

temperatures due to the piston motion and the heat loss, respectively, 11 temperature 

and 11 pressure levels are selected for the (relatively) lower engine loads, whereas the 

number of pressure level is increased to 17 for the higher engine load due to higher in-

cylinder pressures. The applied levels of 𝑇𝑢 and 𝑝 levels are listed in Table 7.5. 

The ranges of the temperature and pressure levels are selected according to the 

experimental data as follows. The lower limit of the unburnt temperature  

(i.e. 𝑇𝑢 = 400 [𝐾]) is chosen according to the wall boundary temperatures to account 

for the heat loss effect, whereas the second level (𝑇𝑢 = 700 [𝐾]) is determined based 

on the ignition limit. For the given range of in-cylinder pressures, all flamelets ignite 

above 𝑇𝑢 = 700 [𝐾] (i.e. 700 < 𝑇𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 < 800 [𝐾]). For any condition, the FGM table 

needs to cover the whole 𝑍 and 𝑃𝑉 ranges. For conditions when the oxidizer 

temperature is high enough, i.e. 𝑇𝑢 > 𝑇𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 , we simulate igniting laminar flamelets 

(see Figure 7.2, left-plot). However, for conditions when the oxidizer temperature is 

below the ignition temperature, i.e. 𝑇𝑢 < 𝑇𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 , we start the simulation with a steady 

flame, which is generated at 𝑇𝑢 > 𝑇𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 condition, and let it extinguish by applying 

zero source terms for all species (�̇�𝑖 = 0), referred to as “frozen solution” [117], (see 

Figure 7.2, right-plot). In this way, the thermophysical state of the mixture can be 
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evaluated during the expansion stroke, where the in-cylinder temperature and pressure 

drop below the ignition limit. The effect of this procedure, i.e. frozen solution, on the 

CFD simulations is expected to be minimal. This is due to the fact that the chemical 

reactions are expected to be negligible at low temperatures despite high pressures. 

Above the ignition temperature, the unburnt temperature is increased by steps of 

50 [𝐾] in order to ensure a high resolution for the FGM. As the unburnt temperature is 

majorly determined by the inlet conditions and the engine geometry, the upper limit 

(i.e. 1200 [𝐾]) is sufficient for both lower and higher engine loads. For higher engine 

loads (i.e. 𝑙𝑜𝑎𝑑 > 50%), the upper limit of the 𝑇𝑢 needs to be increased. 

The lower (𝑝 = 20 [𝑏𝑎𝑟]) and upper (e.g. 𝑝 = 185 [𝑏𝑎𝑟] for B50) limits of pressure levels 

are selected based the experimental in-cylinder pressure data (e.g. 𝑝 < 125 [𝑏𝑎𝑟] for 

A30 and B30 or 𝑝 < 185 [𝑏𝑎𝑟] for B50, respectively). Below 𝑝 = 20 [𝑏𝑎𝑟], currently the 

FGM tabulation is not applied. Instead, the default OpenFOAM implementation is used 

to evaluate the thermophysical data, which is based on the common NASA polynomials 

approach. However, for advanced early injection concepts such as Homogeneous 

Charge Compression Ignition, the lower pressure limit might need to be reduced. 

For the engine simulation, the number of grid points used for 𝑍 and 𝑃𝑉 controlling 

variables are reduced due to the large number of datapoints stored in the FGM. To 

achieve this, the grid points for both 𝑍 and 𝑃𝑉 are skewed towards zero (𝑍 = 0 and 

𝑃𝑉 = 0) with a piece-wise linear fit (similar to an exponential fit), see Figure 7.3. This 

way, the total number of grid points is significantly reduced by one order for each 

controlling variable compared to ones used for Spray-A simulations. Besides, the 

resolution of the FGM table between the critical initial (𝑍 = 0) and the igniting mixtures 

(𝑍 ≈ 𝑍𝑠𝑡) is even improved. Also, it is crucial to reduce the interpolation error for data 

retrieval. Note that this affects the resolution of the tabulated data at high 𝑃𝑉 values 

which is particularly important for emissions such as soot and NOx. 

 

Figure 7.3. The indices for the scaled 𝑍 and 𝑃𝑉 controlling variables. 
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In summary, the resulting FGM table used for the Cyclops simulations is 4-D with the 

controlling variables of 𝑍, 𝑃𝑉, 𝑇𝑢 and 𝑝 where TCI is not considered. TCI integration is 

to be studied in a future work together with an optimization study for the FGM table 

size to avoid memory issues. 

In the subsequent part, the details of mesh generation for the Cyclops engine 

simulations are discussed. 

7.2.3. Mesh Generation 

The simulations of the Cyclops engine are performed with a 3-D structured mesh that 

is aligned with the orientation of the spray. The mesh is created with the automatic 

mesh generation utility of the LibICE libraries [36]. The mesh generation comprises 

several steps from a 2-D profile to a 3-D spray-oriented mesh used in the simulations. 

First of all, a 2-D (x-z) profile of the computational domain is generated at top dead 

centre of the piston (TDC) by considering the piston bowl shape, the crevice between 

the piston and the cylinder wall and the squish height between the piston and the 

cylinder head, see Figure 7.4. The squish height is evaluated according to the 

geometrical compression ratio and the displacement volume with a flat cylinder head 

assumption, which is an accurate estimation for the cylinder head of the Cyclops. With 

the flat cylinder assumption, the cylinder volume at TDC can be evaluated from the 

displacement volume and the geometrical compression ratio given in Table 7.1. 

Subtracting the volumes of the piston bowl and crevice from the cylinder volume at 

TDC yields the squish volume. Note that due to the confidentiality, the detailed 

dimensions of the piston are not given. 

The spray-oriented mesh is generated by dividing the 2-D geometry into a finite 

number of blocks, i.e. the quadrilaterals shown in Figure 7.4. The orientation of the 

blocks is chosen such that it aligns with the direction of the spray and the piston bowl. 

In this way, non-orthogonality and skewness of the mesh is kept low. After aligning the 

individual blocks, cell sizes are set by varying the total number cells within each block. 

The 3-D computational domain is obtained by rotating the 2-D cross-section around 

the centre line of the cylinder. The fuel injector has 7 nozzle holes (as given in Table 

7.2). Considering the RANS closure for the turbulent flow modelling, it is possible to 

model a single injector nozzle, i.e. 1/7th of the computational domain, instead of the full 

geometry. In this respect, the 2-D profile is rotated around the centre line of the cylinder 

for 51.429° (360° 7⁄ ≅ 51.429°). The single injector nozzle is located in the centre-plane 

of the mesh as indicated in Figure 7.5. 
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Figure 7.4. The 2-D profile of the computational domain for the Cyclops engine at TDC. 

 

Figure 7.5. The 3-D structured and spray-oriented mesh used for the simulations at TDC. 

 

Figure 7.6. Piston layer used for mesh motion. 

Note that the 3-D structured and spray-oriented mesh is generated at TDC (Figures 7.5 

and 7.7). However, the simulations are performed from inlet valve closing (IVC) to 

exhaust valve opening (EVO) crank angles. Therefore, the mesh is to be moved for the 

initial setup to its position at IVC crank angle given in Table 7.1. The piston motion is 

accommodated by a vertex-based mesh motion technique included in the LibICE 

libraries [39]. In this technique, two different methods are applied. The first one is 

stretching and squeezing the cells within user-defined threshold values for maximum 

and minimum cell sizes, respectively. If these threshold values are exceeded, a layer of 

cells is either added or removed depending on the direction of the piston motion. All 

of the mesh deformations and alterations are done on a layer, the so-called “piston 

layer” illustrated in Figure 7.6, which is created during mesh generation. 
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Figure 7.7. Default 3-D mesh of the Cyclops model at TDC consisting of 6739 cells. The nozzle 

location and the injection direction are depicted with red dot and green arrow, respectively. 

Moreover, by moving the mesh, the geometrical compression ratio of the 3-D mesh is 

also validated with respect to the combustion chamber geometry of the Cyclops 

engine. The resultant 3-D (default) mesh illustrated in Figure 7.7 consists of 6,739 cells 

at TDC and 94,780 cells at BDC. The minimum and maximum cell volumes are 

0.02 × 10−9 [𝑚3] and 15.0 × 10−9 [𝑚3], respectively, whilst the minimum cell size is in 

the order of 10−3 [𝑚]. A finer mesh is also generated with the same procedures in order 

to analyse the mesh sensitivity. The finer mesh consists of 25,607 cells at TDC and 

246,672 cells at BDC. The minimum and maximum cell volumes of the finer mesh are 

0.00186 × 10−9 [𝑚3] and 4.04 × 10−9 [𝑚3], respectively, whilst the minimum cell size 

is in the order of 10−4 [𝑚]. 

In the next section, the case setup of the cyclops model is discussed. 

7.2.4. Case Setup 

The numerical model case setup comprises several key aspects that define the initial 

and boundary conditions and the spray properties along with the fuel injection profile. 

The details of the sub-models used in the engine simulations are given in Chapter 2. 

The initial conditions of the FGM-CFD model are determined according to the 

experimental data given in Table 7.3. The composition stated in Table 7.6 is evaluated 

from the dry-air composition, which is measured at the experiments, and the estimated 

residual gas composition after EVC, at which complete combustion is assumed. The 

flamelets are then generated with the evaluated initial oxidizer composition, listed in 

Table 7.6, at the in-cylinder pressure and oxidizer temperature levels given in Table 7.5. 
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Table 7.6. The initial composition evaluated from the dry air and the residual gas estimation. 

Species 𝑶𝟐 𝑵𝟐 𝑪𝑶𝟐 𝑯𝟐𝑶 

Mass Fraction [-] 0.2168 0.7661 0.0120 0.0051 

 

Table 7.7. The wall temperatures set for the case setup of the wall heat transfer sub-model. 

 Cylinder Head Liner Piston Wall 

Temperature [𝑲] 403.0 403.0 423.0 

 

Furthermore, fixed wall temperatures are set as boundary conditions for the cylinder 

head, liner and piston wall as listed in Table 7.7. The details of the boundary conditions 

are discussed in the next part. The piston wall temperature is assumed to be higher 

compared to the other wall temperatures. The actual wall temperatures, in fact, vary 

depending on the engine speed and the load as well as the in-cylinder conditions and 

the engine geometry. The wall temperatures in Table 7.7 are set manually to evaluate 

the total heat flux (i.e. total heat loss) as accurate as possible by comparing the pressure 

traces obtained at the motorized cycle simulations and experiments. Here, the Huh-

Chang heat transfer model is used, as described in Chapter 2. The wall heat transfer 

sub-model is primarily calibrated with a wall heat transfer modifier (𝛼𝑡), which is set to 

unity (𝛼𝑡 = 1) for the current FGM-CFD model. 

The spray sub-model is another critical aspect for the case setup. For the Cyclops 

simulations, a turbulence-induced break-up (atomization) model developed by  

Huh-Gosman is used along with the Pilch-Erdman model for secondary break-up. 

These sub-models are different from the ones used in the Spray-A simulations. For the 

engine case, the injector geometry (i.e. injector diameter) is significantly larger than that 

of the Spray-A case, where 𝑑𝑖𝑛𝑗𝑒𝑐𝑡𝑜𝑟
𝐶𝑦𝑐𝑙𝑜𝑝𝑠

≅ 0.195 [𝑚𝑚] and where 𝑑𝑖𝑛𝑗𝑒𝑐𝑡𝑜𝑟
𝑆𝑝𝑟𝑎𝑦 𝐴

≅ 0.09 [𝑚𝑚]. 

Besides, the cell sizes in the engine mesh are much larger than those of the Spray-A, 

where ∆cell𝑚𝑖𝑛
𝑒𝑛𝑔𝑖𝑛𝑒

 is in the order of 10−3 [𝑚] and ∆cell𝑚𝑖𝑛
𝑆𝑝𝑟𝑎𝑦−𝐴

 is in the order of 

10−4 [𝑚]. Thus, the velocity gradients are larger in the engine cases due to a coarser 

mesh. As a consequence, the initial droplet sizes and Weber numbers are significantly 

differ between the engine and Spray-A cases, hence the break-up modes. The use of 

the Huh-Gosman atomization model and the Pilch-Erdman break-up model, which 

considers more break-up modes than the KH-RT model, lead to a better estimation of 

the droplet diameters, hence the liquid fuel evaporation. Note that evaporation 

depends on diameter of droplets (see Equation 2.77) and surface tension, which affects 

partial pressure of a fuel, hence the saturation limit. 
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Figure 7.8. Single (left) and double (right) fuel injection rate profiles used for the simulations,  

i.e. the default (1st) injection profile. 

After setting the spray sub-models, fuel injection profiles are needed for the spray 

combustion simulations. The profile is derived from the experimental data of fuel mass 

flow rate obtained by Delphi. The profile is determined by linear interpolations of the 

rail pressure and the injection duration for each operating condition listed in Table 7.3. 

For the double injection profiles, the injector current data is analysed to determine the 

dwell time between the main and post injections, which is further discussed in Section 

7.3.3. The fuel injection rate profiles (i.e. default profiles) for the single and double 

injection cases are illustrated in Figure 7.8. Here, 𝑡 = 0 [𝑠] corresponds to the SOA. As 

shown, there is a delay time between the SOA and the actual fuel flow, the so-called 

injection delay time. This delay is due to sending and processing the injection signal, 

actuating the mechanical components of the injector and acceleration of the liquid fuel. 

This delay time is considered within the injection profile as illustrated in Figure 7.8. In 

the double injection cases, the main and post fuel injections are split into 75% − 25%, 

72% − 28% and 70% − 30% (by mass percentage) for respective Cases III, VI and IX. 

Another key parameter to set for the case setup is the turbulence model. In the engine 

simulations, the 𝑘 − 𝜀 RANS model is utilized for the turbulence closure, which is 

discussed in Chapter 2. The respective model coefficients are listed in Table 2.3. 

Last but not least, the time-step is to be set. In this regard, the total run-time is split 

into two major parts that are before and after SOA. The main reason for such a 

separation is to reduce the computational time in the CFD simulations. During the 

compression stroke until the fuel injection, the time-scales are large. After fuel injection, 

the time-step needs to be much smaller due to the high velocities and associated 

gradients and eventually the combustion process. Thus, the time-step during the 

compression stroke is set to a relatively large value, ∆𝐶𝐴 = 1 × 10−1 [°𝐶𝐴], whereas it 

is set to a much smaller value after the SOA, ∆𝐶𝐴 = 5 × 10−4 [°𝐶𝐴]. For the expansion 

stroke, after the crank angle at which aROHR drops to zero, 𝐶𝐴 = 30 [°𝐶𝐴] in this study, 

the time-step is increased to ∆𝐶𝐴 = 1 × 10−3 [°𝐶𝐴] to reduce the computational time. 
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In summary, the model case setup is formed by pre-processing the chemistry and 

tabulating the flamelet data with the FGM according to the operating conditions of the 

engine. The 3-D mesh is created from the combustion chamber profile and validated 

for the geometrical compression ratio by moving piston from TDC to BDC. 

