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Contents

1 Introduction 1
1.1 Research Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Combustion Regimes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Diesel Engine Combustion . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Outline of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Theory of Combustion in Engines 11
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Governing Equations of Reacting Flows . . . . . . . . . . . . . . . . . . . 11
2.3 Numerical Combustion in Engines . . . . . . . . . . . . . . . . . . . . . . 15
2.4 Multi-Zone Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5 CFD-FGM Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.5.1 Igniting counter-flow diffusion flamelets . . . . . . . . . . . . . . . 24
2.5.2 Homogeneous reactors . . . . . . . . . . . . . . . . . . . . . . . . 26
2.5.3 Manifold generation and turbulent closure . . . . . . . . . . . . . . 27

2.6 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3 Modeling of PCCI/RCCI Combustion with a Multi-Zone Approach 31
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2 Experiment Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3 Measurement Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3.1 PCCI combustion experiments . . . . . . . . . . . . . . . . . . . . 33
3.3.2 RCCI combustion experiments . . . . . . . . . . . . . . . . . . . . 35

3.4 Simulation Setup and Initialization . . . . . . . . . . . . . . . . . . . . . . 36
3.5 PCCI Combustion Results . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.5.1 Effect of number of zones . . . . . . . . . . . . . . . . . . . . . . 39
3.5.2 Effect of reaction mechanisms . . . . . . . . . . . . . . . . . . . . 41
3.5.3 Effect of inter-zonal mixing . . . . . . . . . . . . . . . . . . . . . 41
3.5.4 Effect of stratification levels . . . . . . . . . . . . . . . . . . . . . 43

3.6 RCCI Combustion Results . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.6.1 Effect of diesel injection timing . . . . . . . . . . . . . . . . . . . 47
3.6.2 Effect of different fuel blends . . . . . . . . . . . . . . . . . . . . 49

3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50



vi

4 Modeling of Non-Reacting Spray H and Spray A Cases 53
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2 Dispersed Phase Conservation Equations . . . . . . . . . . . . . . . . . . . 54
4.3 Spray Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.3.1 Nozzle flow modeling . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3.2 Atomization modeling . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3.3 Droplet break-up modeling . . . . . . . . . . . . . . . . . . . . . . 59

4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.4.1 Numerical setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.4.2 Effect of time step and mesh size . . . . . . . . . . . . . . . . . . 61
4.4.3 Effect of spray sub-models . . . . . . . . . . . . . . . . . . . . . . 65

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5 Modeling of Reacting Spray H and Spray A Cases 71
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.2 Spray H Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.2.1 A priori analysis of the FGM method . . . . . . . . . . . . . . . . 74
5.2.2 FGM manifold resolution study with laminar FGM tables . . . . . 75
5.2.3 Effect of turbulence chemistry interaction . . . . . . . . . . . . . . 83
5.2.4 Effect of oxidizer temperature . . . . . . . . . . . . . . . . . . . . 87

5.3 Spray A Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Modeling of CI/PCCI/RCCI Combustion with the FGM-CFD Approach 95
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.2 CI Combustion Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.3 PCCI Combustion Results . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.3.1 Effect of mesh size . . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.3.2 Effect of multiple pressure levels . . . . . . . . . . . . . . . . . . . 102
6.3.3 Effect of injection timing . . . . . . . . . . . . . . . . . . . . . . . 109

6.4 RCCI Combustion Results . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

7 Conclusions 117
7.1 General Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
7.2 Conclusions and Recommendations . . . . . . . . . . . . . . . . . . . . . 117

References 121



Summary

Crossing the Combustion Modes in Diesel Engines

Current and upcoming legislations in the engine community force the development of cleaner
combustion systems. Modern diesel engines all apply electronically controlled high pres-
sure fuel injection into a high density, high temperature environment of variable chemi-
cal composition. Due to the flexibility of the engine hardware new combustion concepts
emerge. Typically these exploit this flexibility to operate engines with earlier injection tim-
ings compared to the conventional set-point. As such the number of parameters influencing
the cylinder processes in new engine concepts is increasing rapidly and the significance of
numerical models to comprehend the processes is growing.

This thesis presents two types of approaches with different complexity levels to model
engine combustion. The first one is a phenomenological multi-zone approach. In this model,
the cylinder geometry is divided into a number of homogeneous zones. The complicated
interaction between the flow and the fuel injection process that determines the important
fuel stratification is not modeled. This drawback is minimized by introducing a CFD model
to obtain a realistic level of charge stratification . The interaction between the zones during
the simulation is simulated via the diffusive mixing and expansion. As such the computa-
tional effort is reduced considerably enabling a direct implementation of detailed reaction
mechanisms. In this work, it is observed that 10 zones are sufficient to approximate the
main processes in a reliable manner. The study shows that the results are very sensitive to
the turbulent diffusivity and the applied reaction mechanism. The main conclusion is that
a multi-zone model is a viable alternative for new combustion studies. These models are
practical for qualitative trend studies but the quantitative match with experimental results,
which depends on many parameters, is quite demanding.

In the second approach, the Flamelet Generated Manifold (FGM) method is imple-
mented within the CFD framework, here a commercial package: STAR-CD. A CFD setup
consists of large number of cells preventing a direct utilization of detailed chemical models.
Detailed chemistry information is still required to capture phenomena like auto-ignition or
exhaust emissions thus different chemical reduction methods exist. In the FGM approach,
combustion phenomena are preprocessed by solving a simpler system within certain as-
sumptions. From these results a look-up database is generated where thermo-chemical
properties are stored as a function of controlling variables, namely the mixture fraction
and the progress variable.

The FGM method is studied in a high pressure constant volume combustion chamber.
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Since new combustion concepts have different characteristics than the conventional diesel
combustion, the selection of an accurate canonical system to generate a manifold is cru-
cial. Here two of such systems, Homogenous Reactors (HR) and Igniting Counter-Flow
Diffusion Flames (ICDF) are considered to be the candidates for the new and conventional
combustion regimes, respectively. It is found that both systems are able to predict ignition
delay timings and the flame lift-off lengths in an accurate way provided that an adequate
storage method for the database is chosen.

Finally, the FGM method is implemented in an engine setup. As the engine volume is
changing in time an extra dimension for the FGM tables, the pressure, needs to be included.
It is concluded that a moderate number of pressure levels is sufficient to capture the effect of
a variable volume in both new (early injection timings) and conventional engine operation.
To sum up, both constant volume combustion chamber and the engine setup cases indicate
that the FGM method is promising since the characteristics of different combustion modes
is predicted well whilst the computational effort is kept at reasonable levels.



Chapter 1
Introduction

1.1 Research Background

The energy demand placed by the transportation sector has been growing drastically in
accordance with the recent developments of society. Since fossil fuels are currently our
main energy carriers, a major concern caused by the increased energy consumption is the
depletion of fossil fuels. Fossil fuels are limited and new energy sources will be utilized
more and more as an alternative to solve the energy problem. However, the exhaustibility
of fossil fuels is not the sole concern. The consequence of retrieving energy by combusting
fossil fuels is another issue. Carbon dioxide (CO2) is one of the main greenhouse gases
having a strong influence on global warming. More than 99% of the total CO2 emissions
[iea, 2011] is generated by the fossil fuels (oil, coal and gas) and the transportation sector
is responsible for a significant portion of these CO2 emissions. It is presented in [iea, 2011]
that more than 20% of the world’s total CO2 emissions is caused by combustion used for
transportation and road transportation corresponds to around 80% of these emissions [exx,
2013].

Road transportation is dominated by two types of internal combustion engines, namely
Compression Ignition (CI) and Spark Ignition (SI) engines, which are commonly referred
to as diesel and gasoline engines, respectively. Briefly, diesel engines are more efficient and
lead to lower CO2 emissions. Nevertheless, emission problems related to diesel engines
are not limited to CO2 emissions. Nitrogen oxides (nitric oxide (NO) and nitrogen dioxide
(NO2) are referred to as NOx) and particulate matter (PM) or soot emissions are two ad-
ditional serious problems of conventional diesel engines. NOx is a major source of smog
formation. Besides, nitric acid (HNO3), which is a component of acid rain, is formed when
NOx reacts with water in atmosphere. PMs are hazardous particles and once inhaled by
humans they are believed to be carcinogenic.

A common misconception in the society is that no further developments in internal
combustion engines can be achieved and combustion engines will be completely replaced
by electrical engines in the near future. Although a significant amount of research pursues
alternative engines, predominantly electrical ones, internal combustion engines will exist in
the foreseeable future particularly due to its superior durability, higher power output/engine
size and high energy density of its fuel. According to the energy outlook [BP, 2011], only
1% of the transportation energy will be supplied by electricity in 2030. Therefore research
on combustion engines is still carried out extensively. In this thesis, the emphasis is given
to combustion processes in engines of heavy-duty vehicles. In addition to the scientific
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significance, the close cooperation with Dutch industry, especially with DAF Trucks NV is
a key motivation for this selection.

Stringent legislations continuously force substantial improvements in combustion en-
gines to meet emission standards. In Figure 1.1, emission regulations for heavy-duty diesel
engines are given at different periods. New technologies are continuously introduced to
meet each EURO standard. For instance electronically controlled high pressure fuel injec-
tion systems were used to reach EURO III norms. Mainly two strategies were followed to
achieve further reduction in NOx emissions. The first one is applying cooled Exhaust Gas
Recirculation (EGR) to lower temperature and consequently engine-out NOx emissions. In
general, this is combined with Diesel Particulate Filter (DPF) in the aftertreatment systems
since the application of EGR increases particulate emissions. The second approach is the
Selective Catalytic Reduction (SCR) method. In this method NOx is converted to nitro-
gen (N2) and water with the aid of a catalyst in the tail-pipe. Even when all technologies
are combined in a vehicle, it is a significant challenge to comply with the upcoming limits
(EURO VI). Therefore, a deeper knowledge is required to understand the underlying pro-
cesses in the engine or actually inside the cylinder during combustion. Once gaining more
insight about combustion characteristics, new concepts can be applied on engines for further
development. In this way, it might be possible to reduce the costs by, for example, elim-
inating after treatment systems or to shorten the expensive and time consuming prototype
testing and engine calibration. In order to accomplish this goal, it is crucial to develop this
fundamental understanding of characteristics of different combustion regimes.
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Figure 1.1: European emission standards for heavy-duty diesel engines.

1.2 Combustion Regimes
Combustion process can be divided into various regimes primarily by the type of mixing
between fuel and oxidizer and by the motion of the flow. If the fuel and oxidizer are mixed
well before the combustion event, it is categorized as premixed combustion. When mixing
and combustion take place simultaneously, it is called as non-premixed combustion. Non-
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premixed combustion is also called diffusion combustion since diffusive mixing is the rate-
controlling process in this type of combustion. In both cases, combustion occurs in very thin
reaction zones. In premixed combustion, the flame front propagates due to the conducted
heat from the burned products to the unburned mixture. However in non-premixed systems,
the flame does not propagate and combustion takes place at locations where the mixture is
around stoichiometric conditions. Due to the inter-diffusive interaction between fuel and
oxidizer, the flame establishes in a broader region in non-premixed combustion and this is
the reason why diffusion flame layers are mostly thicker than premixed ones.

Both types of combustion can be subdivided into laminar and turbulent categories de-
pending on the flow conditions. If the flow has smooth and well-defined properties, it is
called as a laminar flow. For a turbulent flow, the fluid motion is characterized by chaotic ir-
regularities and fluctuations in velocity and other properties of the flow. The dimensionless
Reynolds number (Re), which is the ratio of inertial forces to viscous forces, is essentially
used to describe the flow regime.

Typical examples for each type of combustion are given in Table 1.1. An internal com-
bustion engine operation is always turbulent. Therefore the main focus of this research is on
turbulent combustion. Depending on the engine type, which is explained more elaborately
in the subsequent section, combustion can have either a premixed or a diffusion mode.

Table 1.1: Example of different combustion types [Warnatz et al., 2006].

Mixing Type Flow Type Example
Premixed Laminar Bunsen flame in boilers
Premixed Turbulent Gasoline engine

Low NOx stationary gas turbine
Non-premixed Laminar Candle flame
Non-premixed Turbulent Diesel engine

Aircraft engine

Many researchers [Dhuchakallaya et al., 2013, Mittal et al., 2012, Felsch et al., 2009,
Barths et al., 2000, Bekdemir et al., 2011] apply flamelet-like approaches to model diesel
engine combustion. The flamelet regime is defined such that the smallest time and length
scales of the flow are larger than the chemical scales so the internal structure of the reac-
tion process is not affected by the flow. In other words, the flame is embedded in the flow
but not disturbed by turbulent eddies. Nevertheless, combustion regimes of new concepts
such as Homogeneous Charge Compression Ignition (HCCI), Premixed Charge Compres-
sion Ignition (PCCI), Partially Premixed Combustion (PPC) and Modulated Kinetics (MK)
are not fully explored yet. Most of these approaches make use of fuel-oxidizer premixing
to reduce emissions. Yet it is debatable whether combustion can still be identified in the
flamelet regime or the mode should be described as broken or distributed reaction zones
(i.e. well stirred reactors). In the following section, more detail is given on classical diesel
combustion and about key differences among operations of CI, SI engines and new com-
bustion concepts. A more detailed fundamental background about turbulent premixed and
non-premixed combustion can be found in [Peters, 2004].
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1.3 Diesel Engine Combustion
The diesel engine was developed by Rudolf Diesel in 1893. The operating cycle of a diesel
engine in modern vehicles consists of four-strokes; intake, compression, power and exhaust
strokes. The full-cycle consists of two complete rotations of the crank mechanism. Dur-
ing the intake stroke, air is inducted into the cylinder through intake valves and the piston
moves from the Top Dead Center (TDC) to the Bottom Dead Center (BDC). The inducted
air is compressed during the compression stroke. Due to the compression, temperature and
pressure inside the cylinder increases. Liquid fuel is injected with high pressure when the
piston approaches the TDC. Because of the hot compressed gas, liquid fuel atomizes, evap-
orates, mixes with hot oxidizer, auto-ignites and finally burns in a diffusive manner. That is
why diesel engines are also called CI engines. In the power stroke, high amount of heat is
released causing a large pressure and temperature rise and the chemical energy is converted
into mechanical work by the rotational movement of the crank mechanism. The cycle is
completed by the exhaust stroke. The products of combustion are pushed out through ex-
haust valves again by the upward movement of the piston.

The second common type of internal combustion engine is the gasoline engine. The
main difference of a gasoline engine operation from that of a diesel engine is the way the fuel
is burnt (see Figure 1.2). In most gasoline engines, fuel is premixed with air and delivered to
the cylinder through the valves in the intake stroke instead of using a fuel injector. Gasoline
engines do not operate with fuel auto-ignition. Instead, ignition is initiated by a spark plug,
which is the reason gasoline engines are also referred to as SI engines. After ignition, a
premixed flame is formed and propagates in the cylinder to complete combustion.

Spark ignition Compression ignition

Figure 1.2: Conventional combustion concepts, adapted from [Zegers, 2012].