Furthermore, the injection profile is created from the experimental data of the injector. 

Last but not least, the time-step is adjusted as a function of the crank angle. 

The remaining unknown parameters, the initial and boundary temperatures together 

with the wall heat transfer modifier (𝛼𝑡) utilized in the wall heat transfer model, are 

tuned to match the results of the motorized cycle experiments. This is discussed in the 

next part. 

7.2.5. Motorized Cycle Results 

IC engines are subjected to pressure loss, i.e. blow-by, in addition to heat loss due to 

cooling via cylinder walls and pistons which affects in-cylinder conditions. Blow-by is 

not considered in the current study. In other words, no gas exchange is accounted for 

from IVC to EVO, i.e. we consider a closed cycle. Only, heat losses via heat transfer to 

the cylinder walls and piston (single cylinder application) are considered, where Huh-

Chang’s model wall heat transfer (described in Chapter 2) is utilized. For this model, the 

wall (boundary) temperatures of the cylinder head, liner and piston need to be set. The 

heat loss via the piston’s side-wall is not considered in order to increase the robustness 

of the numerical model. The boundary temperatures are tuned to match the in-cylinder 

pressures obtained in the motorized cycle experiments. These experiments are 

performed at A and B speeds with the initial and the boundary conditions specified in 

Tables 7.3 and 7.6. The resulting boundary (wall and piston) temperature values are 

listed in Table 7.7. 

In Table 7.8 and Figure 7.9, the results of the trapped mass and the average in-cylinder 

pressure and temperature are shown for Cases I, IV and VII. The averaged pressure and 

temperature values are cell volume averaged in the numerical data. It is seen that the 

simulations agree well with the experiments. Marginal differences are observed for the 

in-cylinder temperature. It should be noted that in-cylinder temperatures are evaluated 

from the ideal gas law both for the experiments and the simulations (Equation 7.1). 

Therefore, uncertainties in the evaluation of composition and the trapped mass affect 

the temperature which yields a larger difference as compared to that of the pressure 

trace. The trapped mass is evaluated from air flow measurement in the intake manifold 

in experiments, whereas it is computed from the integral of cell density over cell volume 

data in the simulations. The simulation results agree well with the experimental data 

with relative differences well below 0.1%. 
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Table 7.8. Comparisons of the trapped masses between the experimental data and the 

simulations at A and B speeds for the nominal inlet and boundary conditions. 

 𝐦𝐭𝐫𝐚𝐩𝐩𝐞𝐝
𝐄𝐗𝐏.  

[𝒈 𝒄𝒚𝒄𝒍𝒆⁄ ] 

𝐦𝐭𝐫𝐚𝐩𝐩𝐞𝐝
𝐂𝐅𝐃  

[𝒈 𝒄𝒚𝒄𝒍𝒆⁄ ] 

Relative Difference 
[%] 

   Case I 3.09 3.09 0.0906 

   Case IV 3.12 3.12 0.0480 

   Case VII 4.70 4.70 0.0531 

 

 

Figure 7.9. Comparison of the average in-cylinder pressure (left-column) and temperature 

(right-column) between the motorized cycle experiment and the simulations  

for Case I (top-row), Case IV (middle-row) and Case VII (bottom-row). 
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In summary, the motorized cycle simulations at the nominal conditions show that the 

set initial and boundary conditions (i.e. wall temperatures) yield good results for the  

in-cylinder pressure and the temperature traces and the trapped oxidizer masses. These 

are critical global parameters for numerical model validation with the experimental 

data. 

To analyse uncertainty in heat losses (i.e. wall heat transfer model), a sensitivity analysis 

is performed. In this respect, the initial and the wall temperatures are varied by 

± 20 [𝐾], which is about ± 5% of their nominal values. The results obtained with the 

varied initial temperatures (𝑇0) are shown in Table 7.9 and Figure 7.10. It is observed 

that varying the initial condition directly affects the in-cylinder conditions throughout 

the cycle. The lower initial temperature condition results in a larger trapped mass 

leading to a higher in-cylinder pressure up to 0.8 [𝑏𝑎𝑟]. Moreover, the in-cylinder 

temperature drops up to 40 [𝐾]. Similarly, the higher initial temperature results in a 

smaller trapped mass due to a smaller density leading to a lower in-cylinder pressure 

up to 0.8 [𝑏𝑎𝑟], whereas the in-cylinder temperature increases up to 40 [𝐾]. The relative 

difference for the trapped mass is approximately 5%, which is significantly higher than 

the nominal values. Variations in the initial temperature yield significant changes in the 

simulations of the motorized cycles. 

Table 7.9. The effect of the inlet temperature on the trapped mass from the simulations 

compared to the motorized cycle experiment at the A speed for Case I. 

 Nominal 𝑻𝟎 Higher 𝑻𝟎 Lower 𝑻𝟎 

𝐦𝐭𝐫𝐚𝐩𝐩𝐞𝐝 [𝒈 𝒄𝒚𝒄𝒍𝒆⁄ ] 3.0879 2.9356 3.2570 

Relative Difference [%] 0.0906 5.0183 5.3807 

 

 

Figure 7.10. The effect of the inlet temperature on the average in-cylinder pressure (left) and 

temperature (right) from the simulations compared to the motorized cycle experiment, Case I. 
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The results for the boundary temperature variations are shown in Figure 7.11. In contrast 

with the sensitivity analysis for the initial condition (i.e. inlet temperature), changes in 

the boundary conditions do not affect the trapped mass. In Figure 7.11, it is seen that 

variations in the in-cylinder pressure and temperature due to the changes in wall 

temperatures are an order less compared to those of the initial temperature. Setting 

lower wall temperatures leads to a larger heat transfer, i.e. a higher heat loss, via the 

walls resulting in lower in-cylinder pressures and temperatures and vice versa for the 

higher wall temperatures. The differences in the in-cylinder pressure and temperature 

are about 0.2 [𝑏𝑎𝑟] and 3 [𝐾], respectively, which are well below 1% for both 

parameters. As seen in Figure 7.11, the average in-cylinder pressure obtained with the 

nominal initial and boundary conditions is already higher than that of the experiment. 

Hence, setting higher wall boundary temperatures than the ones in Table 7.7 will lead 

to larger deviations between the motorized cycle simulations and experiments. 

 

Figure 7.11. The effect of boundary temperatures (walls and piston) on the average pressure 

(left) and temperature (right) from the simulations compared to the  

motorized cycle experiment for Case I. 

 

Figure 7.12. Comparison of the average pressure (left) and temperature (right) between the 

motorized cycles with the nominal mesh and the finer mesh for Case I. 



7. Heavy Duty Direct Injection Diesel Engine Simulations 

 

154   

Last but not least, the mesh sensitivity is assessed by simulating Case I with a finer mesh 

(with 25,607 cells compared to 6,739 cells at TDC). In Figure 7.12, the in-cylinder 

pressure and temperature results based on the nominal and the finer meshes are 

compared. It is observed that the effect of the mesh on the motorized cycle results is 

marginal. The differences for both pressure and temperature traces are less than 0.2%. 

The finer mesh yields a trapped mass of 3.0883 [𝑔 𝑐𝑦𝑐𝑙𝑒⁄ ] instead of 3.0879 [𝑔 𝑐𝑦𝑐𝑙𝑒⁄ ] 

compared to the experimental value of 3.0907 [𝑔 𝑐𝑦𝑐𝑙𝑒⁄ ]. 

In summary, the results of the motorized cycles show that the numerical simulations 

with the nominal initial and boundary conditions are capable of capturing the trends in 

the global parameters. In-cylinder pressure and temperature together with the trapped 

mass are mostly sensitive to the changes in the initial temperature. Therefore, accurate 

evaluation of the initial conditions is crucial for the case setup. In-cylinder conditions 

are much less sensitive to changes in the wall temperatures. 

After validating the case setups of the numerical model with the motorized cycles (i.e. 

Cases I, IV and VII), the set cases are utilized for the reacting simulations (i.e. Cases II, 

III, V, VI, VIII and IX). The results are presented in the next parts. 

7.3. Global Parameters and Sensitivity Analysis with Reacting Cases 

In this section, firstly, the global parameters used for the analysis of the reacting engine 

simulations are introduced. Subsequently, a mesh sensitivity analysis is carried out in 

Section 7.3.2. Furthermore, injection profiles are not known from the experiments. 

Therefore, the sensitivity of the injection profile applied in the simulations is studied in 

Section 7.3.3. 

7.3.1. Global Parameters 

The FGM-CFD model validation is performed by comparing the global parameters 

consisting of the primary and the derived quantities. The primary quantities are trapped 

oxidizer mass, injected total fuel mass, in-cylinder pressure (𝑃𝑐𝑦𝑙) and temperature 

(𝑇𝑐𝑦𝑙). The derived quantities are apparent rate of heat release (aROHR), cumulative 

heat release (cumHR) and characteristic combustion phasing angles (i.e. CA# such as 

CA10, CA50 and CA95 as a measure of combustion phasing). 

Experimentally, the apparent rate of heat release (aROHR) is evaluated from Equation 

3.1. For the evaluation of aROHR, the heat capacity ratio (𝛾) is required. Generally, 𝛾 is 

obtained from a temperature dependent curve-fit, i.e. 𝛾(𝑇) curve-fit [118]. For the 

analysis in this chapter, we use the 𝛾 evaluated in the CFD (𝛾𝐶𝐹𝐷) simulations to reduce 
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uncertainty. In addition to aROHR, actual heat release (ROHR) is also directly available 

in the simulations’ results (ROHR = ∑ ℎ𝑖 ∙ 𝜔𝑖𝑖 ). Cumulative heat release (cumHR) is 

evaluated either with aROHR (with heat losses) or ROHR (without heat losses), see 

Equation 3.2. Also, energy conservation can be validated by comparing the cumHR 

(from ROHR) to the added fuel energy, i.e. 𝐸𝑓𝑢𝑒𝑙 = 𝑚𝑓𝑢𝑒𝑙
𝑏𝑢𝑟𝑛𝑡 × 𝐿𝐻𝑉𝑓𝑢𝑒𝑙 , where 𝑚𝑓𝑢𝑒𝑙

𝑏𝑢𝑟𝑛𝑡 is 

𝑚𝑓𝑢𝑒𝑙
𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑

− 𝑚𝑓𝑢𝑒𝑙
𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 . The purpose of comparing the cumHR (from ROHR) and 𝐸𝑓𝑢𝑒𝑙 is 

to assess the trend of the cumHR (yellow line in cumHR figures) whether it overshoots 

value of 𝐸𝑓𝑢𝑒𝑙 that may indicate incorrect heat release. 

The combustion phasing is analysed by means of CA#, i.e. the crank angle (CA) at which 

the # (i.e. percentage) of the total heat is released. For engine simulations, CA5 or CA10 

is generally used to determine the ignition delay time. Other often used values are 

CA50 and CA90 or CA95, which indicate the middle point and the complete 

combustion, respectively. 

Also, cylinder pressure vs volume (P–V) diagrams are analysed. P-V diagrams can be 

used to evaluate the gross indicated mean effective pressure (IMEP). For the calculation 

of the gross IMEP (i.e. IMEPg), the P–V traces over the compression and expansion 

strokes are considered. The IMEPg is evaluated from IMEPg = ∫ 𝑃𝑐𝑦𝑙𝑑𝑉
𝑉𝐸𝑉𝐶

𝑉𝐼𝑉𝐶
 where 𝑃𝑐𝑦𝑙 

is the in-cylinder pressure and 𝑉 is the cylinder volume [3]. IMEP (i.e. gross or net IMEP) 

is a common parameter to characterize the engine load independent from the 

displacement (i.e. cylinder volume) in contrast to torque, for instance. 

Prior to the global analysis, it is checked whether the maximum unburnt temperature 

in the CFD domain lies in the range of the generated FGM tables. The maximum local 

𝑇𝑢 is reached in the B50 single injection case, i.e. Case VIII, where 𝑇𝑢
𝑚𝑎𝑥 is 1194 [𝐾]. This 

is within the range of the FGM tables, where 𝑇𝑢
𝑚𝑎𝑥 = 1200 [𝐾]. For higher engine loads, 

i.e. loads more than 50%, the range of 𝑇𝑢 needs to be extended. In this work, however, 

such high loads are not studied, so the current range of the FGM tables is sufficient. 

7.3.2. Mesh Sensitivity 

The default mesh, shown in Figures 7.5 and 7.7, is refined by decreasing cell sizes. The 

finer mesh comprises 1.6 and 2.8 times more cells at BDC and TDC, respectively, 

compared to the default mesh. Case II (i.e. A30 with single injection case) is simulated 

with the finer mesh (earlier discussed in Section 7.2.3) in order to analyse the mesh 

sensitivity for a reacting case. The mesh sensitivity analysis is carried out with the global 

parameters that are introduced in the previous part. 
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The simulations with the default and the finer mesh yield the same trapped oxidizer 

mass (2.975 [𝑔 𝑐𝑦𝑐𝑙𝑒⁄ ]) and the total injected fuel mass (88.87 [𝑚𝑔 𝑐𝑦𝑐𝑙𝑒⁄ ]). In Figure 

7.13, the average in-cylinder pressure and temperature obtained in the simulation are 

compared to the experimental data. The simulation with the finer mesh yields a slightly 

better match for the peak pressure (𝑃𝑐𝑦𝑙
𝐸𝑋𝑃 = 99 [𝑏𝑎𝑟], 𝑃𝑑𝑒𝑓𝑎𝑢𝑙𝑡

𝐶𝐹𝐷 = 102 [𝑏𝑎𝑟] and  

𝑃𝑓𝑖𝑛𝑒𝑟
𝐶𝐹𝐷 = 100 [𝑏𝑎𝑟]). However, the temperature (calculated from Equation 7.1) shows a 

slightly higher deviation when the default mesh is used. Throughout the compression 

and expansion strokes, both pressure and temperature differences between the 

simulations are marginal. 

The deviations in the cylinder temperature is mainly due to the use of the ideal gas law, 

which depends on the global composition in the combustion chamber. In Equation 7.1, 

the cylinder pressure and volume are obtained from the numerical or experimental 

data. Besides, the universal gas constant is a known parameter. Hence, in-cylinder 

temperature can be evaluated if the total mole number (𝑛𝑡𝑜𝑡𝑎𝑙) in the combustion 

chamber is evaluated. For the motorized cycle (i.e. non-reacting) cases, 𝑛𝑡𝑜𝑡𝑎𝑙 can be 

evaluated from the trapped mass and the initial composition. For the reacting cases, 

however, due to the fuel injection the total trapped mass increases, hence 𝑛𝑡𝑜𝑡𝑎𝑙 . In the 

simulations, 𝑛𝑡𝑜𝑡𝑎𝑙 can be evaluated as a function of the crank angle since the total 

injected fuel mass is known at each crank angle. However, such data was not available 

in the experimental data, whereas only the total fuel mass per cycle was known. In this 

respect, 𝑛𝑡𝑜𝑡𝑎𝑙
𝐶𝐹𝐷 (𝐶𝐴) is used for the analysis of both simulations and experiments. Note 

that assumption of 𝑛𝑡𝑜𝑡𝑎𝑙
𝐸𝑋𝑃. (𝐶𝐴)  = 𝑛𝑡𝑜𝑡𝑎𝑙

𝐶𝐹𝐷 (𝐶𝐴) introduces an additional uncertainty. 

 

Figure 7.13. Comparisons of the average in-cylinder pressure (left) and temperature (right) 

among the simulations with the default and the finer meshes and the experiment at A30 

operating condition with single injection, i.e. Case II. 
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Furthermore, the aROHR and the cumulative heat release are compared in Figure 7.14. 

Here, it is seen that the premixed part of the combustion (first peak) is predicted slightly 

better with the finer mesh, whereas the diffusive part (second peak) and the tail part of 

the combustion differ marginally between the simulations. Similarly, the cumulative 

heat release curve is altered in accordance with the aROHR, but the finer mesh results 

are closer to the experimental data. 

Finally, the combustion phasing angles (CA#) and the P–V diagrams are shown in Figure 

7.15. The impact of the mesh on the reacting simulations is observed clearly with the 

aROHR and the cumulative heat release curves. Similarly, the CA# values, especially 

CA90 and CA95, agree better with the experimental data compared to the simulation 

with the default mesh. This is also observed in the cumulative heat release plot. The 

log-log P–V diagram shows marginal differences between the simulations. In summary, 

the results show that a fine mesh is essential for reliable results. 

 

Figure 7.14. Comparisons of the aROHR (left) and the cumulative heat release (right) among the 

simulations with the default and the finer meshes and the experiment  

at A30 operating condition with single injection, Case II. 

 

Figure 7.15. Comparisons of the heat release vs crank angle (left) among the simulations with 

the default and the finer meshes and the experiment and the log-log diesel cycle (right)  

at A30 operating condition with single injection, Case II. 
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Note that in the B50 cases, i.e. Cases VIII and IX, a larger amount of fuel is injected 

compared to the other cases (see Table 7.3). This leads to convergence (i.e. liquid fuel 

evaporation) issues near the injector nozzle due to a high liquid-to-gas ratio. The 

Lagrangian spray model (i.e. discrete spray model) is sensitive to time-step and cell size 

for numerical convergence. A short study on numerical setups for the spray model 

shows that this can be improved by altering both the time-step and the number of 

parcels. Unfortunately, the B50 cases with the finer mesh failed to converge due to the 

spray model despite the changes in the time-step and the number of parcels. The 

altered (i.e. reduced) time-step also comes at the expense of increased simulation time, 

i.e. it is three times slower. Furthermore, when the time-step is reduced for convergence 

stability, all of the global parameters deviate significantly from the experimental data 

even for the A30 cases. As a consequence, the reduced time-step results in significant 

changes in the current spray model, which alters the velocity field especially at the end 

of fuel injection. This is further discussed in Appendix E.1. In literature, a number of 

studies suggest improvements for the coupling in Euler-Lagrange simulations [119-121]. 

Providing the improved discrete (i.e. Lagrangian-Eulerian) spray models, mesh 

refinement might yield better comparisons between the simulations and experiments. 

However, the implementation of such improvements is beyond the scope of this study. 

In this study, the convergence issue of the spray model is circumvented by altering the 

discretization scheme used for the transport equations of 𝑘 and 𝜀 from the limited-

linear scheme (i.e. centred, 2nd order scheme) to upwind scheme (1st order scheme) only 

for the B50 cases, i.e. Cases VIII and IX. Nevertheless, the use of the upwind 

discretization scheme for 𝑘 and 𝜀 results in marginal changes in all global parameters, 

details of which are discussed in Appendix E.2. 

7.3.3. Injection Profile Sensitivity 

The injection profile is one of the key parameters for the case setup of spray 

combustion simulations since it has a direct impact on the combustion phasing. In this 

research, the impact of the injection profile is studied with two set of profiles referred 

to as the 1st and 2nd fuel injection profiles. The fuel injection data is obtained from two 

different fuel injection experiments. Similar to the previous part, the simulations are 

performed at A30 operating condition for the single injection case only, i.e. Case II. 

The fuel injection experiments are carried out by Delphi and the obtained data is shared 

for this research. The former (1st) injection profile refers to the default injection profile 

that is generated from the experimental data of the injector described in Section 7.2.1, 

see Table 7.2. This experimental data comprises fuel mass flow rate, common-rail 
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pressure and injector current information. These parameters are used to create the 1st 

injection profile for the simulations of the Cyclops engine. For split injections, the 

correlation between the mass flow rate and the injector current is analysed to 

determine the dwell time of the double injections. It is found that the delay time 

between the signal (i.e. current) and the actuation (i.e. actual mass flow) does not 

change significantly for the given conditions (i.e. common-rail pressures and injection 

durations achieved at the engine experiments). The evaluated delay time between the 

current and actual flow is used to determine the durations of the split injections and 

the beginning of the post injections. 

The latter (2nd) injection profile is used to analyse the impact of the injection profile on 

the reacting simulations. The injection experiments are performed by Delphi for a 

slightly different injector compared to the default one, see Table 7.2. The only difference 

between the two injectors is that the 2nd injector contains a larger needle control valve 

than the 1st injector. This yields a longer injection delay time. However, the injection 

delay time is reduced to a similar value of the 1st profile. The experimental data used 

for the 2nd profile comprises mass flow rate and common-rail pressure. Hence, the 2nd 

profile is created according to these parameters only. For the split injection profiles, the 

dwell time between the injections is set according to the dwell time in the injector 

current data given in the engine experiments. 

Both 1st and 2nd injection profiles are shown in Figure 7.16. These profiles comprise four 

distinctive zones for: (I) injection delay, (II) ramp-up, (III) main and (IV) ramp-down. 

Zones I and II are very similar for both profiles. The main differences are observed in 

Zones III and IV that are for the respective main and ramp-down parts of the profile. 

 

Figure 7.16. The fuel injection rate profiles generated from two different sets of fuel injection 

experimental data. The 1st injection profile (i.e. A30inj.  1) is the default one. Zones I-IV refer to 

the respective injection delay time, ramp-up, main and ramp-down parts of an injection profile. 
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In Figure 7.17, the average in-cylinder pressures and temperatures are compared. Both 

pressure and temperature results obtained with the 2nd injection profile are higher than 

those of the 1st profile and the experimental data. This indicates that with the 2nd 

injection profile a higher heat release is obtained, i.e. more fuel is burnt in the same 

time. This is confirmed by Figure 7.18 demonstrating that both the aROHR and the 

cumHR show larger absolute values for the 2nd injection profile. 

The combustion phasing parameter (CA#) and the P–V diagram are also given in Figure 

7.19. As expected, a larger aROHR yields a systematically faster heat release, hence 

advanced CA# values with the 2nd profile. Similarly, the simulation with the 2nd profile 

results in a higher peak pressure and a larger slope for the expansion stroke (red 

coloured part) compared to the simulation with the 1st profile as seen in the P–V 

diagram in Figure 7.19. 

 

Figure 7.17. Comparisons of the average in-cylinder pressure (left) and temperature (right) 

among the simulations with the 1st (default) and the 2nd injection profiles and the experiment at 

A30 operating condition with single injection, Case II. 

 

Figure 7.18. Comparisons of the aROHR (left) and the cumulative heat release (right) among the 

simulations with the 1st (default) and the 2nd injection profiles and the experiment at A30 

operating condition with single injection, Case II. 
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Figure 7.19. Comparisons of the heat release vs crank angle (left) among the simulations with 

the 1st (default) and the 2nd injection profiles and the experiment and the log-log diesel cycle 

(right) at A30 operating condition with single injection, Case II. 

In conclusion, the simulation results show that the injection profile is one of the key 

parameters for the case setup of the engine simulations. The FGM-CFD modelling 

approach is sensitive to the differences in injection profiles. This has a direct impact on 

the heat release since the injection profile affects the mixing, hence the reaction rates 

due to the controlling variable 𝑍. Experimentally, injection profiles are not well known 

in engine applications. Thus, the effect of the profile should be studied in any numerical 

analysis. 

In the next section, the simulations results of the reacting cases are analysed to 

elucidate the role of the engine speed and load variations with the multi-pulse injection 

strategies. 

7.4. Engine Speed and Load Variations with Multi-Pulse Injections 

7.4.1. Introduction 

The reacting engine simulations are performed at two different engine speeds (the so-

called A: 1200 [𝑟𝑝𝑚] and B: 1475 [𝑟𝑝𝑚] speeds) and two engine loads (30% and 50%). 

Each case is simulated with a single and a double injection strategy. Thus, totally six 

cases with fuel injection are studied. The double injection profiles consist of a main and 

a post injection and timings of these injections are given in Table 7.4. The total injected 

fuel mass is kept constant for each single and double injection case as illustrated in 

Table 7.3. It should be noted that the fuel used in the experiments is a Gas-to-Liquid 

(GTL) fuel for which the chemical formula is given by 𝐶13.6𝐻29.2. The engine simulations, 

however, are performed with the chemical reaction mechanism of n-dodecane 

(𝑛𝐶12𝐻26) surrogate fuel. That is the Yao mechanism, details of which can be found in 

Chapters 2 and 3. 
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The reacting simulations at various engine speeds and loads are performed with the 

default mesh (i.e. coarser mesh, see Figure 7.7) and the 1st injection profile (see Figure 

7.16). As discussed in Section 7.3.2, for the A30 and B30 cases, the limited-linear (i.e. 

centred, 2nd order) discretization scheme is used in the transport equations of 𝑘 and 𝜀, 

whereas for the B50 cases (Cases VIII and IX), the 1st order upwind scheme is used 

instead. 

The subsequent part continues with the global analysis of the reacting simulations at 

various engine speeds and loads with multi-pulse injection strategies. 

7.4.2. Global Analysis of Reacting Cases 

The global parameters, which are the trapped oxidizer mass and the total injected fuel 

mass values obtained in the reacting simulations, are compared with the experimental 

results in Table 7.10. Considering that the air-fuel ratio (i.e. the mixture fraction, 𝑍) is a 

crucial parameter, accurate values for trapped oxidizer and injected fuel mass are 

essential for the simulations. The results for the trapped oxidizer mass indicate that the 

relative differences for the reacting cases (𝑟𝑒𝑙 𝑑𝑖𝑓𝑓. > 2%) are larger than those of the 

motorized (i.e. non-reacting) cycle cases (Case I, IV and VII), at which 𝑟𝑒𝑙. 𝑑𝑖𝑓𝑓. < 0.1%. 

Table 7.10. Comparisons of the trapped oxidizer masses and injected fuel masses between the 

simulations and the experimental data for all reacting cases. 

Case 𝐦𝐭𝐫𝐚𝐩𝐩𝐞𝐝
𝐄𝐗𝐏  

[𝒈 𝒄𝒚𝒄𝒍𝒆⁄ ] 

𝐦𝐭𝐫𝐚𝐩𝐩𝐞𝐝
𝐂𝐅𝐃  

[𝒈 𝒄𝒚𝒄𝒍𝒆⁄ ] 

Rel. Diff. 
[%] 

𝐦𝐟𝐮𝐞𝐥
𝐄𝐗𝐏  

[𝒎𝒈 𝒄𝒚𝒄𝒍𝒆⁄ ] 
𝐦𝐟𝐮𝐞𝐥

𝐂𝐅𝐃 
[𝒎𝒈 𝒄𝒚𝒄𝒍𝒆⁄ ] 

Rel. Diff. 
[%] 

II 3.040 2.975 2.138 88.877 88.873 0.005 

III 3.030 2.965 2.145 87.935 87.931 0.005 

V 3.092 3.026 2.135 90.502 90.508 0.007 

VI 3.086 3.020 2.139 91.315 91.312 0.003 

VIII 4.611 4.509 2.212 140.862 140.857 0.004 

IX 4.615 4.512 2.232 141.047 141.044 0.002 

 

The trapped oxidizer mass is evaluated from the initial global density, which is a 

function of temperature, and the cylinder volume. The composition estimated from the 

experiments plays a critical role on the numerical results since temperature, e.g. the 

inlet temperature, is evaluated from the ideal gas law. Compared to the motorized 

cycles experiments, for reacting cases, the fresh oxidizer is well mixed with the hot 

residual gas from the previous cycle. Hence, uncertainty in the oxidizer composition is 
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larger for a reacting case compared to that of a motorized cycle. This may lead to larger 

deviations for the global parameters. Nevertheless, the deviations in the trapped mass 

is just above 2%, which is considered to be reasonably small. On the other hand, the 

total injected fuel mass matches well with the experimental data. This indicates that the 

applied injection profiles yield accurate total fuel mass, i.e. the areas under the curves 

in Figure 7.8. 

Average Cylinder Pressure and Temperature 

The average in-cylinder pressures and temperatures for the A30, B30 and B50 cases 

are shown in Figures 7.20 – 7.22, respectively. Both the pressure and the temperature 

curves compare well to the experimental data for all cases. However, the peak pressures 

and the related peak temperatures deviate from the experimental data. In this case, the 

mesh might play a key role for the simulations especially for the peak values of pressure 

and temperature. This is clearly observed in the mesh sensitivity analysis in Section 

7.3.2. Higher resolution in the finer mesh leads to better predictions of the fluxes 

(computed by the finite volume method) between the cells, hence smoother gradients. 

As a consequence, the finer mesh results in smaller gradients, hence smaller deviations 

in the peak 𝑃𝑐𝑦𝑙 and 𝑇𝑐𝑦𝑙 . 

 

Figure 7.20. Comparisons of the average in-cylinder pressure (left-column) and temperature 

(right-column) between the simulations and the experiments at A30 operating conditions,  

i.e. Case II (top-row) and Case III (bottom-row). 