Undesired early ignition of fuel is called knocking which can be destructive to the
engine. In order to avoid knocking in gasoline engines, the fuel should be highly resistant
to auto-ignition. Moreover, gasoline engines use relatively lower compression ratios, the
ratio of maximum cylinder volume (VBDC) to minimum cylinder volume (VTDC), as a
precaution to prevent auto-ignition. Knocking is not an issue for diesel engines and this
enables the use of higher compression ratios. Basic thermodynamic consideration shows
that more power is obtained from burning the same amount of fuel at a higher compression
ratio. Another advantage of diesel engines is that they do not have a throttle mechanism
to regulate the power, thus pumping losses in air delivery system can be avoided. To sum
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up, the operation of diesel engines is more efficient than that of gasoline engines leading to
lower CO2 emissions/power output.

Despite the aforementioned advantages, current diesel engines suffer from high NOx

and soot emissions. The reason for high emissions is local high in-cylinder temperatures
and fuel rich zones. This is better illustrated in an equivalence ratio (ϕ) versus temperature
map. The equivalence ratio is defined as the ratio of actual fuel-air ratio to stoichiometric
fuel-air ratio.
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Figure 1.3: Equivalence ratio - temperature diagram for soot and NOx emissions. Soot and NOx

emission contours are calculated by a set of simulations (p = 60bar and t = 2ms) performed with a
soot kinetic model.

Figure 1.3 displays the emission results of a set of simulations (p=60 bar and t=2ms)
performed with a soot kinetic model at different equivalence ratio and temperature levels.
It is obvious that high temperatures and lean mixtures lead to high NOx emissions whereas
high soot emissions are generated by fuel rich mixtures. Temperature has a big influence on
soot emissions for rich zones. Soot formation rates are low at relatively lower temperatures
(T<1500K) whilst at very high temperatures (T>2300K) soot formation is overwhelmed by
soot oxidation. For the range in between, soot formation rates are higher than the oxidation
rates causing high amounts of net soot production. A more detailed analysis can be found
in [Kitamura et al., 2002].

In order to comprehend the sources of these emissions in conventional diesel operation,
it is useful to refer to the conceptual model of Dec [Dec, 1997]. This model is widely used
in engine combustion and has been validated partly by experiments.

Starting with injection, cold liquid fuel (dark brown region) penetrates with high ve-
locity (∼300-600 m/s) into the combustion chamber. Because of high velocity differences
with ambient gas, the liquid core undergoes a quick atomization process. Fuel evaporates
by hot air entrainment and fuel spray displays a conical structure due to conservation of mo-
mentum. The distance between the injector and the location where all fuel has evaporated
is defined as the liquid length. Downstream of the liquid length point, a fuel rich (ϕ=∼2-6)
mixture (light brown region in Figure 1.4) is heated till it starts to burn. The initial phase
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HighLow

Soot Concentra�on

Air entrainment 

Figure 1.4: Conceptual model of diesel combustion by Dec [Dec, 1997].

of combustion occurs in a premixed manner (light blue region). The products of rich com-
bustion diffuse and are transported further downstream producing a stoichiometric mixture
with the ambient gas. The rest of the combustion event takes place in a diffusion flame (or-
ange layer) which surrounds the partially burned fuel. The minimum axial distance between
the diffusion flame and the injector is defined as the lift-off length (LOL). The location of
LOL is tightly coupled to the amount of air entrained which affects the initial composition
of the rich mixture. Although both premixed and diffusion combustion phases are observed
in a diesel engine, it is mainly described as diffusion combustion because most of the heat
is released during mixing controlled diffusion burn.

The products of incomplete initial phase combustion contains soot precursors like poly-
cyclic aromatic hydrocarbons (PAH) and acetylene (C2H2) and the region downstream of
the premixed flame is identified as the initial soot formation zone (gray region). These pre-
cursors experience nucleation, surface growth and agglomeration processes to produce soot
particles. A qualitative concentration of soot particles in the partially burned mixture is also
presented in Figure 1.4. Soot particles are oxidized in the reaction zone of the diffusion
flame. Thus net soot production is the difference between soot formation and soot oxidation
rates.

There are several NOx formation mechanisms which are listed in [Sun et al., 2010]
but thermal NOx formation is the prevailing one at diesel engine like conditions. Thermal
NOx production is correlated with high temperature chemistry and the availability of excess
oxygen. High NOx emissions are located in the oxidizer side of diffusion flame (green
region) where the temperature is highest and the mixture is lean (excess of O2).

The operation of a conventional diesel engine suffers from the trade-off between NOx

and soot emissions. In general, a decrease in NOx emissions is achieved at the expense of
higher particulate emissions and vice versa. New combustion concepts target a simultaneous
reduction of both emissions. Consequently new technologies emphasize obtaining a more
homogeneous mixture and limiting local in-cylinder temperatures.

HCCI, PCCI and MK all alter injection timings in combination with high EGR levels to
enhance mixing prior to ignition. When fuel is injected in a relatively cooler environment,
ignition delays become longer providing more time for fuel-air mixing. HCCI and PCCI
combustion use early injection timings whereas MK applies late injection at or even after
TDC (see Figure 1.5). The main difference between the concepts of HCCI and PCCI is
that the level of mixing is much higher for HCCI. Since the mixture in HCCI is almost
homogeneous, it ignites simultaneously everywhere so that this application is not feasible
regarding the pressure rise rate limits at high loads. Thus research on new concepts is
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focused more on MK [Kawamoto et al., 2004, Ogawa et al., 2000] and especially on PCCI
combustion [Flowers et al., 2006, Kiplimo et al., 2012, Jia et al., 2011, Laguitton et al.,
2007, Lu et al., 2011].
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Figure 1.5: Typical injection timings for different combustion modes. Blue line refers to the pressure
trace and CA= 0◦ stands for the TDC.

In conventional diesel operation ignition is strongly influenced by the injection timing.
However, the operation of PCCI combustion decouples injection and heat release events.
During injection, the in-cylinder conditions are low to trigger auto-ignition. Since combus-
tion starts after the end of injection, the process is primarily governed by chemical kinetics
and not so much by diffusive mixing anymore. Although the mixture does not ignite ev-
erywhere inside the cylinder like in HCCI operation, it is believed that ignition happens at
multiple points due to the premixing (see Figure 1.6). A high amount of EGR is also used to
dilute the mixture and suppress in-cylinder temperature. As a result, concurrent reduction
in NOx and soot emissions can be attained.

Since there is no more overlap between combustion and injection, no direct control
over ignition is possible, which is a common issue for PCCI combustion. Another concern
is the limited range of operating conditions. At low loads misfire is a potential issue whereas
at high loads, high pressure rise rates caused by premixed combustion can still damage the
engine despite the applied stratification. Early injection might also cause an over-advanced
ignition depending on the engine load which deteriorates thermal and combustion efficiency.
Yet PCCI combustion is considered to be a viable substitute for conventional diesel com-
bustion at part load operating conditions in the short-term scenario.

An alternative strategy to improve mixing is to use fuels with lower reactivity. For
instance gasoline is much more resistant to auto-ignition than diesel fuel and it is a practical
option to enhance mixing by elongating ignition delay timings. Therefore, the usage of
gasoline instead of diesel is investigated in these new combustion concepts [Kalghatgi et al.,
2007, Splitter et al., 2011].

Another approach to improve mixing is applying two or more fuels with diverse re-
activity levels. For instance, dual fuel Reactivity Controlled Compression Ignition (RCCI)
combustion concept is introduced to have a better control over combustion phasing. Gen-
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HCCI PCCI

Figure 1.6: HCCI and PCCI combustion concepts, adapted from [Zegers, 2012].

erally, port injection of a high octane fuel is combined with early direct injection of a low
octane fuel. RCCI combustion targets to control combustion by tuning fuel blends and in-
jection strategies. The effectiveness of dual fuel RCCI combustion is also studied recently
by many scientists [Kokjohn et al., 2011,Ojeda et al., 2012,Zhang et al., 2012,Duffour et al.,
2011, Han et al., 2012, Egüz et al., 2013].

1.4 Outline of Thesis

This thesis is aimed at developing models that are sensitive to a change in important engine
parameters and fuel characteristics. The models should be predictive and applicable espe-
cially for new combustion concepts. Here two different types of models are studied, the first
one is a phenomenological multi-zone model and the second one is a three dimensional (3D)
Computational Fluid Dynamics (CFD) model. Both approaches have advantages and draw-
backs. The mathematical theory of these models is presented in Chapter 2. The multi-zone
model makes use of direct implementation of (semi)-detailed reaction mechanisms whereas
the Flamelet Generated Manifold (FGM) method is incorporated as the combustion model
in the CFD model. The FGM concept is a tabulation approach where chemical terms are
preprocessed and stored as a function of a few controlling variables. Two different ways
are used for the preprocessing step, Homogeneous Reactors (HR) and Igniting Counter-
flow Diffusion Flames (ICDF). Both approaches as well as other key points of the FGM
approach are described in a detailed manner in Chapter 2. The coupling between the CFD
model and the FGM method is also explained in Chapter 2.

In Chapter 3, PCCI and RCCI combustion systems are studied by employing a phe-
nomenological multi-zone model. Initially, a sensitivity study of key numerical parameters
is performed. After a reliable set of parameters is determined, PCCI combustion is in-
vestigated. In the second part of this chapter, RCCI combustion is analyzed. The results
obtained with both concepts are compared with experimental data measured in laboratories
of Combustion Technology group of Eindhoven University of Technology (TU/e).

In Chapter 4, the theory of CFD spray modeling is explained. An accurate spray mod-
eling is a crucial prerequisite for combustion models. Different available sub-models for
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nozzle flow, droplet break-up and atomization processes are described. The best combina-
tion of sub-models is determined by a sensitivity study. Experimental data of the Engine
Combustion Network (ECN) is utilized for the validation of the results. Non-reacting cases
of ECN are simulated in a constant volume setup in this chapter. The cases analyzed in a
constant volume setup are referred to as Spray H (n-heptane) and Spray A (n-dodecane).

In Chapter 5, the FGM method is included in the CFD model. First a priori analysis
of FGM tabulated chemistry is conducted with respect to detailed chemistry. Later, the
reacting cases of ECN, which have initial conditions around a typical diesel operation point,
are studied. Similar to Chapter 4, simulations are performed in a constant volume chamber.
In this chapter, it is intended to optimize the resolution of the FGM tables with both HR and
ICDF systems.

In Chapter 6, the FGM approach is implemented in an engine setup. In this final
chapter, conventional diesel, PCCI and RCCI combustion types are modeled within the
CFD framework.

Finally, an overview of the thesis is presented with the main conclusions in Chapter 7.
A graphical overview of the thesis layout is given in Figure 1.7.
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Figure 1.7: Layout of the thesis.
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Chapter 2
Theory of Combustion in
Engines

2.1 Introduction
In modern diesel engines liquid fuel is injected with high pressures (1000-4000 bar) in a
hot environment. Therefore, a highly turbulent multi-phase mixing event is followed by the
combustion of the resulting fuel-air mixture that is governed by an auto-ignition event. The
typical automotive fuels consist of many large hydrocarbons ranging from straight chain
alkanes, cyclanes, alkenes and aromatics. The combustion process of these fuels is de-
scribed by a large amount of reactions involving many intermediate species at widely vary-
ing time scales.

The progress in computer science enables the development of numerical methods that
can incorporate the flow and chemistry models. However, modeling these phenomena and
their complicated interaction in a computationally efficient way is still a major challenge.
Depending on the purpose of the calculation and availability of the computational resources
different approaches are pursued. The purpose of this chapter is to give a short description
of models and their background used in this thesis.

In the next section the governing equations of reacting flows and the combustion chem-
istry are presented. An overview of numerical methods used in engine combustion is given
and finally, the combustion models studied in this thesis, are explained in more detail.

2.2 Governing Equations of Reacting Flows
The governing equations for reactive flows are that for non-isothermal flows, being the
conservation of mass, momentum and energy. The conservation of mass is described by the
continuity equation,

∂ρ

∂t
+ ∇⃗ · (ρu⃗) = 0, (2.1)

where ρ is the mixture density, u⃗ is the velocity vector and t is the time.
The conservation of momentum is described by the Navier-Stokes equations,

∂

∂t
(ρu⃗) + ∇⃗ · (ρu⃗u⃗) = ∇⃗ · τ − ∇⃗p+ ρg⃗, (2.2)
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where p is the pressure and g⃗ is the gravitational vector. The term τ is the stress tensor
which is defined by,

τ = µ(∇⃗u⃗+ ∇⃗u⃗T )− 2

3
µδ∇⃗ · u⃗, (2.3)

where µ is dynamic viscosity of the mixture and δ is the Kronecker delta. The term, ∇⃗u⃗T ,
is the transpose of velocity gradient.

There are several forms to describe conservation of energy. Here it is presented in
terms of the enthalpy, h,

h =

Ns∑
i=1

hi(T )Yi, (2.4)

∂

∂t
(ρh) + ∇⃗ · (ρhu⃗) = ∂p

∂t
+ u⃗ · ∇⃗p− ∇⃗ · q⃗ + τ : ∇⃗u⃗, (2.5)

where T is the temperature and Ns is the total number of species. hi and Yi(= ρi/ρ) denote
the enthalpy and mass fraction of species i, respectively. q⃗ is the heat flux vector which is
defined by,

q⃗ = −λ∇⃗T +

Ns∑
i=1

ρU⃗iYihi. (2.6)

The last term in Equation (2.5) stands for the viscous dissipation term which is gener-
ally neglected in combustion applications [Ramaekers, 2011].

The set of equations above need to be closed by the equation of state,

ρ =
pM

RuT
, (2.7)

where M = [
Ns∑
i=1

Yi

Mi
]−1 is the mean molecular mass of the gas mixture and Ru is the

universal gas constant.
These equations are augmented with species conservation equation in terms of mass

fractions Yi of each species (i = 1, ..., Ns):

∂

∂t
(ρYi) + ∇⃗ · (ρYiu⃗) + ∇⃗ · D⃗m = ω̇i, (2.8)

where D⃗m is the diffusional mass flux which is given by,

D⃗m = ρYiU⃗i, (2.9)

U⃗i being the diffusion velocity. Here, a Fick-like expression is used to model U⃗i,

U⃗iYi = −D∇⃗Yi, (2.10)

where D is the molecular diffusion coefficient. In many applications the diffusion coef-
ficient is D is formulated in terms of a Lewis number (Le) that assumes a constant ratio
between thermal and mass diffusion:
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D =
λ

ρcpLe
, (2.11)

where λ is the thermal conductivity and cp is the specific heat at constant pressure. The
chemical source term, ω̇i in Equation (2.8), refers to the rate of production of species i due
to chemical reactions. Since chemical reactions do not change the total amount of mass in
the closed system,

Ns∑
i=1

ω̇i = 0. (2.12)

In the last part of this section, the chemical source term, ω̇i ,is elaborated.

Combustion chemistry

Combustion is defined as the oxidation of the fuel resulting in energy release. The global
reaction of a combustion event can be represented as,

fuel + oxidizer −→ products.