7. Heavy Duty Direct Injection Diesel Engine Simulations 

 

164   

 

Figure 7.21. Comparisons of the average in-cylinder pressure (left-column) and temperature 

(right-column) between the simulations and the experiments at B30 operating conditions,  

i.e. Case V (top-row) and Case VI (bottom-row). 

 

Figure 7.22. Comparisons of the average in-cylinder pressure (left-column) and temperature 

(right-column) between the simulations and the experiments at B50 operating conditions,  

i.e. Case VIII (top-row) and Case IX (bottom-row). 



7. Heavy Duty Direct Injection Diesel Engine Simulations 

165 

Moreover, the in-cylinder temperatures towards the end of the expansion stroke, i.e. 

between 100 and 125 [°𝐶𝐴] after TDC (aTDC), deviate slightly from the experimental 

data. Also, it is observed that the temperature just before TDC is slightly underpredicted 

in the reacting simulations. This is attributed the estimation of the composition since 

the pressure traces show only marginal differences for all cases. 

In the simulations, the peak pressures are overpredicted with respect to the 

experimental data except for the B50 cases, i.e. Case VIII and IX. As mentioned for the 

B50 cases, the main issue at B50 operating condition is related with the spray sub-

model, i.e. the time-step and the mesh dependency of the spray model, which is already 

discussed in Section 7.3.2. 

Apparent Rate of Heat Release and Cumulative Heat Release 

In Figures 7.23 – 7.25, the apparent rate of heat release and the cumulative heat release 

results are shown for the A30, B30 and B50 cases, respectively. aROHR results of the 

simulations compare qualitatively well to the experimental data. As mentioned, the first 

peak of the aROHR corresponds to the premixed part, whilst the second peak 

corresponds to the diffusive part of the non-premixed combustion.  

The FGM-CFD model overpredicts the premixed part and underpredicts the diffusive 

part of combustion for all cases. This is mainly related with the chemical reaction 

mechanism. Even though a two-stage combustion is observed in the simulations, it is 

not as pronounced as in the experiments where the aROHR drops suddenly between 

the first and second peaks. For the double injection (i.e. main and post injection) cases, 

a third peak is observed due to the post injection. The combustion of the post injection 

is dominated by diffusion combustion due to its very short ignition delay. The 

simulation results agree well with the experimental data for this third peak in the aROHR 

plots. There are several possible reasons for the differences in the absolute values of 

the aROHR which might be related to the mesh resolution (see Figure 7.14), the reduced 

chemistry model (i.e. FGM), the chemical reaction mechanism and/or the heat transfer 

model for the walls. The impact of the mesh is discussed in Section 7.3.2. The FGM 

method strictly relies on its controlling variables, especially the reaction progress 

variable (𝑃𝑉). This is discussed in Chapters 2, 3 and 5 together with the issues related 

with the chemical reaction mechanisms. Additionally, better estimation of the wall 

temperatures together with an optimized 𝛼𝑡 will improve the evaluation of the heat 

loss in the numerical simulations, which may lead to better estimation of the global 

parameters. 
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Figure 7.23. Comparisons of the aROHR (left-column) and the cumulative heat release (right-

column) between the simulations and the experiments at A30 operating conditions,  

i.e. Case II (top-row) and Case III (bottom-row). 

 

Figure 7.24. Comparisons of the aROHR (left-column) and the cumulative heat release  

(right-column) between the simulations and the experiments at B30 operating conditions,  

i.e. Case V (top-row) and Case VI (bottom-row). 
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Figure 7.25. Comparisons of the aROHR (left-column) and the cumulative heat release (right-

column) between the simulations and the experiments at B50 operating conditions,  

i.e. Case VIII (top-row) and Case IX (bottom-row). 

It is also seen that the cumulative heat release results match well with the experimental 

data for the slopes as well as for the final values. However, the simulation results of the 

B50 cases (Cases VIII and IX) show slightly larger deviations from the experimental 

results compared to the other cases (i.e. A30 and B30). This is mainly related with the 

spray model convergence issues previously addressed in Section 7.3.2. 

Combustion Phasing Angles and P-V Diagram 

Finally, the combustion phasing angles (CA#) and the P–V diagram are analysed for all 

cases. Figures 7.26 – 7.28 illustrate that the simulation results mostly match the 

experimental data with marginal differences even for Case VIII, except for Case II. For 

Case II, the maximum relative difference reaches above 1 [°𝐶𝐴] for CA80 − 95 

compared to a difference of 3.4 [°𝐶𝐴] for CA95. Note that generally CA80 − 95 

parameters are rather less significant than CA50 parameter. For all cases, the relative 

differences in CA50 values are less than 1 [°𝐶𝐴]. Furthermore, the P–V diagrams 

compare well between the simulations (dashed lines) and the experiments (solid lines) 

for the compression and the expansion strokes, see Figures 7.26 – 7.28. Note that, the 

intake (black solid line) and the exhaust (green solid line) strokes are not simulated, i.e. 

a closed cycle is considered. 
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Figure 7.26. Comparisons of the CA# parameter (left-column) and the log-log diesel cycle 

(right-column) between the simulations and the experiments at A30 operating conditions,  

i.e. Case II (top-row) and Case III (bottom-row). 

 

Figure 7.27. Comparisons of the CA# parameter (left-column) and the log-log P-V diagram 

(right-column) between the simulations and the experiments at B30 operating conditions,  

i.e. Case V (top-row) and Case VI (bottom-row). 
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Figure 7.28. Comparisons of the CA# parameter (left-column) and the log-log diesel cycle 

(right-column) between the simulations and the experiments at B50 operating conditions,  

i.e. Case VIII (top-row) and Case IX (bottom-row). 

Table 7.11. Comparison of the gross indicated mean effective pressures (IMEPg) between the 

simulations and the experimental data for all reacting cases. 

 𝑰𝑴𝑬𝑷𝒈𝑬𝑿𝑷 
[𝒃𝒂𝒓] 

𝑰𝑴𝑬𝑷𝒈𝑪𝑭𝑫 
[𝒃𝒂𝒓] 

Relative Difference  
[%] 

Case II 8.203 8.314 1.353 

Case III 8.157 8.248 1.116 

Case V 8.422 8.539 1.389 

Case VI 8.472 8.563 1.074 

Case VIII 13.523 13.206 2.344 

Case IX 13.537 13.240 2.194 

 

In Table 7.11, the IMEPg values obtained in the simulations and the experiments are 

given. As seen, the relative differences between the simulations and the experiments 

are marginal. The relative differences in the IMEPg values about 1 − 2 %. For the single 

injection cases (i.e. Cases II, V and VIII), the relative differences are larger than those of 
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the double injection cases (i.e. Cases III, VI and IX). This is mainly due to the larger 

differences in the aROHR, see Figures 7.23 – 7.25. 

Temperature is one of the key parameters for the chemical reactions including the NOx 

reactions. In the subsequent part, the local temperature fields obtained in the CFD 

simulations are analysed. 

7.4.3. Local Analysis of Reacting Cases 

In addition to the global parameters, the temperature field is analysed for the A30 

single and double injection cases (i.e. Cases II and III). The other operating points, i.e. 

B30 and B50, show similar qualitative differences between the single and double 

injection cases; thus, they are not shown here. In Figures 7.29 and 7.30, the temperature 

fields at the centre-plane of the injector nozzle are given to analyse the core of the 

flames from the A30 cases, i.e. Cases II and III. Moreover, coloured contour-lines of the 

equivalence ratio are indicated from lean (𝜙 = 0.5) to rich (𝜙 = 2.5) mixtures. The 

stoichiometric mixture is shown in blue. As seen here, the maximum temperatures are 

reached around the stoichiometric region (blue contour-line) indicating the highly 

reactive zone. Most of the NOx is formed particularly in these zones. Note that the 

thermal efficiencies (or IMEPg given in Table 7.11) are nearly the same for both Cases II 

and III. Therefore, any significant difference in temperature fields will affect the NOx 

emission since they are represented in terms of [𝑔/𝑘𝑊ℎ]. 

When the temperature fields are compared in Figures 7.29 and 7.30, it is seen that they 

are very similar from −3 to 3 [°𝐶𝐴]. Also, the peak temperatures are very similar, where 

𝑇𝑠𝑖𝑛𝑔𝑙𝑒
𝑚𝑎𝑥 = 2743 [𝐾] and 𝑇𝑑𝑜𝑢𝑏𝑙𝑒

𝑚𝑎𝑥 = 2690 [𝐾] obtained at the respective crank angles of 

8 − 10 [°𝐶𝐴] and 8 − 12 [°𝐶𝐴] aTDC. In the double injection case (Case III), there is a 

larger volume with temperatures above 2400 [𝐾] that lasts longer compared to those 

of the single injection case (Case II). This is mainly due to the post injection since the 

2nd pulse is injected into the reaction zone from the 1st injection. As a result, in the 

double injection case, the stoichiometric mixture (also 𝑍 > 𝑍𝑠𝑡) is obtained over a larger 

area (blue line, right-columns of Figures 7.29 and 7.30) and for a longer duration 

compared to those of the single injection case (blue line, left-columns of Figures 7.29 

and 7.30). This has a direct impact on emissions such as soot and NOx since both soot 

and NOx emissions depend on equivalence ratio and temperature. The 𝑁𝑂 emission is 

further discussed in Section 7.5. 
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Figure 7.29. Temperature field at the centre-plane of the injector nozzle with the contour lines 

for the stated equivalence ratios at A30 condition with single injection, i.e. Case II (left-column), 

and double injection, i.e. Case III (right-column) from −3 to 15 [°𝐶𝐴] aTDC. 
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Figure 7.30. Temperature field at the centre-plane of the injector nozzle with the contour lines 

for the stated equivalence ratios at A30 condition with single injection, i.e. Case II (left-column), 

and double injection, i.e. Case III (right-column) from 18 to 30 [°𝐶𝐴] aTDC. 
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In summary, the FGM-CFD model is validated with the experimental data by comparing 

the global and local parameters that are introduced in the previous section. The global 

analysis shows that the simulations match generally well with the experiments. 

However, as the amount of total injected fuel mass increases (e.g. the B50 cases at 

which the total injected fuel mass is significantly larger than those of the other cases), 

the deviations in the global parameters increase as discussed in the previous parts. This 

is not directly related with the FGM-CFD model, but mostly related with the spray sub-

models utilized in the CFD in particular its mesh and time-step dependency. Further 

improvements in mesh and spray sub-models will improve the numerical results. In 

addition, the local analysis of the temperature field reveals the differences between the 

single and double injection strategies. A main and a post injection strategy leads to 

high temperatures in a larger volume and for a longer duration. This is particularly 

important for the tailpipe emissions such as soot and NOx. 

In the next part, the NOx emission modelling method is introduced and the simulation 

results are discussed. 

7.5. NOx Emission Modelling 

For the NOx emission modelling, the NOx related part of the GRI mechanism is included 

in the Yao reaction mechanism (introduced in Chapter 2) [110]. The NOx reactions and 

the corresponding rate coefficients are given in Appendix E.3. The NOx emission is 

modelled by solving a transport equation for the 𝑁𝑂 species mass fraction (𝑌𝑁𝑂) in the 

CFD domain:  

 ( ) ( ) l t
NO NO NO

l t

Y uY
t Sc Sc

 
  

  
+ − + =      

 (7.3) 

where �̅̇�𝑁𝑂 is the mean source term of 𝑁𝑂. 

It should be noted the 𝑁𝑂 species mass fraction (𝑌𝑁𝑂) can, in principle, also be retrieved 

from the FGM tables. This was explained in a previous study [107] and also in Chapter 

6. However, 𝑁𝑂 retrieval does not yield satisfactory results for engine simulations where 

the in-cylinder conditions vary due to the piston motion. This is mainly due to the “lack 

of history” in the generation of the flamelets. The 𝑁𝑂 mass fraction (or concentration) 

is expected to increase continuously and freeze when the temperatures drop below a 

certain threshold during the expansion stroke, where the source terms drop to zero. 

However, in the engine simulations, the “lack of history” leads to unphysical behaviour 

of 𝑌𝑁𝑂 as depicted in Figure 7.31. This is further discussed in Appendix E.4. Therefore, 

instead of retrieval of 𝑌𝑁𝑂 , its transport equation is solved as a part of the CFD 
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simulation. The mean source term of 𝑁𝑂, �̅̇�𝑁𝑂 , is evaluated from the laminar flamelet 

data and stored in the FGM tables. Its retrieval is identical to that of the source term of 

𝑃𝑉. Note that TCI is not considered for the FGM in the engine simulations. TCI will 

certainly have an effect on the FGM tables; hence the 𝑁𝑂 emission. 

 

Figure 7.31. The global mass fractions of 𝑁𝑂 (left) and 𝑁2𝑂 (right) that are retrieved from the 

FGM. The results are from the A30 cases with single (Case II) and double injection (Case III). 

 

Figure 7.32. Total mass of 𝑁𝑂 species from the A30 cases, i.e. Case II and III (left), and  

the B30 cases, i.e. Cases V and VI (right). 

 

Figure 7.33. Total mass of 𝑁𝑂 species from the B50 cases, i.e. Cases VIII and IX. 
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The results of the total mass of 𝑁𝑂 (from the transported 𝑁𝑂) are plotted against the 

crank angle for the A30 and B30 cases in Figure 7.32 and for the B50 cases in Figure 

7.33. 𝑁𝑂 is formed at high temperatures (i.e. around the local 𝑃𝑉𝑚𝑎𝑥). These 

temperatures are reached around TDC. Consequently, the total mass of 𝑁𝑂 begins to 

increase around TDC. After 40 [°𝐶𝐴], the total mass of 𝑁𝑂 remains constant indicating 

that the source term of 𝑁𝑂 is zero, see Figures 7.32 and 7.33. The differences between 

the 𝑁𝑂 mass curves from the single and double injection cases are marginal. 𝑁𝑂 results 

from the B50 cases show, however, a slightly larger difference between Cases VIII and 

IX. Moreover, the cases with double injection result in larger 𝑁𝑂 quantities than those 

of the single injection cases, except for B50 operating condition. The B50 cases differ 

mainly due to the numerical issues, which are previously discussed in the global analysis 

part, in Section 7.4.2. 

In Table 7.12, the NOx emissions are compared between the simulations and the 

experiments in terms of the units generally used in literature, [𝑝𝑝𝑚], and in the 

automotive industry, [𝑔/𝑘𝑊ℎ]. It should be noted that the experimental data includes 

𝑁𝑂2 emission in addition to 𝑁𝑂. However, the difference in NOx emissions due to the 

𝑁𝑂2 species is generally assumed to be not significant since 𝑁𝑂 species generally 

dominates thermal NOx emission. The 𝑁𝑂 results show that the simulations significantly 

overpredict the total 𝑁𝑂 emission (about 3 times of the experimental values). The 

largest differences are obtained in the B50 cases. This might be related to the velocity 

field issue due to the spray model, which is addressed in Sections 7.3.2 and 7.4.2. 