The combustion process of a hydrocarbon fuel is described by a large amount of el-
ementary reactions involving many intermediate species. The chemical details of the ox-
idation of real fuels is not completely available due to the large amount of components
present. For that reason surrogate fuel models based on the so-called Primary Reference
Fuels (PRFs) [Andrae and Head, 2009, Farrell et al., 2007, Pitz et al., 2007, Curran et al.,
1998b, Curran et al., 2002] such as iso-octane and n-heptane are developed. Due to its
anti-knock properties iso-octane has an octane rating of 100 whilst n-heptane is assigned
an octane number of zero because of its high tendency to auto-ignition. Since the behavior
of real fuels is more complex than that of the PRFs alone, additional sub-mechanisms (e.g.,
toluene [Andrae et al., 2007, Andrae et al., 2008]) are often introduced to generate accurate
mechanisms for a wider variety of conditions.

A reaction mechanism consists of a collection of elementary reactions of which the
general form is,

Ns∑
i=1

ν′ijSi
kf



kr

Ns∑
i=1

ν′′ijSi. (2.13)

Here ν′ij and ν′′ij denote forward and reverse stoichiometric coefficients for species i in
reaction j. Si is the symbol representing species i and Ns is the total number of species.
In addition, kf and kr represent forward and reverse reaction rate coefficients, respectively.
These reaction rate coefficients are defined by the Arrhenius expression,

k = ATne−Ea/RuT , (2.14)

where Ea is referred to as the activation energy. A, n and Ea are the so-called rate constants
that need to be specified for every reaction in a given mechanism (see Table 2.1 [Andrae
et al., 2008] for an example).
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For a general reaction j, the net reaction rate can be written as,

rj = kf
Ns∏
i=1

[Si]
ν′
ij − kr

Ns∏
i=1

[Si]
ν′′
ij , (2.15)

where [Si] denotes the molar concentration of species i.
The net source term ω̇i of species i is given by,

ω̇i = Mi

Nr∑
j=1

(ν′′ij − ν′ij)rj , (2.16)

where Mi is the molar mass of species i and Nr is the total number of reactions.

Table 2.1: The iso-octane subset of the Andrae mechanism with the rate constants [Andrae et al.,
2008].

A n Ea

C8H18+O2 ⇔ AC8H17+HO2 1.00E+16 0 49,000
Reverse Arrhenius coefficients: 1.00E+12 0 0
AC8H17+O2 ⇔ AC8H17OO 1.00E+12 0 0
Reverse Arrhenius coefficients: 2.51E+13 0 27,400
AC8H17OO ⇔ AC8H16OOH-B 1.14E+11 0 22,400
Reverse Arrhenius coefficients: 1.00E+11 0 11,000
AC8H16OOH-B + O2 ⇔ AC8H16OOH-BOO 3.16E+11 0 0
Reverse Arrhenius coefficients: 2.51E+13 0 27,400
AC8H16OOH-BOO ⇒ OC8H15OOH + OH 8.91E+10 0 17,000
C8H18 + OH ⇒ AC8H17 + H2O 3.00E+13 0 3,000
OC8H15OOH ⇒ OC8H15O + OH 3.98E+15 0 43,000
AC8H17 + O2 ⇔ JC8H16 + HO2 3.16E+11 0 6,300
Reverse Arrhenius coefficients: 3.16E+11 0 19,500
OC8H15O + O2 ⇒ C2H3 + 2CH2O + H2CCCH2 + CH3 + HO2 2.45E+13 0 32,000
AC8H17 ⇒ IC4H8 + CH2CHCH3 + CH3 1.28E+12 0 49,000
JC8H16 ⇒ IC4H8 + CH2CHC.H2 + CH3 1.92E+12 0 49,000
IC4H8 + O2 ⇒ C2H3 + C2H4 + HO2 2.00E+14 0 35,900
C8H18+HO2 ⇔ AC8H17+H2O2 3.02E+12 0 14,700

In this thesis four reaction mechanisms are studied. The first one is a semi-detailed
gasoline surrogate mechanism [Andrae et al., 2008] based on a skeletal n-heptane/iso-
octane PRF model to which toluene, diisobutylene and ethanol mechanisms are added (used
in Chapters 3, 5 and 6). The mechanism consists of 137 species and 633 reactions. The sec-
ond mechanism is a more detailed n-heptane mechanism of Seiser [Seiser et al., 2000] (used
in Chapter 3). It is based on the detailed n-heptane mechanism of Curran [Curran et al.,
1998a] (556 species and 2540 reactions) reduced systematically to 159 species and 770 re-
actions. The third mechanism (48 species, 248 reactions) is derived from the mechanism of
Peters [Peters et al., 2002] by replacing C1-C3 sub-mechanism with that of GRI3.0 [Smith
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et al., 2013] (used in Chapters 3 and 5). The last mechanism is the n-dodecane mecha-
nism of Narayanaswamy [Narayanaswamy et al., 2013] consisting of 253 species and 1437
reactions (used in Chapter 5).

2.3 Numerical Combustion in Engines
If the set of governing equations given in the previous section is fed with appropriate bound-
ary and initial conditions, they can be solved directly by a Direct Numerical Simulation
(DNS). In a proper DNS computation all length- and time-scales need to be resolved. There-
fore a very fine discretization of both scales is required. The spectrum of length scales in
a flow is given by the so-called integral and Kolmogorov length scales. In the turbulence
spectrum [Pope, 2000], most of the turbulent kinetic energy is carried by eddies having the
integral scale. The Kolmogorov scale is defined as the smallest scales, where the motion is
dissipated into heat by viscous forces. According to [Pope, 2000], the characteristic length
scale (i.e. the number of grid points needed in one direction) for a DNS computation is in
the order of ∼(ReL)

3/4. Note that the turbulent ReL number is,

ReL =
|u′|l
ν

, (2.17)

where |u′| is the root mean square (rms) turbulence intensity. l and ν indicate integral length
scale and kinematic viscosity, respectively.

Consequently in a DNS the number of grid/mesh points can be approximated to be
proportional to (ReL)

9/4 for a three-dimensional flow. Since the Courant condition [Mc-
Donough, 2004] gives a linear dependency between the maximal time step and the mesh
size, the characteristic time step becomes ∼(ReL)

3/4 leading to a total arithmetic scale
(i.e. total computational steps) of ∼(ReL)

3 for a non-reacting flow with a typical DNS
simulation.

For reactive flows there are two extra complicating factors. Firstly, time steps may
become even smaller due to the time scales of reactions and secondly the number of conser-
vation equations becomes very large (Ns+5, with Ns > 100 to 3000 for large mechanisms).
As an indication, a state-of-art DNS simulation of a turbulent ethylene-air flame in a hot
co-flow [Yoo et al., 2011,Chen, 2011] for a 3x4x0.6 cm domain consists of 1.29 billion grid
points. As such, a DNS approach will be impractical for most of the real world reactive
flow applications such as internal combustion engines that have even larger scales. There-
fore, various approaches exist to reduce the computational demand. The numerical methods
in engine modeling can be classified with respect to the complexity and the ability to predict
realistic configurations. An overview is given in Figure 2.1.

The first common type is the phenomenological modeling approach such as GT-Power
[gtp, 2013] and AMESim [ame, 2013]. Phenomenological engine combustion models often
rely on zero-dimensional (0D) or one-dimensional (1D) approximations of the full three-
dimensional (3D) equations. Typically, the domain is a connected network of pipes (1D)
and volumes (0D). The applicability of this type of model for a certain application depends
on the degree of the required detail. In general phenomenological models are more suitable
for qualitative trend studies due to the relatively low computational expense. Still a broad
range of phenomenological models is developed for engineering applications [Asay et al.,
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Figure 2.1: Overview of numerical methods in engine modeling.

2004,Lindström et al., 2005,Grill et al., 2010,Savva and Hountalas, 2012]. They all require
a good deal of fitting and tuning. A special class within this approach is the so-called multi-
zone models. In this class the system is subdivided in a number of zones. Within each
of these zones the chemistry is treated in all of its details. The computational time of a
simulation is correlated strongly with the number of zones and with the complexity of the
applied kinetics. This type of modeling approach is the subject of section 2.4.

Another common type of approach is referred to as CFD models. CFD models are
the most advanced models with respect to their treatment of the flow. A discretization of
the computational domain is required for these models. All conservation equations (mass,
momentum, energy) are solved for every cell. For turbulent systems like engines two general
approaches exist: Large Eddy Simulations (LES) and Reynolds Averaged Navier-Stokes
(RANS). The main difference between these approaches is the treatment of turbulence. In
section 2.5 this approach is presented in more detail.

2.4 Multi-Zone Modeling

The first model studied and used in this thesis is a phenomenological multi-zone model
(XCCI code) where the domain is divided into a number of homogeneous zones. New con-
cepts like HCCI, PCCI and RCCI combustion decouple injection and heat release events.
The common conception is that combustion is primarily governed by reaction kinetics,
not by diffusion or flame propagation [Aceves et al., 2000, Cao et al., 2008, Gao et al.,
2011, Blumberg et al., 1979, Cloete et al., 2012]. Therefore multi-zone approaches are be-
lieved to be a feasible approximation for new combustion concepts. The main advantage of
multi-zone models over CFD tools is that very detailed reaction mechanisms can be applied
directly since the number of grid points (here, zones) are much lower compared to the CFD
models. Multi-zone modeling has been proposed extensively in engine community [Aceves
et al., 2000, Xu et al., 2005, Poetsch et al., 2011, Ogink and Golovitchev, 2002, Maiboom
et al., 2009, Rakopoulos et al., 2008, Egüz et al., 2011, Komninos, 2009, Sahin and Durgun,
2008,Nobakht et al., 2011]. In those studies, the complex transport phenomena are ignored.
This is a major drawback since emissions are severely affected by the level of stratification
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and flow induced mixing processes. This deficiency is mainly overcome by fully coupling of
the multi-zone model with a CFD model [Kerschgens et al., 2009, Aceves et al., 2005, Her-
gart et al., 2005, Hessel et al., 2008, Flowers et al., 2003, Flowers et al., 2006, Barths et al.,
2009, Felsch et al., 2009]. In such a two-way coupled model, a zone in the CFD model
corresponds to a zone in the multi-zone model and the chemistry is solved in the multi-zone
model. Heat release is transferred to the CFD model and the transport equations are solved
by the CFD code. Finally mixture composition is fed back to the multi-zone model. As
both models interact at each time step, the computational effort is still very high. In this
thesis, a more engineering-like approach is pursued. The purpose is to estimate the fuel-air
mixing event prior to combustion with a CFD model of the engine in order to keep the com-
putational effort at practical levels. The interaction between multi-zone and CFD models is
not carried out in a two-way coupled manner. The mathematical model is described in this
section.

Mathematical Model

Energy conservation in the multi-zone model is in fact the integral form of the energy equa-
tion (see Equation 2.5) given in the previous section. Noting that e = h − p

ρ , the equation
yields,

mzcν
dTz

dt
=−

Ns∑
i=1

ei
dmz,i

dt
+ Q̇z + Q̇D

z,T − p
dVz

dt

+

Ns∑
i=1

ṁin
z,ihi(Tin) +

Ns∑
i=1

ṁout
z,i hi(Tz)

+

Ns∑
i=1

ṁD
z−1,ihi(Tz′) +

Ns∑
i=1

ṁD
z+1,ihi(Tz′′),

(2.18)

where e, h, p and ρ denote internal energy, enthalpy, pressure and density, respectively.
Subscripts z and i are used to denote the zone and species number. mz is the total zone
mass, Tz is the zone temperature, Tin is the temperature of the intake flow and Vz is the zone
volume. Heat capacity at constant volume is the mass-weighted average, cν =

∑
Yicν,i.

Q̇z describes the heat transfer rate due to heat loss to the environment and the evaporative
cooling during the fuel injection. ṁin/out

z,i is the mass flow through the external boundaries.
Similarly the enthalpy flow associated with mass-diffusion is accounted for by the last two
terms on the right hand side. The actual values for Tz′ and Tz′′ depend on the direction of
the fluxes. The term Q̇D

z,T on the right hand side represents a basic heat conduction model
between the zones,

Q̇D
z,T = Az,z−1Ctλ(

∆T

∆R
)z,z−1 +Az+1,zCtλ(

∆T

∆R
)z+1,z, (2.19)

where Ct is a constant which refers to the turbulent diffusivity factor. The same constant is
used for all zones and the coefficient is not a function of time. Az,z′ is the zone boundary
area between zones z and z′ and ∆R (see Figure 2.2) is the distance between the centerlines
of the neighbor zones. λ is the laminar conduction coefficient.
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The vaporizing fuel is also treated according to the first law of thermodynamics for
open systems. The heat loss by evaporation is taken into account by the enthalpy differences
between liquid and vapor phases of the fuel at a certain temperature.

The change of mass of the species in the system is introduced by the chemical reactions
(M1), by the intake and exhaust mass flow of each zone (M2) and by the mass exchange
through the boundaries caused by the zonal mixing (M3),

dmz,i

dt
= Vzω̇i︸︷︷︸

M1

+ ṁ
in/out
z,i︸ ︷︷ ︸
M2

+∆ṁD
z,i︸ ︷︷ ︸

M3

. (2.20)

M3 equals,

∆ṁD
z,i = ṁD

z−1,i + ṁD
z+1,i

= Az,z−1Ct
λ

cpLe
(
∆Yi

∆R
)z,z−1 +Az+1,zCt

λ

cpLe
(
∆Yi

∆R
)z+1,z,

(2.21)

which is essentially obtained by using Fick’s law and applying Gauss’ theorem.
Each zone has its own temperature (Tz), volume (Vz) and mass of species (mz,i) which

all vary in time while the pressure (p) is the same for all zones (low Mach number (Ma)
approximation). The zones are coupled to each other by the equation of state,

pVz = mz
Ru

M
Tz, (2.22)

where M is the zone average molar mass. During the simulations the zones may expand
or shrink (i.e. the volume of each zone changes) depending on the local conditions but are
constrained by the fact that the total volume is prescribed.

Nz∑
z=1

Vz = V (t). (2.23)

Here, the multi-zone feature is established by dividing the cylinder volume into a num-
ber of zones. Figure 2.2 displays the geometrical arrangement of the model. The zones are
arranged as rings around one central zone (zone 1). The outer zone has contact with the
cylinder walls while all the zones have interaction with the piston bowl and the cylinder
head.

The heat transfer to cylinder walls, cylinder head and piston, contained in Q̇z , can be
taken into account by different heat loss models. The modified Woschni correlation by As-
sanis [Chang et al., 2004, Soyhan et al., 2009] or the correlation of Hohenberg [Hohenberg,
1979] are implemented. The heat loss mechanism affects the evolution of a simulation.

Unknowns that need to be solved in the model are pressure, p, and for each zone
the temperature, the volume and the mass of each species, Vz , Tz , mz,i. Since detailed
chemical mechanisms are used, the set of coupled non-linear equations is large and typically
stiff. Consequently, an efficient and reliable DAE-solver is applied (i.e. DASSL [Petzold,
1983, Petzold, 1982]).
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Figure 2.2: Geometrical representation of the multi-zone model (top view).