Nonetheless, the qualitative trend in the 𝑁𝑂 emissions is captured by the FGM-CFD 

model. When the experimental values from the A30 cases are compared with the ones 

from the B30 cases, it is observed that the 𝑁𝑂 emission is slightly larger for the A30 

cases. The same behaviour is also observed with the numerical results. Moreover, as 

the engine load is increased from 30% to 50%, the 𝑁𝑂 emission increases about  

42 − 48 [%] in the experiments, whilst the increase in the numerical results is about 

42 − 54 [%]. Still, the absolute values of 𝑁𝑂 significantly differ between the numerical 

and the experimental data. 

The double injection cases yield higher total 𝑁𝑂 masses compared to those of the 

single injection cases both in the simulations and experiments, except for the 

simulations at B50 condition (i.e. Cases VIII and IX). Higher 𝑁𝑂 emissions are mainly 

due to the injection strategy (i.e. main and post injection) followed in this research. In 

Figures 7.35 – 7.37, the source term of 𝑁𝑂 field is plotted together with the temperature 

wireframe at the stoichiometric surface, (𝑍𝑠𝑡 ≅ 0.0587) for the A30 cases (Cases II and 

III). The snapshots range from the crank angle at which the mixture ignites (around 

−3 [°𝐶𝐴] after TDC) until a crank angle at which the reactions rates drop significantly 
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due to the temperature (e.g. 30 [°𝐶𝐴] aTDC). For the B30 and B50 cases, similar 𝑁𝑂 

source term plots are obtained; therefore, they are not shown here (see Appendix E.5 

for the B50 cases, i.e. Case VIII and IX). 

Table 7.12. Comparison of the NOx emission between the simulations (𝑁𝑂 only) and the 

experimental data (NOx) for all reacting cases. 

  𝐍𝐎𝐱𝐄𝐗𝐏 
[𝒑𝒑𝒎] 

𝐍𝐎𝐱𝐂𝐅𝐃 
[𝒑𝒑𝒎] 

𝐍𝐎𝐱𝐄𝐗𝐏 
[𝒈/𝒌𝑾𝒉] 

𝐍𝐎𝐱𝐂𝐅𝐃 
[𝒈/𝒌𝑾𝒉] 

 

A30 
Case II 1665.8 5775.5 11.054 35.485 

Case III 1973.4 5870.5 13.095 36.232 

 

B30 
Case V 1595.4 5336.3 10.587 32.464 

Case VI 1781.3 5391.2 11.821 32.631 

 

B50 
Case VIII 2369.2 8231.4 15.722 48.154 

Case IX 2378.5 8083.9 15.784 47.223 

 

 

Figure 7.34. Source terms of 𝑁𝑂 plotted against the mixture fraction and the laminar flamelet 

temperature, which is obtained from a laminar flamelet generated at 𝑝 = 105 [𝑏𝑎𝑟] and  

𝑇𝑢 = 1100 [𝐾]. 𝑍𝑠𝑡 is depicted by the purple dashed line. 

In Figure 7.34, the source terms of 𝑁𝑂, which is generated at similar peak 𝑝 and 𝑇𝑢 

values reached in the A30 cases, is shown with respect to the mixture fraction and the 

temperature. 𝑁𝑂 formation (i.e. source terms) is observed around stoichiometric 

mixtures at high temperatures (𝑇 > 2000 [𝐾]). Figures 7.35 – 7.37 show that the source 

terms of 𝑁𝑂 are low right after the ignition, i.e. from −3 to 6 [°𝐶𝐴] aTDC. As the 

temperature rises, the source terms increase, from 6 till 15 [°𝐶𝐴]. Throughout the 

expansion stroke, both temperature and the source terms of 𝑁𝑂 drop. Here, a strong 
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correlation among 𝑁𝑂 formation, stoichiometric mixture and temperature is 

demonstrated which is also observed in the flamelet solution shown in Figure 7.34. 

 

Figure 7.35. Source term of 𝑁𝑂 species with the temperature wireframe at the stoichiometric 

mixture (𝑍𝑠𝑡 ≅ 0.0587) plotted for A30 with single injection, i.e. Case II (left-side) and  

double injection, i.e. Case III (right-side) cases from −3 to 6 [°𝐶𝐴] aTDC. 
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Figure 7.36. Source term of 𝑁𝑂 species with the temperature wireframe at the stoichiometric 

mixture (𝑍𝑠𝑡 ≅ 0.0587) plotted for A30 with single injection, i.e. Case II (left-side) and  

double injection, i.e. Case III (right-side) cases from 9 to 18 [°𝐶𝐴] aTDC. 
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Figure 7.37. Source term of 𝑁𝑂 species with the temperature wireframe at the stoichiometric 

mixture (𝑍𝑠𝑡 ≅ 0.0587) plotted for A30 with single injection, i.e. Case II (left-side) and  

double injection, i.e. Case III (right-side) cases from 21 to 30 [°𝐶𝐴] aTDC. 
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Consequently, the comparison of the scalar fields of 𝑁𝑂 source term (i.e. �̅̇�𝑁𝑂) between 

the single and the double injection cases (Figures 7.35 – 7.37) reveals that higher 𝑁𝑂 

formation (i.e. �̅̇�𝑁𝑂) is due to  

 a larger area of the stoichiometric mixture with high temperatures, 

 a longer duration at these conditions. 

In summary, the NOx is modelled with the 𝑁𝑂 species according to the GRI-𝑁𝑂 reaction 

mechanism included in the Yao reaction mechanism. The mean source terms of 𝑁𝑂, 

�̅̇�𝑁𝑂 , are stored in the FGM. With the retrieval of the �̅̇�𝑁𝑂 , in the CFD simulations, 𝑌𝑁𝑂 

is transported in order to include the “history effect” since formation of 𝑁𝑂 is strongly 

correlated with high temperatures at the stoichiometric mixture. It is seen that the 

simulations significantly overpredict the 𝑁𝑂 emission (about three times) compared to 

the experimental data. The main reason for such significant difference is due to the 𝑃𝑉 

definition used for the FGM tabulation. As discussed in Chapter 6, the �̅̇�𝑁𝑂 is resolved 

in a narrow-band in the FGM when the species related with NOx are not included in 

the 𝑃𝑉 definition. This makes retrieval of the �̅̇�𝑁𝑂 very sensitive to the controlling 

variables, especially 𝑃𝑉. The double injection (i.e. main and post injection) strategy 

leads to (marginally) higher NOx emission due to a larger area of the mixture obtained 

at high temperatures and near to the stoichiometric mixture. In this respect, 

optimization of the injection profile that would lead to a lower NOx emission should 

aim at reducing the zones at which the mixture is around stoichiometry and at high 

temperatures. 

In the next section, the main conclusions of this chapter and recommendations for 

future studies are discussed. 

7.6. Conclusions 

In this chapter, the FGM-CFD simulations are presented for the single cylinder HDDI 

diesel engine, i.e. the Cyclops. The simulation results are analysed and compared with 

the corresponding experimental data to validate the FGM-CFD model. This is 

performed at various operating conditions with single and double injection strategies. 

The Cyclops experiments and the simulations are conducted at two different engine 

speeds with two different loads points. In total, three cases with motorized cycles and 

six reacting cases are simulated (i.e. A30, B30 and B50). The results are analysed with 

the global and the local parameters. Finally, the 𝑁𝑂 emission model is introduced and 

the results of the simulations are discussed together with the experimental data. 
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For the engine simulations, the FGM tabulation is extended with two additional 

controlling variables, i.e. unburnt temperature (𝑇𝑢) and pressure (𝑝). This is done in 

order to account for the varying in-cylinder condition due to the piston motion and 

heat loss. For the FGM tabulation, a set of igniting flamelets is simulated for which the 

in-cylinder pressures and the oxidizer boundary temperatures are varied according to 

the experimental data. Due to the expansion stroke, the in-cylinder temperature drops. 

To evaluate the thermophysical properties of the burnt mixture at low temperatures, 

the transient flamelets solved with zero source terms, i.e. the frozen solutions, are 

added to the FGM. 

The case setup of the numerical model requires generation of a 3-D mesh, setting the 

initial and boundary conditions and the critical parameters of the spray sub-model. 

These are the fuel injection profile, the minimum droplet mass and the total number of 

parcels. Depending on the cell sizes, the minimum droplet mass is to be tuned to reach 

numerical convergence of the spray sub-models, especially for the evaporation sub-

model. Also, the total number of parcels is a crucial term to be set. In this study, it is 

attained that the total number of parcels is proportional with the total amount of fuel 

injection, whereas the minimum droplet mass is inversely proportional with the total 

amount of fuel injection. Therefore, the larger the engine load, the smaller the minimum 

droplet mass and larger the total number of parcels. 

The motorized cycle simulations are analysed for the case setup. For all cases, the  

FGM-CFD simulation results match well with the experimental results in terms of the 

global parameters, i.e. trapped oxidizer mass, average in-cylinder pressure and 

temperature. The relative differences in the global parameters are less than 1% for all 

cases. It is shown that the sensitivity to inlet temperature is large. When the inlet 

temperature is varied by 5% (±20 [𝐾]), the in-cylinder pressure and the IMEPg change 

by 1 − 8%. On the other hand, variations in the wall temperatures (5%, i.e. ±20 [𝐾]) 

yield only marginal differences in the global parameters where 𝑟𝑒𝑙. 𝑑𝑖𝑓𝑓. ≪ 1%. It is 

concluded that the inlet temperature is more important for the global parameters than 

the wall temperatures. Also, mesh refinement leads to marginal changes in the global 

parameters obtained in the motorized cycle simulations. 

The effect of the mesh in the reacting simulations is also studied in this chapter. The 

default mesh is refined and the results are compared for Case II. The finer mesh yields 

smaller differences for the global parameters compared to those of the experiment. In 

this study, a spray-oriented structured 3-D mesh is used for the simulations. The mesh 

is generated with a finite number of blocks. This limits the freedom to adjust the sizes 

of cells over the computational domain. In conclusion, a study applying an unstructured 
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optimal mesh for the engine simulations is required for a better understanding of the 

mesh and the spray model dependency. 

The injection profile is one of the key parameters of the spray sub-model. Its effect on 

the reacting simulations is studied by using two sets of injection profiles created from 

two rather similar injectors. The main differences between the injection profiles are 

observed at the main and ramp-down parts. This is particularly critical for combustion 

phasing. The 1st profile is that of to the injector used in the experiments and it is 

assumed to be more relevant.  The 2nd injection profile has a shorter injection duration 

and a steeper ramp-down part than those of the 1st profile. Thus, the mass flow rate is 

higher during the main part of the injection. Note that the total injected fuel mass for 

both injection profiles is the same. The simulation results (from Case II) show that the 

combustion phasing is advanced when the 2nd injection profile is used. Also, slightly 

larger heat release rates (i.e. aROHR) are achieved with the 2nd profile. These 

observations show that the injection profile can be tuned using the CFD model for 

optimal engine operating conditions regarding to lower emissions and higher IMEPg. 

The results of the simulations are sensitive to these details of the injection profile. 

The load and speed variations (i.e. A30, B30 and B50) reveal that the FGM-CFD model 

generally yields a good agreement with the experimental data in terms of global 

parameters. However, the differences get larger when the engine load is increased such 

as from B30 to B50 (e.g. Cases VIII) but mainly for the single injection case. In fact, the 

spray sub-model encounters convergence issues related with the evaporation  

sub-model in the B50 single injection case, i.e. Case VIII. This is due to the fact that a 

longer injection (such as in Case VIII) leads to a higher liquid-to-gas volume ratio in 

cells near the injector nozzle. This observation is corroborated by the fact the simulation 

results of the B50 double injection case (Case IX) show slightly smaller relative 

differences. Due to the split injection, a lower amount fuel is injected during the 1st 

injection, which is similar to the B30 single injection case. Split injection reduces the 

possibility of a high liquid-to-gas volume ratio in cells near the injector, which leads to 

a better estimation of fuel evaporation. This numerical issue is circumvented by using 

a 1st order upwind discretization scheme instead of a 2nd order centred scheme for the 

transport equations of 𝑘 and 𝜀 terms in the B50 cases (Cases VIII and IX) only. The use 

of an upwind scheme leads to artificially increased diffusion in transport equations, 

which stabilizes the simulations. In literature, several studies suggest improvement for 

the coupling in Euler-Lagrange simulations [119-121]. This might be good to implement 

in future studies. 
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The local temperature field is also analysed for the reacting simulations (i.e. the A30 

cases). This is particularly critical for the tailpipe emissions such as soot and NOx. The 

results of the simulations reveal that the double injection (i.e. main and post injection) 

leads to a larger area of the stoichiometric mixture (also 𝑍 > 𝑍𝑠𝑡) at high temperatures 

(i.e. 𝑇 > 2700 [𝐾]) compared to the single injection utilized in this study. Similar trends 

are also attained at the other operating conditions (i.e. B30 and B50). This is due to the 

split injection strategy since the dwell time between the injections so short that the 2nd 

injection interacts with the reaction zone from the 1st injection. Thus, the 2nd injection 

ignites with a very short ignition delay. As a consequence, high temperatures at the 

stoichiometric mixture is sustained for a longer duration with the double injection 

strategy. This is further quantified by the extension of the approach to model NOx 

emissions. Here, it is modelled by solving a transport equation for 𝑌𝑁𝑂 in the CFD 

domain. The source term of 𝑁𝑂, which combines the production and the consumption 

rates, is evaluated from the flamelet data and retrieved from the FGM. For the global 

analysis, the total 𝑁𝑂 mass values are compared between the simulations and the 

experiments. All simulation results overestimate the total 𝑁𝑂 mass by about a factor of 

three compared to the experimental values. Qualitatively, the trends between the single 

and the double injection cases, i.e. increase in 𝑁𝑂 emissions from single to double 

injection cases, are captured except for the B50 cases. Also, the increase in 𝑁𝑂 mass 

with increasing engine load is captured by the FGM-CFD model. 