2.5 CFD-FGM Modeling

In a DNS, the complete range of turbulent length scales is resolved and no extra modeling is
required. RANS and LES have been proposed to decrease computational costs. Figure 2.3
gives an overview about how a local quantity φ progresses in typical (U)RANS, LES and
DNS computations. RANS modeling is the most common option in practical applications.
In RANS, time or ensemble averaging is applied to the governing equations. Only the
mean flow field is resolved and models are required for the unclosed terms arising from the
averaging procedure. Since different scales in the turbulent energy spectrum are not resolved
in RANS, the computational effort is reduced considerably. According to [McDonough,
2004], the total arithmetic scale is of the order of ReL. The mean flow unsteadiness is
introduced by Unsteady Reynolds Averaged Navier-Stokes (URANS). This is achieved by
applying averaging over timing intervals that are larger than the turbulent fluctuations but
are still much smaller than the mean flow time scale.

The LES approach is introduced in order to obtain a more accurate representation of
unsteadiness (compared to URANS) and to reduce the cost of calculations (compared to
DNS) simultaneously so that the modeling of practical systems could become an available
option. In LES, a low-pass spatial filtering procedure is introduced instead of averaging.
Larger turbulent structures are directly resolved while the effect of smaller scales is mod-
eled. In other words, the range of scales that needs to be resolved in the energy spectrum
is between the largest scales of the flow and the major part of the inertial sub-range. By
filtering the smallest scales, it is possible to reduce arithmetic scales to ∼(ReL)

3/2 [Mc-
Donough, 2004].

LES modeling is relatively new in engine applications [Lee et al., 2002, Kaario et al.,
2003, Banerjee et al., 2010, Hu and Rutland, 2006, Hu et al., 2007, Vermorel et al., 2009,
Zhang and Rutland, 2013, Goryntsev et al., 2010]. It is likely that the use of LES modeling
will grow considerably in future studies. In Figure 2.4, the difference of instantaneous solu-
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Figure 2.3: Overview of time evolution of a local quantity φ in URANS, LES and DNS computations.

tions between a URANS and a LES model is illustrated. It is shown that turbulent structures
are resolved in more detail in LES compared to URANS. The different characteristics of
the two approaches can lead to a large difference in the prediction of important engine phe-
nomena like pollutant emission formation (i.e. NOx and soot) that depend strongly on local
conditions. A similar comparison between URANS and LES models can be found in [Som
et al., 2012].
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Figure 2.4: Sample instantaneous snapshots of temperature field for different O2 concentration ECN
cases with a typical LES (left) and URANS (right) model.

It is mentioned that the computational effort is higher for LES simulations compared
to URANS simulations. Finer meshes and higher order numerical schemes are required for
realizing sufficient accuracy in a LES operation. URANS models are still the main models
used for engine combustion. In this thesis a three-dimensional URANS model is used and
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validated. LES modeling is not in the scope of this study.
A (U)RANS-based CFD model is introduced as the second type of model in this the-

sis. Highly accurate numerical models are paramount to comprehend mixing as well as
combustion processes inside the cylinder. To reduce modeling assumptions detailed chem-
istry information needs to be utilized to predict engine characteristics in a reliable way.
However, direct implementation of detailed reaction mechanisms is not practical because
of the number of additional equations and associated length and time scales. Tabulated
chemistry is commonly applied on engine related combustion simulations to overcome this
problem [Tap and Veynante, 2005, Lehtiniemi et al., 2005, Mauss et al., 2010, Subrama-
nian et al., 2007, Wenzel et al., 2007, Contino et al., 2011, Knop et al., 2011, Kolaitis and
Founti, 2006, Truffin and Colin, 2011]. The FGM method [van Oijen and de Goey, 2003]
is a promising technique to include tabulated chemistry in engine combustion modeling.
In this model, complicated flow phenomena are solved up to a certain scale while detailed
chemistry information is included with certain assumptions. More details of the theory of
both aspects, i.e. RANS modeling and FGM methodology, are explained in the following
sections.

In RANS ensemble averaging is applied to the governing equations. A variable (ϕ) is
represented by its mean and fluctuation, ϕ = ϕ̃+ ϕ′′ where ϕ̃ = ρϕ

ρ̄ and ϕ̄ is the ensemble-
averaged quantity. Due to this averaging procedure so-called “unclosed” terms arise in the
equations to be solved.

For reactive flows the Boussinesq approximation is commonly applied to the stress
tensor, i.e. the Reynolds stresses, and to the similar terms arising in the energy and species
conservation equations.

− ρ̄˜⃗u′′u⃗′′ = µt(∇⃗˜⃗u+ ∇⃗˜⃗uT )− 2

3
(µt∇⃗ · ˜⃗u+ ρ̄k)δ, (2.24)

ρ̄˜⃗u′′h′′ = − µt

Prt
∇⃗h̃, (2.25)

ρ̄˜⃗u′′Y ′′
i = − µt

Sct
∇⃗Ỹi, (2.26)

where µt is the turbulent viscosity. Prt and Sct are referred to as turbulent Prandtl and
Schmidt numbers, respectively. k is the turbulence kinetic energy,

k =
˜⃗u′′u⃗′′

2
, (2.27)

µt =
Cµρ̄k

2

ε
, (2.28)

where Cµ is an empirical coefficient and ε is the turbulence dissipation rate.
The well-known two equation k − ε models are employed to model turbulence. The

studied models are the standard (high Re) k − ε model, the RNG k − ε model and the
Realizable k − ε model. All these models solve two additional transport equations, one for
the turbulent kinetic energy, k, and one for the turbulence dissipation rate, ε. The afore-
mentioned models differ by form of these equations. The two transport equations for the
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standard (high Re) k − ε model are presented below. The equations for the RNG and Real-
izable k − ε models can be found in [sta, 2008].

Turbulent kinetic energy (k)

∂

∂t
(ρk) + ∇⃗ · [ρu⃗k − (µ+

µt

Prt
)∇⃗k] =µt((∇⃗u⃗+ ∇⃗u⃗T )∇⃗ · u⃗− g⃗

P rt

1

ρ
∇⃗ρ)︸ ︷︷ ︸

K1

− ρε︸︷︷︸
K2

− 2

3
(µt∇⃗ · u⃗+ ρk)∇⃗ · u⃗︸ ︷︷ ︸

K3

,

(2.29)

Turbulence dissipation rate (ε)

∂

∂t
(ρε) + ∇⃗ · [ρu⃗ε− (µ+

µt

Prt
)∇⃗ε] =Cε1

ε

k
[µt(∇⃗u⃗+ ∇⃗u⃗T )∇⃗ · u⃗− 2

3
(µt∇⃗u⃗+ ρk)∇⃗ · u⃗]︸ ︷︷ ︸

D1

− Cε2ρ
ε2

k︸ ︷︷ ︸
D2

−Cε3
ε

k
µt

g⃗

P rt

1

ρ
∇⃗ρ︸ ︷︷ ︸

D3

+Cε4ρε∇⃗ · u⃗︸ ︷︷ ︸
D4

,

(2.30)

where Cε1, Cε2, Cε3 and Cε4 are empirical coefficients.
The terms on the right-hand side of Equation (2.29) represent the turbulence created by

shear stresses and buoyancy effects (K1), the viscous dissipation (K2) and the amplification
by compressibility effects (K3).

In Equation (2.30), the terms on the right hand side are referred to as the dissipation
production caused by linear stresses (D1), buoyancy (D3) and the changes in mean density
(D4). D2 stands for the destruction of dissipation.

The conservation equations for the RANS approach can be reformulated as follows:

∂ρ̄

∂t
+ ∇⃗ · (ρ̄˜⃗u) = 0, (2.31)

∂

∂t
(ρ̄˜⃗u) + ∇⃗ · (ρ̄˜⃗u˜⃗u) = ∇⃗ · τ̃ − ∇⃗ · (ρ̄˜⃗u′′u⃗′′)− ∇⃗p̄+ ρ̄g⃗, (2.32)

∂

∂t
(ρ̄h̃) + ∇⃗ · (ρ̄h̃˜⃗u) = ∂p̄

∂t
+ ˜⃗u · ∇⃗p̄− ∇⃗ · ˜⃗q − ∇⃗ · (ρ̄˜⃗u′′h′′), (2.33)

∂

∂t
(ρ̄Ỹi) + ∇⃗ · (ρ̄Ỹi

˜⃗u) + ∇⃗ · D⃗m + ∇⃗ · (ρ̄˜⃗u′′Y ′′
i ) = ˜̇ωi. (2.34)

With the turbulent fluxes, closed by the Boussinesq approximations (see Equations
2.24 - 2.26), the only unclosed term remaining in the governing equations is the averaged
chemical source term, ˜̇ωi since ˜ω̇i(Yi, T ) ̸= ω̇i(Ỹi, T̃ ).
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Due to the large number of species and elementary reactions having a wide range
of time scales, it is already extremely demanding to integrate detailed chemical kinetics
information with the flow phenomena. The closure problem of ω̇i can be solved by PDF
modeling of which several varieties exist in literature [Pope, 1985]. Still any PDF approach
brings a huge computational demand if it is applied to the full set of species present in
a realistic chemical model. Yet detailed chemical kinetics is indispensable to predict fuel
sensitive phenomena events like auto-ignition and pollutant formation in a generic way.
Consequently various reduction methods are used to include detailed chemistry information
in a computationally efficient manner. In the conventional reduction technique [Peters and
Rogg, 1993], detailed chemical models are reduced by eliminating species and reactions to
improve computational efficiency. This is performed by assuming that some species and
reactions are in steady state and replacing the corresponding partial differential equations
with algebraic relations. The difficulty of the conventional technique is that knowledge of
chemical kinetics is required to define those species and reactions. Mathematical based
reduction methods are developed to overcome this dependence. In methods like Intrinsic
Low-Dimensional Manifold (ILDM) [Maas and Pope, 1992] and Computational Singular
Perturbation (CSP) [Lam and Goussis, 1991], the rate determining species and reactions
are selected by a systematic time-scale analysis. The disadvantage of these methods is that
diffusion and convection processes are ignored. To overcome these issues extensions of
ILDM have been developed, such as Reaction Diffusion Manifold (REDIM) [Bykov and
Maas, 2007] and Phase Space ILDM (PS-ILDM) [Bongers et al., 2002] methods.

In this thesis the Flamelet Generated Manifold (FGM) method has been applied for
chemistry modeling. Similar to the Representative Interactive Flamelet (RIF) model [Barths
et al., 2000], the FGM method is based on the laminar flamelet concept [Peters, 1984],
which assumes that a multi-dimensional flame can be considered as a collection of thin
flamelet structures. In the RIF approach, flamelets are characterized by the mixture fraction
(Z) and the scalar dissipation (χ). However, in the FGM method a reaction progress variable
(Y) is introduced instead of χ. Therefore, the set of equations to be solved for chemistry is
reduced to the number of controlling variables in the FGM tabulation.

The definition of Bilger [Bilger et al., 1990] is introduced for Z,

Z =
2
YC−YC,2

MC
+ 0.5

YH−YH,2

MH
− (YO−YO,2)

MO

2
YC,1−YC,2

MC
+ 0.5

YH,1−YH,2

MH
− (YO,1−YO,2)

MO

. (2.35)

Subscripts C, H , O refer to the carbon, hydrogen and oxygen elements. Note that
Z = 0 in oxidizer stream (1) and Z = 1 in fuel stream (2).

For the definition of Y a suitable combination of species should be chosen such that
it describes the progress of the combustion event from the unburned mixture till chemical
equilibrium. The only prerequisite is that the progress variable should be monotonically
increasing or decreasing in time.

Y =
YCO2

MCO2

+
YCO

MCO
+

YHO2

MHO2

. (2.36)

Carbon monoxide (CO) and carbon dioxide (CO2) are two major product species in
any hydrocarbon combustion event. To identify the early phase of combustion in a more
accurate way, hydroperoxyl (HO2) is also included in the definition. The same definition is
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used throughout the thesis. Also different species can be used to characterize time evolution
of different phases in the reaction process.

The FGM method combines the advantages of flamelet and tabulation approaches simi-
lar to the Flamelet Prolongated ILDM (FPI) [Gicquel et al., 2000] method. The approach has
been applied successfully before to non-premixed [van Oijen and de Goey, 2002], partially
premixed [van Oijen and de Goey, 2003] and premixed [Vreman et al., 2008] combustion
systems. Furthermore, the method has been extended to include ignition phenomena and
has been applied to engine [Bekdemir et al., 2011] and constant volume setup [Egüz et al.,
2012] applications.

The first part of any FGM application is creating a representative manifold. For this,
relevant canonical systems need to be identified and compared. In this thesis, two different
methods are applied, namely Igniting Counter-flow Diffusion Flames (ICDF) and Homo-
geneous Reactors (HR). The mathematical frame describing both approaches is given in
the following two sections. The treatment of turbulence within the FGM methodology, is
presented in section 2.5.3.

2.5.1 Igniting counter-flow diffusion flamelets

The first canonical system used in the FGM method is the Igniting Counter-flow Diffusion
Flames (ICDF). This representative system originates from the flamelet concept [Peters,
1984] in which a multi-dimensional flame is considered as a set of 1D flamelets. It is as-
sumed that smallest time and length scales of the turbulent flow are larger than the chemical
scales so that a thin and undisturbed chemical reaction zone exists and is not affected by
the turbulent eddies. Here, ignition is incorporated since this is of crucial importance in
auto-igniting engine combustion.

The setup of an ICDF is given in Figure 2.5. Oxidizer and fuel streams oppose each
other creating a stagnation plane in the middle and the reaction takes place close to the
stoichiometric region in terms of a thin planar layer (flame front).

Figure 2.5: Setup of a counter-flow diffusion flame [Bekdemir, 2012].

A set of 1D equations can be derived from Equations (2.1), (2.5) and (2.8) by:
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∂ρ

∂t
+

∂ρu

∂x
= −ρK, (2.37)

∂ρYi

∂t
+

∂ρYiu

∂x
− ∂

∂x
(

λ

Lecp

∂Yi

∂x
) = ω̇i − ρYiK, (2.38)

∂ρh

∂t
+

∂ρhu

∂x
=

∂p

∂t
+

∂

∂x
(

λ

Lecp

∂h

∂x
)− ρhK, (2.39)

where K = ∂v
∂y is introduced and denotes the flame stretch rate. A transport equation is

derived for K from the momentum equation in the y-direction.

ρ
∂K

∂t
+ ρu

∂K

∂x
=

∂

∂x
(µ

∂K

∂x
)− ρK2 + ρoxa

2, (2.40)

where the subscript “ox” refers to the oxidizer side, while a is the applied strain rate defined
at the oxidizer side, ∂u

∂x (x → ∞) = −a.
A typical 1D diffusion flame structure is presented below for a pure mixing and a

stationary reacting case (a=500s−1) corresponding to typical conditions studied in the ECN.
Note that the temperature is scaled in the plots.
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Figure 2.6: Species mass fractions and temperature as a function of (a) coordinate (spatial distance
in Figure 2.5) and (b) mixture fraction for a non-reacting case.