The significant quantitative deviations in the predicted NOx might be due to several 

reasons. For the simulations, the 𝑃𝑉 definition plays the most important role for the 

modelling of the chemistry, hence the modelled 𝑁𝑂 emission. As mentioned in Chapter 

2, the default 𝑃𝑉 definition does not include any species related with NOx. As a result, 

the source terms of 𝑁𝑂 are stored within a narrow-band in the FGM table, as depicted 

in Chapter 6. This makes the retrieval of the source terms sensitive to small variations 

in 𝑃𝑉 where it is not well resolved. One way to improve the resolution of the 𝑁𝑂 data 

in the manifold is to optimize the 𝑃𝑉 definition for accurate 𝑁𝑂 emission modelling 

(see chapter 6) or even apply a multi-stage FGM application [115]. Another promising 

approach to improve 𝑁𝑂 modelling without altering the 𝑃𝑉 definition is splitting the 

production and the consumption terms of 𝑁𝑂 and retrieve them separately to evaluate 

the �̅̇�𝑁𝑂 for the closure of the transport equation [122-123]. In this method, the 

consumption term is scaled with 𝑌𝑁𝑂 evaluated from the laminar flamelet solutions and 

stored in the FGM. The total source term of 𝑁𝑂 (summation of production and 

consumption terms) is evaluated with respect to the transported 𝑌𝑁𝑂 in the CFD 

domain. This yields a better estimation of the source term due to its dependency on 

𝑁𝑂 mass fraction (transported in the CFD). 



7. Heavy Duty Direct Injection Diesel Engine Simulations 

 

184   

The effect of split injection is analysed by comparing the scalar fields of the source term 

of 𝑁𝑂 from Cases II and III. Similar to the local temperature field analysis, it is revealed 

that the split injection (i.e. main and post injection) leads to a larger area of the 

stoichiometric mixture at high temperatures. This is the main reason for higher 𝑁𝑂 

formation compared to that of the single injection. It shows that the FGM-CFD method 

can be used to optimize the injection strategy. 
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Conclusions 

This study focuses on developing a CFD model for diesel combustion with multi-pulse 

fuel injection in HDDI diesel engines. The developed model combines the state-of-the-

art FGM reduced chemistry model coupled with the RANS solver from the OpenFOAM-

LibICE tool [34-39]. In this study, the FGM-CFD approach is extended for the multi-

pulse injection strategies and validated systematically against diesel engine 

characteristics. 

Matching the emission limits is one of the main targets for heavy-duty diesel engine 

developments. To lower the tailpipe emissions, new combustion concepts, e.g. low 

temperature combustion, are being studied. Multi-pulse injection strategy is one of the 

new approaches to control the combustion phasing and the associated local 

temperature development and emission formation. In-cycle control of fuel injection 

allows us to manipulate the local mixing which alters the reaction rates. In this way, 

sustained local conditions leading to a high emission formation can be reduced, whilst 

retaining or even improving the thermal efficiency. The FGM-CFD model allows us to 

analyse the details of the flow field, mixing and combustion chemistry and formations 

of emissions. 

Predictive numerical models are cost-effective tools to analyse new concepts to reveal 

local conditions in combustion chambers that lead to emission formation and reduction 

in thermal efficiency. However, turbulent diesel combustion comprises a complex 

interplay between several physical and chemical processes. In addition to that, 

reciprocating IC engines comprise an additional complexity due to the piston motion, 

i.e. varying in-cylinder conditions. Hence, modelling diesel combustion in IC engines is 

a challenging task. In this respect, a systematic approach is followed for the FGM-CFD 
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model validation. The CFD simulations are performed on two relevant set-ups, a 

constant volume combustion chamber (in 2-D) and a single cylinder HDDI diesel engine 

(in 3-D). 

In the FGM method, the combustion chemistry is pre-processed by solving 1-D laminar 

counter-flow diffusion (CD) flames. The resulting data of these the so-called flamelets 

are stored in look-up tables with respect to controlling variables. The look-up tables 

are generated with a transient igniting (with a constant strain rate, 𝑎, of 500 [1 𝑠⁄ ]) and 

a set of steady flamelets (where 𝑎 ∈ [1, 500] [1 𝑠⁄ ]). The analysis of the ignition delay 

times obtained with the detailed chemistry and the FGM model yields a good 

agreement when 𝑎 < 1000 [1 𝑠⁄ ]. In a reacting CFD simulation, it is found that the local 

strain rate near the reaction zone, where the lifted flame is established, is below 

1000 [1 𝑠⁄ ], which substantiates the validity of the approach. Consequently, the FGM 

tables generated with a strain rate of 500 [1 𝑠⁄ ] for the transient flamelets are used in 

all reacting CFD simulations. Another critical parameter for the laminar CD flamelet 

solutions is the initial condition, i.e. the mixing line. The laminar flamelet solutions are 

generally obtained for single gas-phase chemistry without accounting for the liquid fuel 

evaporation. In this study, this is accounted for by adjusting the fuel side boundary 

temperature in the laminar flamelet solutions according to the heat loss due to liquid 

fuel evaporation. Furthermore, proper definitions of controlling variables are crucial to 

give a reliable representation of the pre-processed chemistry. In this study, the mixture 

fraction (𝑍 from the Bilger’s definition) and a reaction progress variable (𝑃𝑉) are 

selected as the controlling variables of the 2-D FGM for the constant volume 

simulations. The 𝑃𝑉 definition, which is a linear combination of species mass fraction, 

is manually adjusted to accurately predict the ignition delay times of the igniting CD 

flamelets. 

In Chapter 3, the FGM method is assessed extensively in the constant volume 

simulations with “diesel engine like” conditions, i.e. the Spray-A condition, before it is 

applied for the diesel engine simulations. Initially, inert cases (i.e. 𝑂2 = 0%) are utilized 

to find out the optimal settings for the spray model. The inert simulations show a good 

agreement with the experimental data in terms of the liquid length and the vapour-tip 

penetrations both in axial and radial directions. However, a sensitivity analysis for the 

number of total parcels and time-step revealed that the spray model is not completely 

time-step independent and a variation in any of these parameters affects the liquid 

length. Nevertheless, the vapour-tip penetration is not affected. As a result, for the case 

setup, the optimal time-step and number of total parcels are set to match the 

experimental data. The reacting simulations are performed at various operating 

conditions in terms of oxidizer composition and temperature. Also, the fuel injection 
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strategy, i.e. single and double injection strategies, is studied. The results are analysed 

in terms of the characteristic global parameters of turbulent combustion. The FGM-CFD 

model based on the Yao reaction mechanism captures the global trends of the ignition 

delay and the normalized aROHR well. The lift-off length is slightly underpredicted. 

However, the pressure-rise, hence the actual aROHR, is overpredicted in the 

simulations. This might be due to the (Yao) chemical reaction mechanism, yet the actual 

reason is not understood. So, this is to be investigated in future studies. It should be 

noted that the 𝑃𝑉 definition also plays a crucial role for the reacting simulations. 

Next, the impact of turbulence-chemistry (TCI) on the reacting Spray-A simulations is 

analysed in Chapter 4. In this respect, the FGM tables are integrated with a presumed 

probability density function (PDF), i.e. the beta-PDF, which is a function of the mean 

mixture fraction and its variance only. The global analysis shows marginal differences 

between the simulations with and without TCI. However, the lift-off length is 

significantly shortened when TCI is accounted for the FGM based on both the Yao and 

Wang mechanisms. Furthermore, in the simulations based on the Wang mechanism, a 

stable lifted flame is not established as is in the simulations based on the Yao 

mechanism. Also, the scalar fields of 𝑂𝐻 species and the associated lift-off length and 

the source terms of the 𝑃𝑉 are significantly altered when TCI is considered. This is due 

to the beta-PDF integration as it smears out the source terms of 𝑃𝑉 in the 𝑍 − 𝑃𝑉 

domain. As a result, reactions occur in richer mixtures. From a theoretical point of view, 

incorporation of TCI is essential for turbulent combustion simulations. The results show 

that it has a significant effect on the scalar fields of 𝑂𝐻 and 𝐶2𝐻2, hence on formations 

of emissions. 

Additionally, the FGM-CFD model is extensively compared against an alternative 

reduced chemistry method, the so-called approximate diffusion flame model (i.e. ADF-

RANS). In the simulations, the 2-D look-up tables are used for which TCI is not 

considered. The main difference between the FGM and ADF models is in the look-up 

tables. In the ADF model, a diffusive term is implemented as a secondary effect not 

altering the chemistry, which results in higher source terms at richer mixtures. This leads 

to a shorter lift-off length and an earlier ignition compared to those of the FGM model, 

which accounts for the diffusion. Also, significant differences in the flame structures are 

observed. Based on the detailed analysis, it is found that for accurate simulations it is 

required to utilize the relevant chemical reaction mechanism and to account for the 

evaporative heat loss. 

A preliminary study for soot and NOx modelling is carried out in Chapter 6. The FGM 

approach is extended for these emissions by including the gas-phase NOx reaction 
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kinetics and coupling the solid-phase soot kinetics with the gas-phase  

n-dodecane reaction mechanism. The detailed laminar flamelet database including the 

emission information is generated and stored in the 2-D FGM tables, where TCI is not 

considered. To describe emission data in the FGM accurately, the 𝑃𝑉 is tailored by 

adding the soot and NOx related species into the definition. The optimal definition is 

found by trial and error. This might be improved by constructing the 𝑃𝑉 definition in 

an automated fashion in future studies. Nonetheless, the global aspects (i.e. the ignition 

delay and the lift-off length) are not affected by the changed 𝑃𝑉 definition. In this study, 

the soot nucleation is modelled by utilizing either 𝐶2𝐻2 or 𝐴4 as the soot-precursor. 

Contrary to the soot model with the 𝐶2𝐻2 precursor, the rate constant adopted for the 

nucleation through 𝐴4 is not temperature dependent. Qualitatively, the soot field data 

obtained in the CFD simulations shows a good agreement with the experimental data. 

However, there are significant quantitative deviations between the simulations and the 

experiment, especially for the soot model based on the 𝐴4 precursor. One of the 

reasons for such quantitative differences is due to the reaction rates used in the soot 

model and also the lack of the temperature dependency of the soot model kinetics for 

the soot model with the 𝐴4 precursor. Commonly, this is improved by an ad-hoc 

optimization of the soot related reaction rates for the specific turbulent combustion 

simulations. This has not been done in this study. Moreover, using a single 𝑃𝑉 definition 

for both ignition characteristics and emissions yields a limited accuracy due to different 

associated time-scales. This might be improved in future studies by using multiple 𝑃𝑉s 

for different stages of the combustion process. Also, the effect of TCI is to be analysed 

in future studies. 

Finally, the engine simulations are performed for the Cyclops engine, which a test rig 

developed and built at TU/e [33] with single test cylinder. In Chapter 7, the simulation 

results are compared with the corresponding experimental data to validate the FGM-

CFD model. The analysis is performed at various engine speeds and loads with single 

and double injection strategies. For the case setup of the FGM-CFD model, a spray 

oriented 3-D mesh is generated. The initial and boundary conditions (i.e. wall 

temperatures) are set according to the motorized (no fuel injection) cycle experiments. 

For the motorized cycles, the relative differences in the global parameters are less than 

1% for all cases. For the FGM tabulation, igniting laminar CD flamelets are generated 

at 17 pressure and 11 temperature levels to cover the whole range of in-cylinder 

conditions obtained in the experiments. For the situations where the CD flames fail to 

ignite, chemically frozen (with forced zero source terms, �̇�𝑖 = 0) flames are allowed to 

extinguish. By this approach, the thermophysical properties of the burnt mixture at low 

temperatures are obtained. The flamelet data is stored with respect to the 𝑍 and 𝑃𝑉 as 

well as the pressure (𝑝) and the unburnt temperature (𝑇𝑢) leading to 4-D FGM tables if 
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no TCI is considered. For future work, the size of the FGM tables (i.e. large memory use) 

necessitates an optimization study for the number of grid points used for each 

controlling variable in order to account for TCI without memory issues. It is shown that 

the predicted combustion phasing of the FGM-CFD model is sensitive to details of the 

injection profile, i.e. fuel mass flow rate. Hence, the model can be utilized to tune the 

injection profile to optimize the engine towards reduced emissions and increased 

IMEPg, i.e. thermal efficiency. 

The results of the reacting simulations at various engine speed and load with single and 

double (main and post) injections yield a good agreement with the experimental data 

in terms of global parameters. However, the relative differences get larger for the 

higher engine load, especially for the single injection case. This is related to 

convergence problems of the spray model (in fact the evaporation sub-model) leading 

to reduced accuracy for the spray model when the injected fuel mass becomes large. 

The convergence problem is circumvented by altering the discretization scheme in the 

transport equations of the 𝑘 and 𝜀 from a 2nd order (i.e. centred) to a 1st order scheme 

(i.e. upwind). The impact of the 1st order discretization scheme is also analysed with a 

stable reacting case. The results show marginal differences in the global parameters 

compared to the results obtained with the 2nd order schemes. In literature, several 

studies suggest possible improvement to circumvent such spray modelling issues [119-

121]. The analysis of the scalar fields reveals important insights in the difference in 𝑁𝑂 

emission formation between the single and double injection strategies. It is found that 

the double injection (i.e. main and post injection) cases lead to a larger surface area of 

the stoichiometric mixture with high temperatures (i.e. 𝑇 > 2700 [𝐾]) compared to the 

single injection cases. This is due to the split injection strategy at which the dwell time 

between the injections is so short that the 2nd injection interacts with the 1st injection. 

The global trend of 𝑁𝑂 emission with respect to engine load and injection strategy is 

captured with the FGM-CFD model. However, the absolute values are significantly 

overpredicted mainly due to the use of a 𝑃𝑉 where 𝑁𝑂 species are not included and 

the absence of TCI. Nevertheless, the analysis of the local temperature fields 

demonstrates that the injection profile can be a key parameter to alter the region size 

and period where the maximum temperatures are reached. 

In conclusion, the FGM-CFD (i.e. the FGM-RANS) model is validated systematically with 

the constant volume and diesel engine simulations at various operating conditions with 

multi-pulse injection strategies, i.e. single and various double injections. The current 

model provides computationally efficient and reliable results for all studied cases. 

Possible improvements in the spray models will improve the robustness of the model. 

Furthermore, an automated optimization for the 𝑃𝑉 definition and a more reliable 
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chemical reaction mechanism will lead to better estimation of the combustion 

chemistry, hence the global combustion characteristics and emissions. Considering TCI 

for the pre-processed combustion chemistry in the simulations, especially in the engine 

simulations, will be an essential step for future studies. 

The current FGM-CFD model yields promising results for the single cylinder HDDI diesel 

engine (i.e. Cyclops engine). The simulations showed that the initial case setup, such as 

the initial in-cylinder temperature (i.e. bulk temperature at IVC) and fuel injection 

profile, is critical for the analysis. The impact of variability in in-cylinder conditions due 

to multi-cylinder effects can be assessed with systematic sensitivity analyses for the 

initial and boundary conditions such as trapped mass, oxidizer composition/EGR rate, 

fuel injection profile, initial temperatures, compression ratio and engine speed without 

modifying the approach. In future works, similar to NOx modelling with transported 𝑁𝑂 

species mass fraction (Chapter 6 and 7), soot (i.e. PM) can be modelled in HDDI engine 

simulations given that the reaction rates used in the soot model (Chapter 6) and the 

𝑃𝑉 definition are modified accordingly. Alternative fuels can also be used in the FGM-

CFD model providing the chemical reaction mechanisms are known and validated. 

Finally, optimizing the injection rate shape, which is well within the capabilities of the 

approach but preliminary studies are not presented in this thesis, showed that it will 

need extensive validation of both the fuel injection model and the chemical model to 

yield reliable results. For transient simulations with varying EGR rates, slight 

modifications in the FGM look-up in the FGM-CFD model will be needed. 
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A.1. Spray-A Conditions 

In addition to Table 2.1, the nominal Spray-A conditions and the ambient gas 

composition by volume are stated in Table A.1 and A.2, respectively. 

Table A.1. Nominal Spray-A conditions [92]. 

Fuel Injector Diameter [𝒎𝒎] 0.084 

Discharge Coefficient [−] 0.89 

Short Injection Mass [𝒎𝒈] 3.46 

Long Injection Mass [𝒎𝒈] 14.00 

 

Table A.2. Ambient gas composition by volume. 

𝑶𝟐 [%] 𝑵𝟐 [%] 𝑪𝑶𝟐 [%] 𝑯𝟐𝑶 [%] 

15.00 75.15 6.23 3.62 

13.00 77.09 6.26 3.64 

21.00 69.33 6.11 3.56 
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A.2. Ignition Delay Definition 

In the ECN network, for the CFD simulations, two different ignition delay time 

definitions are proposed. These are based on 𝑂𝐻 species mass fraction and 

temperature as follows [41]; 

 First time at which Favre-averaged 𝑂𝐻 species mass fraction reaches 2% of the 

maximum in the domain after a stable flame is established. 

  ign max maxtime 0.02 ( )local globalOH OH = =    (A.1) 

 Time of the maximum rate of rise of the maximum temperature. 

 max
ign time maximum

globaldT

dt


 
= = 

 
  (A.2) 

The value of the ignition delay time varies depending on the definition. The actual 

ignition delay definition is less critical for model-to-model comparisons compared to 

model-to-experiment comparisons. 
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A.3. Progress Variable Definition 

In this thesis, the 𝑃𝑉 definition is manually optimized to predict the ignition delay time 

accurately compared to the detailed chemistry results. In Figure A.1, the ignition delay 

times obtained from the laminar flamelets based on the reduced chemistry (i.e. the 

FGM) are compared with the one based on the detailed chemistry result. Here, the 

sensitivity of the ignition delay with respect to the 𝑃𝑉 definition is analysed. The 𝑃𝑉1−1 

(i.e. PV 1-1) is the default 𝑃𝑉 definition, see Equation 2.32. 𝑃𝑉 is defined with the 

following expression:  

 
1

i i

i

PV wY
=

= . (A.3) 

Table A.3. The species and the corresponding weight factors used for  

the 𝑃𝑉 definitions. 

Species 𝑷𝑽𝟏−𝟏 𝑷𝑽𝟏−𝟐 𝑷𝑽𝟐−𝟏 𝑷𝑽𝟐−𝟐 𝑷𝑽𝟐−𝟑 

𝒀𝒊 [−] 𝒘𝒊 [−] 𝒘𝒊 [−] 𝒘𝒊 [−] 𝒘𝒊 [−] 𝒘𝒊 [−] 
𝑪𝑶𝟐 1.2 0.9/𝑀𝐶𝑂2

 1.1 1.1 1.1 

𝑪𝑶 0.9 0.2/𝑀𝐶𝑂 1 1 1 

𝑯𝑶𝟐 2.7 5/𝑀𝐻𝑂2
 27.7 27.7 27.7 

𝑪𝑯𝟐𝑶 1.5 2.5/𝑀𝐶𝐻2𝑂 1.5 1.5 1.5 

𝑯𝟐𝑶 1.2 1.8/𝑀𝐻2𝑂 1.2 1.2 1.2 

𝑪𝟐𝑯𝟒 − 0.33/𝑀𝐶2𝐻4
 − − − 

𝑶𝟐 − − 0.2 0.1 -0.1 

𝒏𝑪𝟏𝟐𝑯𝟐𝟔 − − -0.1 − − 

 

 

Figure A.1. Ignition delay times from the 1-D laminar flamelets based on the detailed and the 

FGM chemistry. The flamelet solutions are based on the Yao mechanism. 
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It is seen that species used in the 𝑃𝑉 definition affect the ignition delay time effectively, 

whereas the values of the weight factors have a minimal impact on the ignition delay 

time for the studied 𝑃𝑉 definitions. As seen in Table A.4, the FGM model with the 

default 𝑃𝑉 definition, i.e. 𝑃𝑉1−1, predicts the ignition delay time accurately for the 

laminar flamelet solved at the nominal Spray-A condition. 

Table A.4. Ignition delay time comparison between the laminar flamelets obtained with  

the detailed and the FGM model, which are based on the indicated reaction mechanisms. 

Ignition Delay / Mechanism Nara. Wang Cai Yao 

Detailed Chemistry [𝒎𝒔] 0.577 0.522 0.379 0.256 

FGM [𝒎𝒔] 0.598 0.533 0.383 0.257 

Relative Difference [%] 3.64 2.11 1.06 0.39 
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B.1. Two-Equation RANS Models 

In this study, a two-equation RANS model is used as the turbulence closure of the 

transport equations. In Chapter 2, we investigated the effect of the type of RANS model 

on the simulation results for the nominal inert Spray-A condition. Four models are 

evaluated: the standard, the renormalization group analysis (RNG), the realizable, and 

the Launder-Sharma 𝑘 − 𝜀 models. The main difference among these RANS models is 

the evaluation of the dissipation term, 𝜀. In this part, the generic turbulent kinetic 

energy (𝑘) and the dissipation rate (𝜀) equations for these models are expressed to 

address the differences. 

Standard 𝒌 − 𝜺 RANS Model 

( ) ( ) t
i k b M k

i j k j

k
k ku G G Y S

t x x x


   



     
+ = + + + − − +  

      

 (B.1) 

( ) ( )
2

1 2
t

i k

i j j

u C G C S
t x x x k k





   
   



     
+ = + + − +  

      

 (B.2) 

where 𝜇 is the laminar dynamic viscosity, 𝐺𝑘 is the generation of 𝑘 due to mean velocity 

gradients, 𝐺𝑏 is the generation of 𝑘 due to buoyancy. 𝑌𝑀 represents the contribution of 

the fluctuating dilatation in compressible turbulence to the overall 𝜀. 𝐶1 and 𝐶2 are the 

model constants. 𝜎𝑘 and 𝜎𝜀 are the respective turbulent Prandtl numbers for the 𝑘 and 

𝜀. 𝑆𝑘 and 𝑆𝜀 are the respective user-defined source terms for the 𝑘 and 𝜀. The turbulent 

viscosity (𝜇𝑡) is given by  
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2

t

k
C 


=  (B.3) 

where 𝐶𝜇 is the model constant. In Chapter 2, the standard 𝑘 − 𝜀 model constants are 

listed in Table 2.3. 

RNG 𝒌 − 𝜺 RANS Model 

The RNG RANS turbulence closure model is refined from the standard 𝑘 − 𝜀 RANS 

model by using a statistical method so-called renormalization group theory. Here, the 

generic turbulent kinetic energy (𝑘) and the dissipation rate (𝜀) equations are given by  

( ) ( )i k eff k b M k

i j j

k
k ku G G Y S

t x x x
    

    
+ = + + − − + 

     

 (B.4) 

( ) ( )
2

*

1 2i eff k

i j j

u C G C S
t x x x k k

 

  
    

    
+ = + − + 

     

 (B.5) 

where 𝛼𝑘 and 𝛼𝜀 are the respective inverse effective Prandtl numbers for the 𝑘 and 𝜀. 

𝜇𝑒𝑓𝑓 is the effective dynamic viscosity, i.e. 𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡 where 𝜇𝑡 is given in Equation 

B.3. In the high Reynolds number limit, 𝐶𝜇 = 0.0845 and 𝛼𝑘 = 𝛼𝜀 ≈ 1.393. The main 

difference in the RNG model is related with the term 𝐶2
∗, which is given by  

 
( )3

0*

2 2 3

1

1

C
C C

  



−
= +

+
 (B.6) 

where 𝜂 ≡ 𝑆𝑘 𝜀⁄ , 𝜂0 = 4.38 and 𝛽 = 0.012. 𝑆 is the modulus of the mean rate-of-strain 

tensor given by 𝑆 ≡ √𝑆𝑖𝑗𝑆𝑖𝑗 .  

The RNG model constants are listed in Table B.1. 

Table B.1. The RNG 𝑘 − 𝜀 RANS model constants. 

Constant 𝑪𝝁 𝑪𝟏 𝑪𝟐 𝝈𝒌 𝝈𝜺 

Value 0.0845 1.42 1.68 0.7194 0.7194 

 

 

 



Appendix B 

197 

Realizable 𝒌 − 𝜺 RANS Model 

The realizable 𝑘 − 𝜀 model comprises a new dissipation rate (𝜀) equation and a new 

turbulent viscosity (𝜇𝑡) formulation compared to the standard 𝑘 − 𝜀 model. The 𝑘 

equation is the same as the standard model, which is given in Equation B.1. 

The dissipation rate (𝜀) equation is given by   

( ) ( )
2

1 2

                                                                                                 

t
i

i j j

u C S C
t x x x k

S





  
     

 

     
 + = + + −  

    +   

+

 (B.7) 

where 𝜈 is the kinematic viscosity, 𝐶1
′ and 𝐶2

′ are the model coefficients. 𝐶1
′ is given by  

 
1 max 0.43,  

5

Sk

C
Sk





 
  =
 +
 

   with   2 ij ijS S S= . (B.8) 

The turbulent viscosity (𝜇𝑡) is evaluated from Equation B.3; however, here the 𝐶𝜇 

coefficient is not a constant as in the standard model. Instead, it is given by  

 

1
*

0 s

kU
C A A



−

 
= + 
 

   with    
*

ij ij ij ijU S S +   (B.9) 

where 𝑆 is the modulus of the mean rate-of-strain tensor. Ω̃𝑖𝑗 is described by  

 3ij ij ijk k  = −  (B.10) 

where Ω̅𝑖𝑗 is the mean rate-of-rotation tensor with the angular velocity 𝜔𝑘 . 𝐴0 and 𝐴𝑠 

are the model coefficients given by  

0 4.04A =   and  ( )11
6 cos cos 6

3
sA W− 
=  

 
  with  

( )
3

ij jk ki

ij ij

S S S
W

S S

= . (B.11) 

The realizable 𝑘 − 𝜀 RANS model constants are listed in Table B.2. 

Table B.2. The realizable 𝑘 − 𝜀 RANS model constants. 

Constant 𝑪𝟏 𝑪𝟐
′  𝝈𝒌 𝝈𝜺 

Value 1.44 1.9 1.0 1.2 
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Launder-Sharma 𝒌 − 𝜺 RANS Model 

The Launder-Sharma model is, in fact, a low-Reynolds 𝑘 − 𝜀 RANS model to predict the 

flow phenomenon in boundary layers and duct flows. The generic turbulent kinetic 

energy (𝑘) and the dissipation rate (𝜀) equations are given by  

( ) ( ) t
i k

i j k j

k
k ku G D

t x x x


   



     
+ = + + − −  

      

 (B.12) 

( ) ( ) ( )1 2 2

                                                                                                  +

t
i k

i j j

u C G C f
t x x x k

E



  
   



     
+ = + + −  

      
 (B.13) 

where turbulent viscosity (𝜇𝑡) is given by 
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𝐷, 𝐸 and 𝑓2 terms are given by  
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 ( )2

2 1 0.3exp Retf = − − . (B.17) 

The Launder Sharma 𝑘 − 𝜀 RANS model constants are listed in Table B.3. 

Table B.3. The Launder Sharma 𝑘 − 𝜀 RANS model constants. 

Constant 𝑪𝝁 𝑪𝟏 𝑪𝟐 𝝈𝒌 𝝈𝜺 

Value 0.09 1.44 1.92 1.0 1.3 
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B.2. Mixing Line 

In this section, the impact of liquid fuel evaporation accounting for in flamelet solutions 

is discussed. When the gaseous fuel temperature at the boundary is equated to the 

liquid fuel temperature (i.e. without accounting for liquid fuel evaporation), the mixing 

line evaluated in the flamelet solutions differs significantly from the one evaluated by 

the spray model in the CFD, which accounts for the heat loss. Hence, the heat loss due 

to fuel evaporation is to be accounted for in flamelet solutions for accurate results. In 

Figure B.1, the mixing line is plotted with the total enthalpy of the mixture against the 

mixture fraction. Note that 𝐿𝑒 = 1 for all species. As seen in the figure, the total 

enthalpies from the CFD and the flamelet data match well when the fuel evaporation is 

accounted for in the flamelet solution. Thus, it is evident that the new fuel side boundary 

condition (i.e. virtual 𝑇𝑓𝑢𝑒𝑙
𝑔

 computed by accounting for liquid fuel evaporation) in the 

flamelets is consistent with the data obtained with the spray model of the CFD tool. 

 

Figure B.1. Comparison of the total enthalpy of the mixture against the mixture fraction  

that are evaluated by the spray model in the CFD (ℎ𝐶𝐹𝐷) and the flamelet data without 

(ℎ𝐹𝐺𝑀,𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑒𝑣𝑎𝑝.) and with (ℎ𝐹𝐺𝑀,𝑤𝑖𝑡ℎ 𝑒𝑣𝑎𝑝.) the fuel evaporation accounted for the flamelet 

solutions. 
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B.3. Ignition Delay and Lift-Off Length Definitions 

Generally, two different definitions of the ignition delay time are used. One of these is 

based on temperature. This was already introduced when discussing the results of the 

Spray-A simulations and is defined in Equation 2.31. The other definition of the ignition 

delay time is based on pressure rise and is defined as the time required for the pressure 

to pass a certain threshold value, i.e. ∆𝑝 = 30 [𝑘𝑃𝑎] in this study:  

   ign time 30 p kPa =  = . (B.18) 

In the ECN database, the lift-off length (LOL) is defined as the closest location to the 

injector nozzle at which the 𝑂𝐻 species mass fraction reaches to 2% of its global 

maximum after the flame is stabilized:  

   

injectormin 0.02local global max

OH OHLOL x x Y Y= −  . (B.19) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix B 

201 

B.4. Apparent Rate of Heat Release Analysis 

The apparent rate of heat release (aROHR) results are compared between the numerical 

and the experimental data in Figure B.2. As mentioned in Chapter 3, the actual values 

of the aROHR obtained in the simulations differ from the experimental data 

significantly. For a better qualitative comparison, the aROHR results demonstrated in 

Chapter 3 have been normalized. Furthermore, the experimental aROHR plot shows 

oscillations prior to the n-dodecane (𝑛𝐶12𝐻26) injection, 𝑡 < 0. This is due to the 

combustion of acetylene (𝐶2𝐻2) that is used to obtain elevated pressures and 

temperatures. These oscillations are still found after the n-dodecane injection (𝑡 > 0). 