The initial condition of a typical one-dimensional igniting flame simulation is provided
by the mixing of two flow streams as shown in Figure 2.6. Existing CO2 in the oxidizer
stream originates from the applied EGR in the cases studied in this thesis.

From Figure 2.7, it is obvious that the distribution of species and temperature is differ-
ent for the reacting case. Highest temperatures are observed near the stoichiometric region
(Z = Zst) due to the reactions. Thus, the reduction in O2 concentration occurs closer to
the oxidizer stream compared to pure mixing event and the highest CO2 concentration is
located where O2 is consumed and CO to CO2 conversion takes place.
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Figure 2.7: Species mass fractions and temperature as a function of (a) coordinate and (b) mixture
fraction for a stationary reacting case (a = 500s−1).

2.5.2 Homogeneous reactors
Another canonical system that can be used to generate the look-up table is the Homogenous
Reactors (HR). As described in Chapter 1 flamelet like combustion might not apply and
the operation of new concepts might lie in different combustion regimes (such as broken
or distributed reaction zones). Furthermore, since the system is already partially mixed,
mixing during ignition and combustion might be less relevant. Thus the HR method can be
an appropriate candidate especially for new combustion concepts. The main difference with
the ICDF approach is that the absence of diffusion and transport processes in the evolution
of the system. It is assumed that a zone exists of a perfectly homogeneous fuel-air mixture.
This system is solved in time and the governing equations correspond to those of the multi-
zone model (see section 2.4) yet only with a single isobaric zone:

mcv
dT

dt
= −

Ns∑
i=1

ei
dmi

dt
+ Q̇− p

dV

dt
, (2.41)

dmi

dt
= V ω̇i, (2.42)

where e denotes the internal energy, Q̇ the heat loss, V the prescribed volume, p the pressure
and m the mass. The subscript i denotes the species index. The chemical reactions are taken
into account by the term ω̇i.

To cover all possible mixing conditions a series of simulations varying in Z (from
pure fuel till pure oxidizer) is performed that corresponds to the relevant range in mixture
fraction space. The initial temperature of the mixture depends on the fuel-oxidizer ratio (see
Figure 2.8(a)). It is obvious that different temperatures and mixture compositions affect
reaction kinetics, and hence, lead to different ignition delay timings (see Figure 2.8(b)). A
feasibility study of this approach will be conducted at conditions of both classical diesel and
new combustion concepts.
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Figure 2.8: (a) Initial mixture temperature as a function of mixture fraction. (b) Sample temperature-
time T (t) plots at different mixture fraction levels for baseline n-heptane case database generation.

2.5.3 Manifold generation and turbulent closure
The application of the FGM method consists of two main parts: creating a chemistry
database of relevant terms (a look-up table) and coupling of this database to a CFD solver.
The construction of a look-up table consists of three main steps as presented in Figure 2.9.
The first step is to obtain raw chemistry data by solving a set of ICDF or HR simulations.
This gives φ(t, x), Z(t, x) and Y(t, x). The second step is to create a laminar FGM table
by applying a coordinate transformation to φ(Z,Y) and the last step is to implement the
chosen turbulent closure, which in this thesis is the presumed shape PDF approach.

Solving 

canonical  systems

0D (HR) - 1D (ICDF)

 ( , ( ))f t x

Generation of 

2D FGM tables
 ( , )f Z Y

Generation of 

4D FGM tables

Coordinate 

transformation

PDF Integration 

 ° ° ² ²2 2( , ), ,Zf Z ′′ ′′Y Y

Figure 2.9: The schematic of the FGM manifold generation.

After the generation of raw data with either of the methods, a coordinate free format
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is needed for the database. In other words, the computed data should be independent of
the spatial coordinates and time. This is achieved by using controlling variables. In the
FGM method Z defines the evolution of mixing whilst Y defines the evolution of reaction
progress. Every thermo chemical property is stored as a function of these two variables.

The main difference between the two approaches is that the solution of an ICDF is a
function of time and space whereas it is only a function of time for the HR method. Both
igniting and stationary flames are solved at the corresponding initial conditions in the ICDF
approach to cover the complete regime of diesel combustion. Igniting flames are solved at a
single strain rate to capture the auto-ignition process. The ignition behavior is tracked until
a steady state solution is obtained. The remaining area in Z−Y space is covered by a set of
stationary flames at different strain rates (see Figure 2.10(a)). The low strain-rate solutions
approach a chemical equilibrium state.
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Figure 2.10: An example of mixture fraction-progress variable diagram (a) for the ICDF and (b) for
the HR method. The red and green lines represent time-dependent and stationary solutions of ICDF
method, respectively. The red circles represent discrete HR cases.

The situation is different for the HR approach. Since there is no diffusion or any other
transport phenomena, the solutions are independent of each other in Z space. The solution
starts (with Y = 0) at each different Z point and evolves depending on chemical kinetics.
Because of the combination of a low temperature and a very high equivalence ratio, the
mixture fails to ignite above or below certain points in Z space (see Figure 2.10(b)).

Finally, the effect of turbulence on chemistry is included via the presumed shape β-
PDF approach. A presumed PDF approach is introduced to reduce computational efforts
compared to other PDF methods such as transported-PDF [Xu and Pope, 1999]. With a
presumed approach, a particular shape for the probability function is prescribed and the
turbulent quantities are calculated with a defined probability of occurrence. β-PDF is the
most common presumed PDF approach in combustion studies. The β-PDF’s here are de-
scribed by the mean and variance of an independent quantity. Consequently the laminar
FGM table is integrated by applying the expected variances of mixture fraction (Z̃ ′′2) and
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progress variable (Ỹ ′′2) in conjunction with the β-PDF’s. Every property/quantity is rep-
resented then by the mean and variance of mixture fraction and progress variable, which
are obtained by solving transport equations (see Equations 2.44-2.47). Mean quantities are
defined as follows,

f̃(Z̃, Z̃ ′′2, Ỹ, Ỹ ′′2) =

∫ 1

0

∫ 1

0

f(Z,Y)P (Z∥Z̃, Z̃ ′′2)P (Y∥Ỹ, Ỹ ′′2)dZdY. (2.43)

The second part of the FGM application is the implementation of the manifold in the
CFD solver. In STAR-CD, this is accomplished via user defined functions. The interaction
between the FGM table and the CFD solver is illustrated in Figure 2.11.
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Figure 2.11: The interaction between FGM-CFD in STAR-CD.

The FGM table is used as a look-up table during the main CFD simulation. For that
one extra transport equation is solved in the CFD code for each controlling variable and
depending on the approach taken one extra for its variance. Relevant terms are retrieved
from the manifold depending on these controlling variables and their variances. The term˜̇Zspray appearing in Figure 2.11 is due to the liquid droplet evaporation. The Lagrangian
spray model for liquid injection is presented in Chapter 4. The coupling between FGM-

CFD is completed by returning the values for the source term of progress variable ( ˜̇Y) and
the temperature from the FGM table back to the CFD code.

∂

∂t
(ρ̄Z̃) + ∇⃗ · (ρ̄˜⃗uZ̃)− ∇⃗ · (ρ̄(D +Dt)∇⃗Z̃) = ˜̇Z, (2.44)

∂

∂t
(ρ̄Ỹ) + ∇⃗ · (ρ̄u⃗Ỹ)− ∇⃗ · (ρ̄(D +Dt)∇⃗Ỹ) = ˜̇Y, (2.45)
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∂

∂t
(ρ̄Z̃ ′′2) + ∇⃗ · (ρ̄˜⃗uZ̃ ′′2)− ∇⃗ · (ρ̄(D +Dt)∇⃗Z̃ ′′2) = 2ρ̄(Dt[∇⃗Z̃]2 − ε

k
Z̃ ′′2), (2.46)

∂

∂t
(ρ̄Ỹ ′′2) + ∇⃗ · (ρ̄˜⃗uỸ ′′2)− ∇⃗ · (ρ̄(D +Dt)∇⃗Ỹ ′′2) =2ρ̄(Dt[∇⃗Ỹ]2 − ε

k
Ỹ ′′2)

+ 2
˜̇Y ′′2,

(2.47)

where D and Dt are laminar and turbulent diffusion coefficients, respectively. ˜̇Z, ˜̇Y and˜̇Y ′′2 represent the source terms for Z, Y and Ỹ ′′2, respectively. ˜̇Z (= ˜̇Zspray in Figure 2.11)

stems from droplet evaporation during the online CFD computation whilst ˜̇Y and ˜̇Y ′′2 are
calculated during the preprocessing stage and retrieved from the FGM tables.

2.6 Summary and Outlook
The operation of diesel engines combines turbulent multi-phase flow with the non-linear
combustion event. The complex non-constant geometry of the engine brings an addi-
tional complicating feature. Therefore developing a predictive and computationally efficient
model for engines is a challenging task. Models pursue different simplification methods for
important complex phenomena depending on the aim of study.

In this chapter, theoretical background of the models studied in this thesis is presented.
The first model, a phenomenological multi-zone model, is described in section 2.4. The
multi-zone model is applied to investigate PCCI and RCCI combustion. The detailed anal-
ysis of the simulations and the discussion about the results are presented in Chapter 3.

The subject of Chapters 4-6 is a URANS-based CFD model. In Chapters 4 and 5,
the simulations are performed in a high pressure constant volume setup. The spray models
are validated and optimized for the non-reacting cases of ECN in Chapter 4. In Chapter 5,
the FGM method is introduced and implemented to model the reacting cases of ECN. The
conventional diesel, PCCI and RCCI combustion concepts are analyzed in Chapter 6 again
with the FGM method. The reader is referred to section 1.4 for the schematic overview of
the thesis layout.



Chapter 3
Modeling of PCCI/RCCI
Combustion with a
Multi-Zone Approach

The major content of this chapter has been retrieved from the following papers:

U. Egüz, C.A.J. Leermakers, L.M.T. Somers, L.P.H. de Goey, PCCI combustion model-
ing with a multi-zone approach including inter-zonal mixing, Proceedings of the Institu-
tion of Mechanical Engineers, Part D, Journal of Automobile Engineering (in press), DOI:
10.1177/0954407012474193, 2013,

U. Egüz, N.C.J. Maes, C.A.J. Leermakers, L.M.T. Somers, L.P.H. de Goey, Predicting
Auto-Ignition Characteristics of RCCI Combustion Using a Multi-Zone Model, Interna-
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3.1 Introduction

New combustion concepts avoid circumstances that result in high nitrogen oxides (NOx) and
soot emissions [Kim and Lee, 2006, Hardy and Reitz, 2006, Noehre et al., 2006, Kokjohn
et al., 2009]. Very low NOx emissions are achieved by operating with a highly diluted mix-
ture (massive EGR levels) which lowers the in-cylinder temperature (blue arrow in Figure
3.1) resulting in a low-temperature combustion (LTC). On the other hand, fuel-air mixing is
improved by applying much earlier injection timings, sometimes in combination with low
cetane fuels, to retard the ignition event and provide more time for mixing. This lowers local
equivalence ratios (red arrow in Figure 3.1) and thus results in very low soot emissions.
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Figure 3.1: Equivalence ratio - temperature diagram for soot and NOx emissions. Soot and NOx

emission contours are calculated by a set of simulations (p = 60bar and t = 2ms) performed with a
soot kinetic model.

As the fuel is injected early in the compression stroke, the fuel injection and heat
release events have no overlap, which makes the combustion process primarily controlled
by chemical kinetics. As such combustion-timing can no longer be controlled by injection
timing. To decrease development and calibration time and costs, computationally efficient
yet accurate numerical models are becoming more important. For PCCI-like combustion,
as it is governed mainly by reaction kinetics, multi-zone approaches are considered to be a
feasible candidate. In this approach a number of zones with a typical equivalence ratio in
the range of 0-2 is initiated and evolves depending on chemical kinetics.

In this chapter, such a multi-zone model is employed to analyze Premixed Charge
Compression Ignition (PCCI) and Reactivity Controlled Compression Ignition (RCCI) com-
bustion. First, the experimental setup and measurement matrix of both concepts are briefly
described. Then, the effects of different modeling parameters, i.e. the number of zones, re-
action mechanisms, inter-zonal mixing and stratification level, are discussed in the context
of PCCI combustion. Finally, the ignition characteristics of RCCI combustion are investi-
gated. In dual fuel RCCI operation, port fuel gasoline injection is used together with direct
diesel injection.
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3.2 Experiment Setup
For the experiments, a six-cylinder DAF engine, referred to as CYCLOPS, is used. This is
a dedicated engine test rig, see Table 3.1, based on a DAF XE 355 C engine. Cylinders 4
through 6 of this inline 6 cylinder Heavy Duty Direct Injection (HDDI) engine operate under
the stock DAF engine control unit and together with a water-cooled, eddy-current Schenck
W450 dynamometer they are only used to control the crankshaft rotational speed of the test
cylinder, i.e. cylinder 1. Apart from the mutual cam- and crankshaft and the lubrication and
coolant circuits, the test cylinder operates autonomously from the propelling cylinders and
uses stand-alone air, EGR and fuel circuits for maximum flexibility.

Table 3.1: CYCLOPS test setup specifications.

Base Engine 6 cylinder HDDI diesel
Cylinders 1 Test cylinder

Bore (mm) 130
Stroke (mm) 158

Compression ratio (Original) 17.0
Bowl shape M-shaped

Fed by an air compressor, the intake air pressure of the test cylinder can be boosted up
to 5 bar. Non-firing cylinders 2 and 3 function act as EGR pump cylinders (see Figure 3.2),
the purpose of which is to generate adequate EGR flow. The EGR flow is cooled both up-
and downstream of the pump cylinders. Several surge tanks and pressure relief valves have
been included in the design.

Direct Injection (DI) of diesel fuel into cylinder 1 is provided by a prototype common-
rail injector, with a nozzle having 8 holes of 0.151mm diameter and a cone angle of 153
degrees. In the RCCI experiments gasoline is added through Port Fuel Injection (PFI).
The mass-flows of gasoline, diesel, air and EGR, are measured with Micromotion Coriolis
mass-flow meters.

The gaseous exhaust emissions are acquired with a Horiba Mexa 7100 DEGR emission
measurement system. The exhaust smoke level (in Filter Smoke Number (FSN) units) is
measured using an AVL 415 smoke-meter. Two data acquisition systems are implemented.
For all quasi steady-state engine data an in-house data acquisition system (TUeDACS) is ap-
plied, whereas for the crank angle resolved data a SMETEC Combi data acquisition system
is used. For more information on the experimental setup, the reader is referred to [Leermak-
ers et al., 2011b, Boot et al., 2009].

3.3 Measurement Matrix

3.3.1 PCCI combustion experiments

In a short-term scenario, PCCI combustion using regular diesel fuel, will only be used in
the low load part of the engine operating range, with conventional CI combustion at higher
loads. The implication of this scenario is that engine hardware design would be very close
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Figure 3.2: Schematic of CYCLOPS experimental setup: a modified DAF engine using separate fuel,
air and EGR systems for one dedicated test cylinder, T [Leermakers et al., 2011b].

to that of current modern diesel engines, with the effective compression ratio possibly made
load dependent through implementation of variable valve actuation. Therefore optimizing
operating conditions focus on parameters like EGR level, intake temperature, intake pres-
sure and injection timing.

In PCCI measurements the effects of these operating conditions have been investigated
on ignition delay, or available mixing time, combustion phasing and pressure trace. For all
experiments, a number of parameters are kept constant over the whole series. The operat-
ing conditions given in Table 3.2 are tested, using n-heptane as the fuel. The target load
for PCCI measurements is an Indicated Mean Effective Pressure (IMEP)=5 bar, which cor-
responds roughly to a 20-25% load of a Heavy Duty engine. See Equation (3.1) for the
definition of IMEP.

Table 3.2: Operating conditions of PCCI combustion measurements.

Engine Speed (rpm) 1200
Fuel injection pressure (bar) 1500

Fuel temperature (K) 307
Intake air temperature (K) 300
Injection durations (µs) 900 - 1200 - 1600

Intake pressure levels (bar) 1.25 - 1.5
EGR levels (wt%) 0 - 15 - 40 - 50 - 60

For every combination of operating conditions under investigation, a sweep of start of
actuations (SOA) of the injector is performed. SOA is advanced at five degree increments.
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3.3.2 RCCI combustion experiments

In the RCCI combustion investigation different injection strategies, using diesel and gaso-
line (see Table 3.3), are explored to determine their respective effects on combustion phas-
ing and emissions. A single target load of 11 bar IMEP is set. The fuel mass flow is kept
constant, and small variations in load (originating from varying efficiencies) are allowed
accordingly. The engine speed is set to 1200rpm, which is typical for a heavy-duty vehi-
cle during highway cruising. An EGR flow of 60% weight (wt) percent is used, both to
limit pressure rise rates, as found in [Leermakers et al., 2011a] and to have nitrogen oxides
emissions below EURO VI levels [Manente et al., 2010a, Manente et al., 2010b].

Table 3.3: General fuel properties of diesel and gasoline, LHV being the Lower Heating Value. For
reference the properties of n-heptane and iso-octane are also included.

Properties Diesel Gasoline n-heptane iso-octane
Derived Cetane Number (DCN) 55.9 14.7 56 15

Boiling range/point (K) 483-606 338-458 371.5 372.4
Density (kg/m3) @300K 825 753 684 690

LHV (MJ/kg) 41.54 43.2 44.6 44.4

The latter two references have stated that a combustion temperature higher than 1500K
is necessary to promote the reactions from CO to CO2, and that on the other hand it is
important to be below 2000K to avoid thermal NOx formation. Apart from an EGR weight
percentage of around 60%, this also implies the use of a global lambda (λ = 1/ϕ) value of
around 1.5. To achieve such an air excess ratio, intake pressure is set to 2.0 bar absolute.
The recirculated exhaust gas is heavily cooled using cold process water, to ∼300K and
exhaust pressure was constant at 1.15 bar absolute.

In [Leermakers et al., 2011a] it was shown that unburned hydrocarbon (UHC) emis-
sions can be limited by injecting a well-timed gasoline mixture. Therefore three different
weight percentages of gasoline (approximately 70-80-90 wt% of the total injected fuel mass)
are used, of which the injection is started just after intake valve open and after exhaust valve
close at ∼300 degrees crank angle (◦CA) bTDC. This is done to ensure that the fuel is in-
jected directly into the cylinder and possible blow-through of gasoline is avoided. The net
fuel pressure of the gasoline PFI system is set to approximately 3 bar by controlling the
rotational speed of the fuel pump in the gasoline tank.

For constant load, speed and ambient conditions and the three different gasoline per-
centages, the remaining fuel mass is injected in a single diesel injection event at 1000 bar,
of which the timing is varied from 90 to 60◦CA bTDC, with 10 degree increments. All
injection timings are referred to by their Start of Actuation (SOA). From logged injector
current and fuel rail pressure, the difference between start of actuation and start of injection
for the present engine speed is estimated at 4◦CA.

The SMETEC Combi system logs cylinder pressure at 0.1◦CA increments for 50 con-
secutive cycles and processes this to the average and standard deviation of important com-
bustion parameters, such as CA10, CA50 and IMEP. CA10 and CA50, which are the indica-
tors of combustion phasing, are defined as the crank angles where 10% and 50% of the total
heat is released, respectively. IMEP describes the load of an operation and it is calculated
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as,

IMEP =
W

Vd
, (3.1)

where W is the indicated work output and Vd (=VBDC−VTDC) is the displacement volume.
For more information on the procedures and definitions used, the reader is referred

to [Leermakers et al., 2011a].

3.4 Simulation Setup and Initialization
The simulations are initialized with conditions corresponding to the moment of Intake Valve
Closing (IVC) by setting inlet temperature, inlet pressure, total cylinder mass and mixture
composition (calculated from EGR level) from experimental data. Initial conditions are the
same for all zones. In other words, all zones have the same temperature, volume as well as
the mixture composition during the start of the simulation. For RCCI simulations, gasoline
is assumed to be perfectly mixed with the oxidizer. Mixture composition differs between the
zones during fuel injection. Different amounts of fuel are injected in each zone according to
the set stratification level. The stratification can obviously not be measured in the full metal
engine. Therefore a realistic CFD model of the research engine is developed in STAR-CD.
The CFD model is used to simulate the evolution of the fuel distribution as a function of
time. For illustration, the computed fuel contours at 40◦CA and 15◦CA before top dead
center (bTDC) for a start of injection (SOI) of 50◦CA bTDC case is presented in Figure 3.3.
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Figure 3.3: Sample fuel mass fraction levels at different crank angles (40◦ and 15◦CA bTDC, respec-
tively) for an early injection case (SOI=50◦CA bTDC, end of injection (EOI)=43◦CA bTDC).

To determine different levels of stratification in the multi-zone simulations the actual
fuel distribution per simulated case is sampled at various crank angles (see Figure 3.4(a)).
In this approach a direct mapping is applied at a sampling moment from 3D to 1D by
sorting all the cells in increasing order of fuel mass fractions. In other words, the topology
of the distribution is disregarded. From that a monotonic distribution is obtained, where
the richest zone corresponds to the outer zone. This approach was compared to another
one where the radial (i.e. spatial) distribution is taken into account and the distribution
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is not monotonic anymore. The results for both cases were quite similar. This is mainly
due to the fact that the richest cells exist near the cylinder wall as it is illustrated in Figure
3.3. For both approaches the richest zone in the multi-zone model corresponds to the outer
zone, which experiences the largest heat loss. As a result the outer zone is the main source
of CO emissions and the radial topology of the distribution does not play a major role
for these conditions. For early injection cases the in-cylinder temperature during injection
is lower compared to conventional operation. Therefore the ignition delay is longer. As
Figure 3.3 displays, a major part of the fuel spray is then found close to the boundaries (i.e.
cylinder wall). The dependence on the radial topology is reduced and both of the mentioned
approaches predict similar results. However, for a conventional operation in which the
ignition timings are much shorter, this approximation is not valid anymore.

The normalized fuel fraction for injection is based on a 1D distribution derived from
the CFD model. Since the total amount of injected fuel is known from experiments, the
injected fuel mass per zone is obtained by simply multiplying the normalized fraction with
the total fuel mass. The corresponding amount of fuel is then injected in each zone to obtain
an equivalent stratification (see Figure 3.4(b)). It is important to note that here the CFD data
is used only to determine the amount of fuel to be injected in each zone (i.e. stratification).
The injection timing of the multi-zone model is still the same as that of the experiments.
In other words, a sampling moment of 13◦CA after end of injection (aEOI) used for a
EOI=30◦CA bTDC does not mean that injection in the model starts at 17◦CA bTDC.

Obviously, the stratification is an important parameter on which the results are expected
to depend. Different sampling moments need to be chosen to perform a sensitivity study.
The sampling moments that are used to determine the stratification are defined with respect
to the end of injection of the particular case under study as given in Figure 3.4(a).
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Figure 3.4: (a) Typical 1D fuel distributions derived from CFD at different sampling moments. (b)
Discretised injected fuel fraction for distribution at 13◦CA aEOI (SOI=30◦CA bTDC).

It is mentioned in Chapter 2 (see also Figure 3.5) that the zones are arranged as rings
around a central one. Here, zone 1 denotes always the central zone and zone n denotes the
outer zone which is in contact with the cylinder wall. In Figure 3.6, a typical temperature
curve of a multi-zone model simulation (10 zones) is shown. Zone 1 and zone 10 corre-
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spond to inner (leanest) and outer (richest) zones, respectively. The average temperature
of the cylinder is represented by the thick blue line and CA=0◦ corresponds to TDC. The
temperature evolution of zone 10 during the compression stroke is markedly different from
the rest. This is mainly because of the heat loss by the cylinder wall and to a lesser extent
due to the evaporation of liquid fuel after injection which is of course largest for the richest
zone.

Figure 3.5: Geometrical representation of the multi-zone model (top view).

If the combustion is (almost) complete, the highest temperature is observed in the
richest zone since the most amount of heat is released there. In this example however the
richest zone fails to ignite and has the lowest zonal temperature. The combination of the
cooling effect and insufficient oxygen in the outer zone is a source of high CO and UHC
emissions in this case. Consequently only a very small portion of the total fuel energy is
released. The rest of the zones ignite, some of which reach high temperatures (T=∼2000K)
whilst the others have lower temperatures because of lean mixtures.

3.5 PCCI Combustion Results
The main purpose of this PCCI combustion study is to analyze the effect of modeling pa-
rameters. It is aimed to develop and present a predictive model together with its sensitivities
to sub-models. Thus, one operating point for each variable operating condition is chosen
(injection duration is 900 µs, intake pressure is 1.5 bar and EGR level is 50%). The only
difference between the studied cases is the start of injection. The start of injection is varied
from 50◦CA bTDC to 25◦CA bTDC with five degree intervals.

The numerical results will be analyzed with respect to the combustion phasing and CO
emissions. CO emissions are utilized especially to judge the combustion efficiency and the
significance of inter-zonal mixing. First the sensitivity of the results to the number of zones
and the applied chemical mechanism is determined. After that with the optimal settings the
effect of inter-zonal mixing and, related to that, the degree of stratification is investigated.
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Figure 3.6: A typical temperature curve as a function of crank angle. Thick blue line represents
average temperature while the rest represents zonal temperatures.

Table 3.4: Model settings and operating conditions of PCCI simulations.

Number of zones 1 - 5 - 10 - 20 - 40
Andrae [Andrae et al., 2008] -

Reaction mechanism Seizer [Seiser et al., 2000] -
Reduced Peters [Peters et al., 2002]

Heat loss mechanism Woschni [Chang et al., 2004]
Turbulent diffusivity factor (Ct) 1 - 100 - 500 - 1000 - 2000
Start of injection (◦CA bTDC) 25 - 30 - 35 - 40 - 45 - 50

Injection duration (µs) 900
Engine speed (rpm) 1200
Compression ratio 1:12
EGR level (wt%) 50

IMEP (bar) 5
Fuel injection pressure (bar) 1500
Intake pressure level (bar) 1.5
Intake air temperature (K) 300

Fuel temperature (K) 307

3.5.1 Effect of number of zones

The advantage of the multi-zone model compared to a single-zone model is the ability to in-
troduce stratification, i.e. inhomogeneity in the mixture. Nevertheless, the adequate number
of zones should be determined. Here, the results of 1, 5, 10, 20 and 40 zones are compared.
The reaction mechanism of Andrae is used for these simulations. Two arbitrarily chosen
cases are presented for the sensitivity analysis with respect to the number of zones (see Ta-
ble 3.5). In order to analyze the pure effect of number of zones, heat loss to cylinder walls
and zonal mixing are ignored here.

When total CO emissions (see Figure 3.7(a)) are compared, the effect of number of
zones is clear. As expected, the single zone case deviates the most. In a single zone simula-
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Table 3.5: Sampling moments used for the effect of the number of zones analysis.

SOI (◦CA bTDC) Sampling Moment (◦CA bTDC) Nomenclature
30 5 D1
50 30 D2

tion, the cylinder volume is totally homogeneous (HCCI) which is not realistic. It is merely
introduced as a reference. As the mixture is lean (λ>2) and totally homogeneous, complete
combustion occurs resulting in zero CO emissions.

When more zones are introduced, the results converge to a common value for 10, 20
and 40-zone cases. The difference between the multiple zone cases is due to the fact that in
the current simulation setup, the outer zones are the richest. As a result of the higher amount
of incomplete combustion, CO emissions initially become higher (5-zone simulation) after
which they converge to a common lower value. From this observation it is concluded that
10 zones are sufficient to describe the effect of stratification for emissions.
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Figure 3.7: (a) CO emissions and (b) CA10 as a function of number of zones. See Table 3.5 for
injection timings and sampling moments of the cases.

In the next step, the combustion phasing results are compared (see Figure 3.7(b)).
CA10 is used to quantify the timing of start of combustion, which in its turn can be utilized
to indicate the combustion phasing. Here, the homogeneous charge with high amount of
excess O2 in the single zone case initiates combustion earlier. The effect of the number
of zones is limited for multiple zone cases with the difference between the extreme cases
less than 0.5◦CA. Therefore both from the emission results as well as the results from the
combustion phasing it appears that 10 zones are sufficient. These findings hold also for a
broader range of operating conditions. Thus 10 zones will be used as default for the rest of
the study.
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3.5.2 Effect of reaction mechanisms
The reactions and the species formed during those reactions are represented by chemical
mechanisms. For three different reaction mechanisms, the simulations are performed for
all injection timings. The stratification data is sampled at crank angles of 13◦CA aEOI for
every case.
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Figure 3.8: (a) CO emissions and (b) CA10 as a function of injection timing for three different
reaction mechanisms.

It is concluded from Figure 3.8(a) that using different mechanisms has a large influence
on CO emissions. Still, the emissions show similar qualitative trends with respect to the
injection timing. The mechanism of Seiser always leads to a higher amount of CO for a
specified sampling timing. Obviously the Seiser mechanism is slower (see Figure 3.8(b))
and there is not enough time and oxygen for complete conversion to CO2 especially in richer
zones and this is why CO emissions go up. Furthermore, the mechanism of Andrae is more
sensitive to injection timing than the rest of the two mechanisms.

All mechanisms have similar CA10 trends (identical sensitivity) with respect to the in-
jection timing. Again there is a quantitative difference among them. This analysis indicates
how emissions and combustion phasing results are sensitive to various mechanisms. It is
not easy to determine the suitability of the mechanisms. The Andrae mechanism is applied
during the rest of the study since it contains mechanisms for n-heptane and iso-octane in
contrast to the other two that only contain n-heptane.