 

Figure B.2. Apparent rate of heat release (aROHR) comparison between the CFD simulations 

and the experimental data for the nominal Spray-A condition [92].  

The author names refer to the reaction mechanisms used for the FGM tabulations. 
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B.5. Analysis of I-x-t Plots for the Effect of TCI 

In this part, the I-x-t plots obtained from the single injection Spray-A simulations based 

on the Wang mechanism are compared for the effect of TCI. In Figure B.3, the I-x-t 

plots based on the 𝑂𝐻 species mass fraction are plotted for the Spray-A simulations at 

the nominal condition with (right) and without (left) TCI considered for the FGM. When 

TCI is considered, the ignition takes place closer to the injector nozzle. Similar to the 

double injection Spray-A simulations (see Figure 4.10-4.12 in Chapter 4), the lift-off 

length does not stabilize in the simulations with TCI as can be seen in Figure B.3. This 

is mainly due to the Wang reaction mechanism and the applied 𝑃𝑉 definition. 

 

Figure B.3. Comparison of the 𝐼 − 𝑥 − 𝑡 plots from the single injection Spray-A simulations 

based on the Wang mechanism without (left) and with (right) TCI  

considered for the FGM tabulation.
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C.1. Flame Structure Study: Case Setup and Inert Results 

The coupling of the FGM method with the CFD solver has been discussed in Chapter 2. 

The same coupling is applied for the ADF method. The case setup for the simulations 

is exactly the same with the reacting nominal Spray-A condition, as explained in 

Chapter 3. To set a benchmark result, initially the liquid fuel evaporation is not 

accounted for in both flamelet-based models. Consequently, the gaseous fuel 

temperature is set equal to the liquid temperature 𝑇𝑓𝑢𝑒𝑙 = 363 [𝐾] at the fuel-side 

boundary condition for the flamelet solutions. When evaporation is accounted for, the 

gaseous fuel temperature will be lower than the liquid temperature. The effect of the 

liquid fuel evaporation on the flame structure is examined in Chapter 5. 

 

Figure C.1. Comparisons of the liquid length (left) and the vapor-tip penetration (right) among 

the flamelet-based models and the experiment [92]. 
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Reacting simulations are highly dependent on the spray model outcomes, such as 

mixture composition. Hence, first of all, the simulation results for the inert Spray-A 

condition are performed to validate the spray model by comparing with the 

experimental data. In addition to Figures 3.3 – 3.5, the inert simulations are performed 

again with the flamelet-based models introduced in Chapter 5 since different CFD 

solver codes are utilized for the FGM and the ADF methods. Figure C.1 shows the most 

relevant global parameters, i.e. the liquid length and the vapor-tip penetration length, 

which are described in Chapter 3 previously. The results of both models match well 

with the experimental data. Also, the vapor penetrations in the radial direction are 

comparable with the experimental results, as shown in Figure C.2. The results for the 

inert cases using the FGM and ADF models show that both models result in similar flow 

fields for the spray modelling. Therefore, a fair comparison between the performance 

of the chemical models (the FGM and the ADF methods) can be made for the reacting 

cases, which is discussed in Chapter 5. 

 

Figure C.2. Comparisons of the 𝑍 fields in the radial axis among the models and the experiment 

for the axial locations in the downstream of the injector nozzle  

at 20 [𝑚𝑚] (left), and 25 [𝑚𝑚] (right). 
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D.1. The New Progress Variable Definition 

Table D.1. Species and the corresponding weight factors used in the new 𝑃𝑉 definition for the 

modelling of soot and 𝑁𝑂 emissions. The default 𝑃𝑉 definition is also included for comparison. 

Species 𝒊 𝒘𝒊
𝒅𝒆𝒇𝒂𝒖𝒍𝒕 [−] 𝒘𝒊

𝒏𝒆𝒘 [−] 

𝑪𝑶𝟐 1.2 1.2 

𝑪𝑶 0.9 0.9 

𝑯𝑶𝟐 2.7 2.7 

𝑪𝑯𝟐𝑶 1.5 2.5 

𝑯𝟐𝑶 1.2 1.2 

𝑪𝟐𝑯 − 1 x 104 

𝑪𝟐𝑯𝟐 − 2.3 

𝑪𝟐𝑯𝟒 − 0.8 

𝑨𝟐𝑪𝟐𝑯𝑨 − 1 x 102 

𝑨𝟐𝑪𝟐𝑯𝑨∗ − 1 x 104 

𝑨𝟐𝑪𝟐𝑯𝑩 − 40 

𝑨𝟐𝑪𝟐𝑯𝑩∗ − 4 x 103 

𝑵𝑶 − 9.2 x 102 

𝑨𝟐𝑹𝟓
− − 1.2 x 105 

𝑪𝟑𝑯𝟑 − 50 

𝑪𝟔𝑯𝟐 − 1 x 103 

𝑯𝑵𝑪𝑶 − 3 x 104 

𝑵𝑪𝑶 − 1 x 105 

soot − 1 x 102 
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The sub-models for soot and 𝑁𝑂 emissions are discussed in Chapter 6. To this end, a 

new 𝑃𝑉 was defined, which is given in Table D.1. The default 𝑃𝑉 definition is also 

included for comparison. In both cases, the 𝑃𝑉 is defined as  

   species i i

i

PV Y w= . (D.1) 
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E.1. Impact of ∆𝐂𝐀 and Divergence Scheme: U Field 

 

Figure E.1. The velocity fields from the B50 single injection case (Case VIII) at −6, 0 and 6 [°𝐶𝐴] 

aTDC (from left to right columns) with the limited-linear (∆𝑡 = 1 × 10−4 [𝐶𝐴𝐷], top-row) and 

with the upwind schemes (∆𝑡 = 5 × 10−4 [𝐶𝐴𝐷], middle-row)  

(with ∆𝑡 = 1 × 10−3 [𝐶𝐴𝐷], bottom-row) used for the 𝑘 and 𝜀 terms. 
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The discretization schemes used for the transport equations of the 𝑘 and 𝜀 terms affect 

the velocity field. Switching from a 2nd order centred scheme (i.e. limited-linear) to a 1st 

order upwind scheme results in decreases in the velocity gradient in the B50 single 

injection case (i.e. Case VIII), see Figure E.1 and E.2. Besides, the time-step can be set to 

a larger value with the upwind scheme yielding a more robust numerical model. 

Furthermore, for the mesh and the time-step used for the simulations, the use of the 

centred (i.e. limited-linear) scheme in the transport equations of the 𝑘 and 𝜀 leads to 

significantly larger velocity field in the crevice compared to the simulation results 

obtained with the upwind scheme, as observed in Figure E.2. This is not expected due 

to the piston crown shape which diverts the flow back to the centre of the combustion 

chamber with a tumble motion. 

 

 

Figure E.2. The velocity fields from Case VIII at 6 [°𝐶𝐴] (top-row), 9 [°𝐶𝐴] (middle-row) and 

12 [°𝐶𝐴] (bottom-row) aTDC with the limited-linear (with ∆𝑡 = 1 × 10−4 [𝐶𝐴𝐷], left-column) 

and the upwind scheme (with ∆𝑡 = 5 × 10−4 [𝐶𝐴𝐷], middle-column)  

(with ∆𝑡 = 1 × 10−3 [𝐶𝐴𝐷], right-column) used for the 𝑘 and 𝜀 terms. 
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E.2. Impact of Divergence Scheme: Global Parameters 

Here, the simulation results with the limited-linear (i.e. centred) and upwind 

discretization schemes used in the transport equations of the 𝑘 and 𝜀 terms are shown 

for the A30 cases, i.e. Cases II and III. 

It is seen from the global parameters (Figures E.3 – E.5) that the change in the 

discretization scheme for the 𝑘 and 𝜀 terms have a minimal impact on the simulation 

results for the A30 cases (i.e. Cases II and III), see Figures E.3 – E.5. With the upwind 

discretization scheme, the IMEPg and the 𝑁𝑂 emission results are 8.3516 [𝑏𝑎𝑟] and 

5786.5 [𝑝𝑝𝑚] (or 35.4 [𝑔 𝑘𝑊ℎ⁄ ]), respectively, for Case II. For Case III, they are 

8.2372 [𝑏𝑎𝑟] and 5671.2 [𝑝𝑝𝑚] (or 35.0 [𝑔 𝑘𝑊ℎ⁄ ]). These values differ marginally from 

the results based on the limited-linear (i.e. centred) discretization scheme used for the 

𝑘 and 𝜀 transport equations (see Tables 7.11 and 7.12 in Chapter 7). 

 

Figure E.3. The averaged pressure (left-column) and temperature (right-column) from Case II 

(top-row) and Case III (bottom-row) with linear (i.e. centred) or upwind scheme  

used for the 𝑘 and 𝜀 terms. 
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Figure E.4. The aROHR (left-column) and the cumulative heat release (right-column) from  

Case II (top-row) and Case III (bottom-row) with linear (i.e. centred) or upwind scheme  

used for the 𝑘 and 𝜀 terms. 

 

Figure E.5. The heat release vs. crank angle from Case II (left) and Case III (right)  

with linear (i.e. centred) or upwind scheme used for the 𝑘 and 𝜀 terms. 
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E.3. NOx Reactions and Rate Coefficients 

The NOx reactions and the rate constants (for the extended Arrhenius equation, 

Equation 2.14), which are included in the Yao reaction mechanism that is used in 

Chapter 7, are given in Table E.1. The first three reactions are known as the extended 

Zeldovich mechanism. 

Table E.1. NOx reactions and rate constants for Equation 2.14. 

Reaction Equation 𝜶 𝜷 𝑬𝒂 

1 
2N NO N O+ +  3.27 x 1012 0.3 0 

2 
2N O NO O+ +  6.4 x 109 1 3162.4 

3 N OH NO H+ +  7.33 x 1013 0 564 

4 
2N CO NO CO+ +  1.9 x 1011 0 1712.1 

5 
2 2N O O NO+   2.9 x 1013 1 11657.4 

6 
2 2 2N O O N O+ +  1.4 x 1012 0 5443.5 

7 
2 2N O H N OH+ +  4.4 x 1014 0 9507.2 

8 
2 2 2N O OH N HO+ +  2 x 1012 0 10605 

9 
2 2N O M N O M+ + +  1.3 x 1011 0 30022.2 
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E.4. Modelling of NO with FGM-CFD 

In the Cyclops engine simulations, NOx is modelled with only 𝑁𝑂 species mass fraction 

that is transported in the CFD. However, it is also possible to retrieved the mass fraction 

of 𝑁𝑂 from the FGM tables with respect to the controlling variables similar to the other 

scalars such as source terms of 𝑃𝑉. Retrieval is the least expensive method to evaluate 

the NOx emission in simulations. Yet, any data retrieved from an FGM table lacks history 

effect on scalars which is, however, accounted for the transport of scalars. NOx species 

are not expected to show significant decreasing trend in quantities (i.e. mass fraction) 

for the engine operating conditions specified in Chapter 7. The lack of history effect is 

clearly observed for the results of 𝑁𝑂 and 𝑁2𝑂 species mass fractions in Figure E.6, 

which are from the A30 cases. 

 

Figure E.6. The global mass fractions of 𝑁𝑂 (left) and 𝑁2𝑂 (right) species, which are retrieved 

from the FGM, from the SOA till the EVO for A30 operating conditions, i.e. Cases II and III. 

The same decreasing trend is also observed in the other simulations; hence, they are 

not shown. Here, the global 𝑁𝑂 and 𝑁2𝑂 mass fractions are plotted with respect to the 

crank angle for the simulations at A30 operating conditions, i.e. Cases II and III. During 

the expansion stroke, the ambient pressure and temperature drops due to the piston 

motion (increase in the volume) and heat loss through the walls. Therefore, as the 

ambient pressure and temperature decrease after TDC, the formation rates of 𝑁𝑂 and 

𝑁2𝑂 decrease, hence the species mass fractions. This is not expected for the engine 

simulations. 𝑁𝑂 and 𝑁2𝑂 consumption rates are negligible for the engine operating 

conditions studied in this research in terms of the residence time of species related with 

NOx, the in-cylinder temperature and the oxygen concentration unless these 

parameters are large. Consequently, the retrieval of NOx species is not feasible for the 

engine simulations in this study. 
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E.5. Source of NO Field 

In Figures E.7 – E.10, the scalar field of 𝑁𝑂 source term field is demonstrated for the 

B50 cases, i.e. Cases VIII and IX. Here, the figures are similar to the ones for the A30 

cases, i.e. Cases II and III, in Figures 7.35 – 7.37. The main difference between the scalar 

fields of 𝑁𝑂 source term from the A30 and B50 cases is the magnitude of the source 

terms. 

 

 

Figure E.7. Field of source term of 𝑁𝑂 species together with the temperature wireframe plotted 

at the stoichiometry (𝑍𝑠𝑡 ≅ 0.0587) for B50 operating condition with single injection  

(i.e. Case VIII) from -6 to 9 [°𝐶𝐴] aTDC. 
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Figure E.8. Field of source term of 𝑁𝑂 species together with the temperature wireframe plotted 

at the stoichiometry (𝑍𝑠𝑡 ≅ 0.0587) for B50 operating condition with single injection  

(i.e. Case VIII) from 12 to 27 [°𝐶𝐴] aTDC. 
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Figure E.9. Field of source term of 𝑁𝑂 species together with the temperature wireframe plotted 

at the stoichiometry (𝑍𝑠𝑡 ≅ 0.0587) for B50 operating condition with double injection  

(i.e. Case IX) from -6 to 9 [°𝐶𝐴] aTDC. 
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Figure E.10. Field of source term of 𝑁𝑂 species together with the temperature wireframe 

plotted at the stoichiometry (𝑍𝑠𝑡 ≅ 0.0587) for B50 operating condition with double injection 

(i.e. Case IX) from 12 to 27 [°𝐶𝐴] aTDC. 
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