3.5.3 Effect of inter-zonal mixing
Ignition delay and emissions levels are determined by the balance of chemical kinetics and
the mixing event. In the XCCI code, inter-zonal mixing is included via the turbulent diffu-
sivity factor. Typically it is possible to match CO emissions by tuning this diffusivity factor
(Ct) for a specified case. To determine the magnitude of this factor the fuel-air mixing evo-
lution for a non-reacting case is computed with the multi-zone model (XCCI) and compared
to the actual evolution obtained from the CFD simulation. In Figure 3.9, fuel mass fractions
are given as a function of zone number. Letters A, B and C refer to the moments at 13, 18
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and 23◦CA aEOI, respectively. The fuel-air mixing becomes comparable to that of the CFD
model with a turbulent diffusivity of Ct=8000. However, there is still a deviation, especially
for the richest zone. This is mainly explained by the fuel penetration into crevices, which
avoids proper mixing in this region for the CFD model. This effect is not captured currently
in the multi-zone approach.
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Figure 3.9: Comparison of the fuel stratification between XCCI code with mixing (red lines) and
CFD (black lines) model. Ct=8000.

To test the sensitivity of CO emissions and ignition timing to the value chosen for Ct,
a series of simulations (Ct=1, 100, 500, 1000 and 2000) is performed for two injection
timings (SOI=35 and 50◦CA bTDC). Numerical convergence issues are observed during
the simulations with Ct>2000. The sampling moment for stratification is chosen as 13◦CA
aEOI. Heat loss to the cylinder walls is taken into account.

Figure 3.10(a) displays that CO emissions are higher for the low mixing case (Ct=100)
compared to the no mixing case. This is combined with an abundant amount of UHC emis-
sions. When there is no mixing, the combination of the rich mixture and the heat loss to the
cylinder walls creates zones which fail to ignite altogether leading to excessive amount of
UHC emissions (>10000ppm). Even with a small amount of mixing, UHC emissions are
reduced drastically (to ∼250ppm) whilst there is a huge rise in CO emissions (see Figure
3.10(a)) due to incomplete combustion. The CO emissions become insensitive to the magni-
tude of mixing after Ct=1000. Therefore, a turbulent diffusivity factor 1000<Ct<8000 can
be set as a reasonable approximation to represent the high level of mixing and consequently
Ct=1000 is set as the first choice. Ct=100 is selected as the second turbulent diffusivity
factor in order to investigate the influence of different mixing levels.

The mixing event retards ignition by decreasing the reactivity of the most reactive
zones until a certain degree of mixing. Figure 3.10(b) shows that combustion is advanced
slightly after Ct=500. Still the difference between Ct=500 and Ct=2000 is smaller than
1◦CA for both injection timings.
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Figure 3.10: (a) CO emissions and (b) CA10 as a function of turbulent diffusivity factor, Ct.

3.5.4 Effect of stratification levels
In this subsection, the effect of fuel distribution/stratification used as the initial condition
for the injection model is studied. Ideally Ct should take care of the appropriate mixing
and the sampling moment for a given case should become insignificant. Two injection
timings (SOI=35-50◦CA bTDC) are investigated with different stratification levels to test
this hypothesis.
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Figure 3.11: Fuel distributions at various sampled timings (SOI=35◦CA bTDC).

Five different sampling moments (3, 8, 13, 18 and 23◦CA aEOI) are chosen to ana-
lyze this effect for the SOI=35◦CA bTDC case (see Figure 3.11) and four moments (3, 13,
23 and 33◦CA aEOI) are used to define the SOI=50◦CA bTDC case. As expected, later
sampling moments result in less stratified distributions. In addition to Ct=1000 (blue line),
the simulations are repeated with Ct=100 (red line) to comprehend the effect of mixing on
stratification in Figure 3.12.
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Figure 3.12: The effect of stratification on CO emissions for (a) SOI=35◦CA and (b) SOI=50◦CA
bTDC cases.

Figure 3.12 explains the motivation to set the turbulent diffusivity factor as Ct=1000.
The effect of different sampling moments on CO emissions is clearly noticed for the low
diffusivity constant (Ct=100). At later coupling moments more mixing has occurred in the
CFD simulation and CO emissions are lowered due to the increased homogeneity. This
dependence of the emissions on the applied sampling moment is decreased drastically with
larger diffusivity. In other words, no matter which sampling moment is chosen for a spec-
ified injection timing, similar results are obtained. It is now sufficient to choose one of the
coupling moments as default and one of the numerical parameters can be eliminated in this
way.

When zonal mixing is introduced, O2 diffuses from leaner zones to richer zones leading
to an increase in combustion efficiency and CO consumption. For demonstration, the zonal
CO emissions are presented in Figure 3.13 for the SOI=40◦CA bTDC case with sampling
moment 13◦CA aEOI. Zone 1 and 10 refer to the leanest and richest zones, respectively.
The source of CO emissions is the relatively colder zones where the temperature is not
sufficient to reach complete combustion albeit the values are negligible compared to low
mixing cases. When there is very low mixing between the zones, the richer zones, where
there is not enough O2, are the main source of high CO emissions (see Figure 3.13(b)). It
should be noted that for some cases the outer zone does not contribute to CO production
merely because it fails to ignite altogether. The UHC emissions then drastically increase.

The final set of simulations is performed with respect to the injection timing. Note
that choosing an arbitrary sampling moment is adequately based on the stratification analy-
sis. Still more homogeneous distributions prior to ignition are expected for earlier injection
timings, in accordance with that coupling at 10◦CA bTDC is applied for all injection tim-
ings. For instance a sampling moment of 10◦CA bTDC corresponds to 8◦CA aEOI for the
SOI=25◦CA case and 33◦CA aEOI for the SOI=50◦CA case. Obviously the latter will have
a more homogenous distribution.

It is observed in Figure 3.14 that CO emissions are under-predicted compared to the
experimental values when intensifying the zonal mixing (Ct=1000 compared to Ct=100).
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Figure 3.13: CO emissions as a function of zone number (a) with high (Ct=1000) and (b) low mixing
(Ct=100) for SOI=40◦CA bTDC, sampling moment at 13◦CA aEOI.
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Figure 3.14: CO emissions as a function of injection timing (a) for experiments (blue), XCCI code
with high mixing, Ct=1000 (red) and XCCI code with low mixing, Ct=100 (black) and (b) only for
XCCI code with high mixing, Ct=1000.

Yet the predicted trend is significantly improved and the deviation is reduced. Several rea-
sons can be listed to explain the quantitative deviation from the experiments. First of all,
the difference between actual and computed ignition delay will affect CO emissions which
causes an uncertainty by the reaction mechanisms. Furthermore, mixing is needed mainly
to account for the post ignition dynamics. However, CO emissions in experiments might
be caused by local isolated zones (crevices) that either do not ignite at all (UHC emissions)
or progress too slowly because of the excessive cooling (CO emissions). Such isolated
locations cannot be modeled in the current approach.

Finally, the combustion phasing results are compared (see Figure 3.15(a)). The quali-
tative trend of ignition timing is not very satisfactory. The ignition is retarded with stronger
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mixing as mentioned in section 3.5.3. As an illustration, the (logarithmic) pressure-volume
diagram is plotted for SOI=45◦CA bTDC in in Figure 3.15(b). As expected the compres-
sion slope of the simulated curve matches experimental results. The ignition occurs a little
bit later in the XCCI code. Due to higher combustion efficiency (lower CO emissions) the
pressure trace is slightly over-predicted during the expansion stroke.
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Figure 3.15: (a) CA10 as a function of injection timing for experiments (blue), XCCI code with high
mixing (red) and XCCI code with low mixing (black). (b) A logarithmic p-V diagram comparison
between the XCCI code and the experiment for SOI=45◦CA bTDC.

3.6 RCCI Combustion Results
Dual fuel RCCI combustion aims to control combustion phasing by altering the fuel ratios
of a high and low octane fuel in combination with timing of the low octane fuel injection.
In this thesis, the dual fuel blend is prepared with gasoline and diesel fuels. In the detailed
reaction mechanism, n-heptane and iso-octane represent diesel and gasoline fuel, respec-
tively. The purpose of this section is to reproduce the special ignition characteristics (earlier
injection of diesel leads to later ignition) of the RCCI experiments found for early injection
timings (90 to 60◦CA bTDC).

The effect of diesel fuel injection timing and gasoline-diesel fuel blends is studied to
analyze RCCI combustion. The ignition delay timings are compared to those of experiments
where CA50 is used to quantify the combustion phasing. The model settings and operating
conditions of the simulations are presented in Table 3.6.

Based on the previous section, 10 zones proved to be sufficient to capture the zonal
effects with sufficient resolution. This will be used as default. The reaction mechanism of
Andrae is applied to describe the chemical kinetics. The correlation of Hohenberg [Hohen-
berg, 1979] is used to model the heat loss to the environment.

The stratification level for the SOI=60◦CA bTDC case is approximated using a CFD
model. The n-heptane CFD data at TDC position is mapped to a 1D distribution to represent



3 Modeling of PCCI/RCCI Combustion with a Multi-Zone Approach 47

Table 3.6: Model settings and operating conditions of RCCI combustion simulations.

Number of zones 10
Reaction mechanism Andrae
Heat loss mechanism Hohenberg [Hohenberg, 1979]

Gasoline (wt%) 70 - 80 - 90
Start of injection (◦CA bTDC) 60 - 70 - 80 - 90

Injection duration (µs) 350
Engine speed (rpm) 1200
Compression ratio 1:14.9
EGR level (wt%) 60

IMEP (bar) 11
Fuel injection pressure (bar) 1000
Intake pressure level (bar) 2
Intake air temperature (K) 305

Diesel fuel temperature (K) 300

the fuel distribution for the multi-zone model. Later the stratification level is gradually
decreased for other injection timings reaching a homogeneous distribution for the earliest
injection case (SOI=90◦CA bTDC). The corresponding stratification levels applied for each
injection timing are presented in Figure 3.16.
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Figure 3.16: Applied stratification levels of n-heptane (diesel substitute) for each injection timing.

3.6.1 Effect of diesel injection timing
First, the effect of diesel injection timing is studied. In the multi-zone model, the gasoline
(iso-octane) is homogeneously distributed among the zones whilst the diesel injection tim-
ing is varied. The baseline case consists of 80 wt% gasoline and 20 wt% diesel fuel. The
start of injection is swept from 60◦CA bTDC to 90◦CA bTDC.



48

10
−1

10
0

10
0

10
1

10
2

Volume (l)

P
re

ss
ur

e 
(b

ar
)

 

 

XCCI code 
Experiment

Figure 3.17: Pressure as a function of volume for SOI= 90◦CA bTDC and 80 wt% gasoline.

A typical logarithmic pressure volume diagram is presented for the SOI= 90◦CA bTDC
case (see Figure 3.17). It is clear that the pressure trace during the compression stroke
matches the experimental curve. The ignition takes place slightly later during the simulation
and the heat is mainly released aTDC leading to a deviation in the shape of the trace from
the experimental one.
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Figure 3.18: CA50 as a function of diesel injection timing for the 80% gasoline case.

Figure 3.18 displays the CA50 results of the 80 wt% gasoline case. It is shown that
the qualitative trend of ignition timing is captured accurately. One might expect advanced
ignition for earlier injection timings. Nevertheless, injecting the fuel in a cooler environment
makes more time available for fuel-air mixing. Locally leaner zones are created reducing
the reactivity of the zones which retards the combustion event further for earlier injection
cases. To illustrate this effect, a series of HR simulations is performed with different blends
of n-heptane and iso-octane at 80 bar. The dashed red line in Figure 3.19 represents the
composition for the homogenous distribution in 80 wt% gasoline and 20 wt% diesel case
and the red circle refers to the most stratified zone for the SOI=90◦CA bTDC case. It is
shown that when the stratification of n-heptane increases (keeping the mass of iso-octane
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constant), the auto-ignition timings become shorter creating more reactive zones compared
to the homogenous distribution.
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Figure 3.19: Auto-ignition timing of different n-heptane iso-octane blends. Dashed red line and red
circle refer to the homogenous distribution and the most stratified zone, respectively.

Quantitatively (see Figure 3.18), there is an over-prediction in the results. There may
be several reasons for that. One reason is associated with the modeled fuel and the fuel
chemistry model. Obviously gasoline and diesel differ from iso-octane and n-heptane.
This might be confirmed by dedicated experiments using n-heptane and iso-octane in-
stead of gasoline and diesel. Apart from that even if the applied fuels would have been
n-heptane/iso-octane the reaction mechanism will not capture the reactivity perfectly. Even
more, different mechanisms give different results, as for instance presented in section 3.5.2.
A second reason might be the uncertainty in the intake air and fuel temperature. Tempera-
ture is measured before the intake air and fuel reach the combustion chamber. During the
delivery to the engine cylinder, air and fuel temperatures are raised by the heat from the
intake port and fuel injection system, which make the real initial temperatures unknown. A
last reason is the empirically determined stratification level. It may not represent the fuel
distribution in the experiments perfectly which at the end can affect the ignition timing by
changing the zonal mixture composition. However the purpose of this study is not to obtain
an exact match with the experimental results for a certain case. It is aimed to investigate
if the approach is reliable. Therefore, capturing the qualitative trend is a significant out-
come considering the computational efficiency of the model. As an indication, a 10-zone
simulation takes less than one hour with the Andrae mechanism.

Finally, the injection timing study is performed also for 70 wt% and 90 wt% gasoline
cases (see Figure 3.20). Similar to the baseline case, the sensitivity to changes in injection
timing for the multi-zone model is close to that of experiments. Only for 70 wt% gasoline,
the model is more sensitive than the experiment. Still the trend is acceptable.

3.6.2 Effect of different fuel blends
In the previous section, the effect of diesel injection timing for different fuel blends is in-
vestigated. It is useful to combine these numerical results in Figure 3.21 to comprehend the
actual effect of different fuel blends.



50

60 65 70 75 80 85 90
−4

−2

0

2

4

6

diesel SOI (oCA bTDC)

C
A

50
 (

o C
A

 a
T

D
C

)

 

 

Experiment
XCCI code

(a)

60 65 70 75 80 85 90
0

2

4

6

8

10

12

14

16

18

diesel SOI (oCA bTDC)

C
A

50
 (

o C
A

 a
T

D
C

)

 

 

Experiment
XCCI code

(b)

Figure 3.20: CA50 as a function of diesel injection timing for (a) 70 wt% and (b) 90 wt% gasoline
cases.

60 65 70 75 80 85 90

0

5

10

15

diesel SOI (oCA bTDC)

C
A

50
 (

o C
A

 a
T

D
C

)

 

 70% gas. (XCCI)
80% gas. (XCCI)
90% gas. (XCCI)
70% gas. (Exp.)
80% gas. (Exp.)
90% gas. (Exp.)

Figure 3.21: CA50 as a function of diesel injection timing for the model (continuous lines) and for
the experiments (dashed lines) with different fuel blends. Red, blue and black colors represent 70
wt%, 80 wt% and 90 wt% gasoline cases, respectively.

Since gasoline is much more resistant to auto-ignition than the diesel fuel, the increase
of the gasoline part in the blend results in later ignition timings. As expected, this effect is
captured well by the model.

3.7 Conclusions

In the first part of this chapter, the multi-zone model including inter-zonal mixing is used
to analyze PCCI combustion while the results are compared with those of experiments.
In PCCI simulations, a totally homogeneous mixture in a single zone analysis avoids CO
and UHC emissions in the model. 10 zones are sufficient to cover the zonal effects for
emissions and combustion phasing analysis. The reaction mechanisms show similar trends
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with respect to start of injection timing. The difference among the mechanisms indicates the
difficulty to obtain a quantitative match with experimental results. Finally, including inter-
zonal mixing is significant to improve the consistency and accuracy of the results. Different
stratification levels have a drastic influence, especially on CO emissions when there is a low
amount of mixing. This dependence can be significantly reduced with inter-zonal mixing
where the turbulent diffusivity factor is determined from a sensitivity study.

In the second part of this chapter, ignition characteristics of RCCI combustion are
investigated. The influence of diesel injection timing and different compositions of diesel-
gasoline blends are studied. RCCI combustion displays counter intuitive characteristics with
respect to the injection timings, earlier injection of the diesel fraction yields later ignition.
This behavior is observed both in the experimental and numerical study. Afterwards the
fuel blend is altered to control ignition timings. Increasing the gasoline ratio clearly extends
ignition delay timings. This dependence is also captured accurately by the model. It is
concluded that the multi-zone model is proven to be effective to predict ignition trends of
RCCI combustion.

To sum up, a multi-zone model is efficient and promising at least for qualitative trend
studies in new combustion concepts. Reaction kinetics controlled combustion types make
the multi-zone models suitable for these new concepts. However there are improvement
points. Applying a more sophisticated mixing model can increase the effectiveness of the
model. The treatment of crevices is also needed. Especially in early injection concepts, the
crevice region has a large impact on emissions. Besides, the homogeneous nature of a zone
might result in extremely high heat release and pressure rise rates which are not realistic. A
3D CFD model is still required for a detailed flow (i.e. mixture formation) analysis and to
account for these deficiencies.
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Chapter 4
Modeling of
Non-Reacting Spray H
and Spray A Cases

The major content of this chapter has been retrieved from the following papers:

U. Egüz, S. Ayyapureddi, C. Bekdemir, L.M.T. Somers, L.P.H. de Goey, Modeling Fuel
Spray Auto-ignition using the FGM Approach: Effect of Tabulation Method, SAE Technical
Papers, 2012-01-0157, 2012,

S. Ayyapureddi, U. Egüz, C. Bekdemir, L.M.T. Somers, L.P.H. de Goey, Application of
the FGM Method to Spray A Conditions of the ECN database, 12th Triennial International
Conference on Liquid Atomization and Spray Systems (ICLASS 2012), Heidelberg, Ger-
many, 2012.

Minor edits have been made to streamline the layout of the thesis. Additional results are
included to improve the quality of the analysis.
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4.1 Introduction

In the previous chapter, a multi-zone approach is used to describe and analyze PCCI/RCCI
engine combustion. The drawback of the multi-zone model is that the mixing process is
modeled in a relatively crude manner. However, emission formation and even ignition are
considerably affected by the flow induced mixing processes. Combustion in engines com-
bines turbulent multi-phase flow with very high liquid-velocities and a strongly non-linear
exothermic combustion event. Therefore, a reliable combustion model depends on accurate
spray modeling.

In order to assist the validation of computational models, the Engine Combustion Net-
work (ECN), which is initiated by Sandia Laboratories, is formed [ECN, 2013]. The pur-
pose of the network is to generate a database for simpler yet relevant experimental diesel
engine conditions. All institutes which take part in the experimental section of this group
work on the same cases which have well-defined conditions. A lot of effort is spent in the
assessment of precision and accuracy of experimental conditions and consistency of data
processing [Meijer et al., 2012]. In this way, it is aimed to minimize the experimental un-
certainties and to provide a reliable background for the numerical studies. Experimental
and numerical research at the Combustion Technology group of Eindhoven University of
Technology (TU/e) is also embedded in this network.

In this chapter, non-reacting cases of Spray H and Spray A are studied to evaluate
the quality of the spray model. Here, Spray H and Spray A refer to the n-heptane and n-
dodecane baseline cases, respectively. The experiments are conducted in a high pressure
constant volume vessel at a variety of relevant conditions which will be presented in the
following sections. No O2 is contained in the system for the non-reacting case to be able to
study the spray formation without the influence of chemistry. The results are validated with
respect to the spray (vapor) penetration length, liquid penetration length and the mixture
fraction profiles.

In the next section, the conservation equations of the dispersed phase are given. In
section 4.3, various available spray sub-models of a commercial CFD tool (STAR-CD) are
presented. The main models studied are the nozzle flow model, atomization models and
the droplet break-up models. Afterwards, simulations of Spray H are presented. First, a
sensitivity study is performed with respect to the main numerical aspects, time step size,
mesh sizes and effect of the specific variant of the k − ε turbulence models. With the
optimized settings, the main spray sub-models; atomization and droplet break-up models
are analyzed. Finally, the last investigation is repeated for the Spray A cases.

4.2 Dispersed Phase Conservation Equations

In this thesis, the Lagrangian spray model of STAR-CD is employed to perform multi-
phase simulations. The liquid droplets (i.e. dispersed phase) are represented by a number
of parcels to improve the computational efficiency. The parcels are defined as a collection
of droplets having the same properties such as temperature, diameter, velocity, etc. The
conservation equations for individual droplets are given here. The subscript d represents
the dispersed phase. The multi-phase interaction is provided by source/sink terms in the
continuous (i.e. gaseous) phase.
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Consequently, mass equation:

dmd

dt
= −AsKgpt ln

(pt − pv,∞)

(pt − pv,s)
, (4.1)

where md, As, Kg are referred to as the droplet mass, droplet surface area and mass transfer
coefficient, respectively. pt is the gas pressure, pv,∞ and pv,s are the vapor partial pressure
at the surroundings and at the surface, respectively.

Momentum equation:

md
dud

dt
=

1

2
CdρA|u− ud|(u− ud)− Vd∇p− CvmρVd

d(ud − u)

dt
+mdg, (4.2)

where u and ud are referred to as continuous phase and droplet velocities, respectively. The
terms on the right hand side of the equation represent the drag, pressure, virtual mass and
gravitational forces, respectively. Cd denotes the drag coefficient, ρ the gas density and
A the cross-sectional area of the droplet. Finally, Vd denotes the droplet volume, p the
pressure, Cvm the virtual mass coefficient and g the gravitational force.

Energy equation:

mdcp,d
dTd

dt
= −Ash(Td − T ) + hfg

dmd

dt
, (4.3)

where Td and cp,d are referred to as droplet temperature and droplet specific heat. The terms
on the right hand side of the equation represent the surface heat flux and the heat transfer
due to the phase change. h and hfg denote heat transfer coefficient and latent heat of phase
change, respectively.

4.3 Spray Models

Spray formation prior to ignition in diesel engine systems includes liquid fuel injection,
droplet break-up, evaporation, surrounding gas-fuel mixing processes. After leaving the
nozzle with a high velocity, the liquid fuel jet starts to breakup. Typically, two types of
break-up processes exist, primary and secondary breakup. The liquid core breaks up into
large droplets which, is referred to as the “primary breakup”. Various regimes are intro-
duced to describe the primary break-up but it is believed that only the atomization regime
applies [Stiesch, 2003] in diesel injection systems where injection pressure and velocity
are particularly high. This means that the break-up of the liquid jet starts immediately at
the nozzle exit. The droplets continue to break-up as a result of the high relative veloc-
ity (300-600 m/s) between droplets and surrounding gas, which is named the “secondary
breakup”. In this thesis, atomization (see section 4.3.2) and droplet break-up (see section
4.3.3) modeling represent the primary and secondary break-up regimes, respectively. All
these phenomena are taken into account by various sub-models in STAR-CD and the details
are presented in the forthcoming section. A detailed description of fuel injection and spray
formation is given in [Baumgarten, 2006].
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4.3.1 Nozzle flow modeling
The injection velocity of the fuel is calculated via the so-called nozzle flow model. Nozzle
exit velocity is an important parameter since it has a crucial role on the atomization and
break-up processes. Three models are supported in STAR-CD, the effective model, the Max
Planck Institute (MPI) model [Obermeier, 1991] and the modified MPI model [Obermeier,
1991]. The effective model calculates the injection velocity essentially by means of the
fuel injection rate and the nozzle geometry. The MPI model considers the development of
cavitation inside the nozzle by including a contraction ratio. Cavitation refers to the phase
change from liquid to vapor which is caused by the pressure drop of static pressure below
vapor pressure. When cavitation occurs, the effective cross-section area is reduced causing
an increase in the injection velocity. The modified MPI model is the most advanced nozzle
flow model in STAR-CD and it will be chosen as default for the case setup. In addition to the
formation of cavitation, this model calculates whether the cavitation reaches the nozzle exit.
Hence, three flow regimes exist in this model, a non-cavitating flow, a cavitating flow where
the cavitation ends before nozzle exit and a cavitating flow where the cavitation reaches the
nozzle exit. The actual injection velocity is computed by introducing a contraction ratio
(rch) at the nozzle exit giving,

uact =
Q̇

rch
πD2

4

, (4.4)

where Q̇ is the volumetric flow rate and D is the nozzle diameter.
The formation of cavitation depends on the critical pressure (pch,crit) in the nozzle,

pch,crit = ρ{rcu2
c − [rch + λ(

L

D
− 1)(

Q̇

Ao
)2]}, (4.5)

where L and λ are referred to as the nozzle length and friction factor, respectively. Ao is the
original nozzle exit area with the nozzle diameter D. rc(= Ac

Ao
) and Ac denote the entrance

contraction ratio and the effective jet cross-sectional area at nozzle entrance, respectively.
Finally, uc(=

Q̇
rcAo

) is the velocity at the maximum contraction location (see Figure 4.1). If
the pressure inside the nozzle exceeds the critical pressure, there is no cavitation and rch is
equal to 1. Otherwise, rch is estimated via boundary and cavitation layer calculations.

If the pressure is lower than the critical pressure, cavitation occurs and rch is calculated
as follows,

rch =
r2cu

2
c

u2
c [

49
72 + 7

36Rδ(L) +
1
8R

2

δ(L)−R
2

cav(L)]−
pch

ρd

, (4.6)

where Rδ and Rcav are referred to as boundary layer and cavitation layer thickness, re-
spectively. The differential equations defining the boundary layer thicknesses can be found
in [sta, 2008].

rch< 1 means that the cavitation reaches the nozzle exit and increases the actual injec-
tion velocity.

To summarize, the nozzle models differ with respect to the calculation of rch. rch=1
for the effective model. The MPI model always assumes a contraction ratio so rch<1.
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D
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Figure 4.1: Schematic of a nozzle geometry [sta, 2008]. Ac is the effective jet cross-sectional area at
nozzle entrance.

If cavitation occurs and reaches the nozzle exit, rch<1 for the modified MPI model and
otherwise rch=1.

4.3.2 Atomization modeling
After the description of the nozzle flow, the primary break-up has to be computed. As stated
earlier this is completely governed by atomization in diesel injection. Atomization models
are distinguished in the manner that they calculate the distribution of droplet diameters
and velocities after the injection event. Four atomization models are included, the MPI
model [Obermeier and Chaves, 1992], the modified MPI model [Obermeier, 1993], the Huh
model [Huh and Gosman, 1991] and the Reitz and Diwakar model [Reitz and Diwakar,
1986].

In the MPI and modified MPI models, the liquid core is characterized by a series of
primary droplets. The atomization process is primarily based on the removal of droplets
from the liquid core due to the aerodynamic forces. The liquid core length (see Figure 4.2)
is calculated as,

Lc = CD

√
ρd
ρ
, (4.7)

where D, ρd and ρ are referred to as the nozzle diameter, droplet and continuous phase
densities, respectively. C is an empirical coefficient. The value of C is 4.0 for the MPI and
7.0 for the modified MPI model.

The MPI and modified MPI models use similar correlations to calculate the droplet
diameter (Dd) along the liquid core and the relative axial velocity (urel) between the dis-
persed and continuous phases. Here, the equations are presented for the MPI model. The
equations of the modified MPI model are slightly different and given in [sta, 2008].

Dd =

√
D2 − (D2 −D2

c )
x

Lc
, (4.8)

urel = uact(1−
3

4

x

Lc
), (4.9)
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Figure 4.2: Schematic of MPI atomization model [sta, 2008].

where Dc is referred to as the droplet diameter at the tip of the liquid core and it is assumed
to be equal to the diameter of detached droplets (Dc = d). uact is the nozzle exit velocity
which is determined by the theory from section 4.3.1. The diameter of the detached droplets
is determined by the equilibrium between the lift force and the surface tension force. The
correlations used to calculate these forces are presented in [sta, 2008].

The Huh atomization model assumes that the flow through the nozzle hole is respon-
sible for initial turbulence generation. The forces caused by the interaction of the droplets
with the surrounding gas amplify the perturbations till the droplets are detached from the
liquid jet. The turbulence time scale and length scales are derived by the turbulence kinetic
energy and dissipation rate at the nozzle exit. The so-called atomization length scale, LA, is
directly proportional to the turbulence length scale whereas the so-called atomization time
scale, τA, is a function of turbulent and wave growth time scales. The break-up rate is then
calculated as follows,

dDd

dt
= − 2LA

0.1τA
. (4.10)

More information about the derivation of these scales can be found in [sta, 2008].
The spray semi-cone angle (ϕ2 ) is defined as,

tan(
ϕ

2
) =

LA

τA

U
, (4.11)

where U is the average injection velocity.
The components of droplet velocity, which are also used to initialize parcel velocity,

are determined by the nozzle exit velocity and the probability of velocity direction within
the conical spray. This probability depends on the spray semi-cone angle and randomly
determined coefficients.

In a typical implementation of spray models it is not always possible to choose them
freely. For instance the Reitz and Diwakar model assumes that the atomization mechanism
cannot be separated from the break-up mechanism. Hence, if the Reitz and Diwakar atom-
ization model is applied, the Reitz and Diwakar break-up model should also be employed.
In the Reitz and Diwakar model, the spray semi-cone angle is not calculated but included
as an input parameter. The details of this model and the other (secondary) break-up models
are explained in the following section.
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4.3.3 Droplet break-up modeling
The secondary break-up models describe the break-up process due to high velocity differ-
ence between the droplets and the ambient gas. Here, three break-up models are employed;
the Reitz and Diwakar model [Reitz and Diwakar, 1986], the Pilch and Erdman model [Pilch
and Erdman, 1987] and the Hsiang and Faeth model [Hsiang and Faeth, 1992]. All models
calculate the break-up rate as follows,

dDd

dt
= − (Dd −Dd,stable)

τb
, (4.12)

where Dd, Dd,stable and τb are referred to as instantaneous droplet diameter, stable droplet
diameter and time scale of break-up process, respectively.

The key difference among the droplet break-up models is the correlations used to es-
timate the time scale of the break-up process and the stable droplet diameter. The onset
and type of break-up is mainly determined by the Weber (We) number which is the ratio of
inertial forces to surface tension forces,

We =
ρ|u− ud|2Dd

σd
, (4.13)

where σd is referred to as the surface tension coefficient of the droplet.
The Reitz and Diwakar model includes bag and stripping break-up processes whereas

the Pilch and Erdman model takes vibrational, bag, bag-and-stamen, sheet stripping and
wave crest stripping break-up processes into consideration. The Hsiang and Faeth model
assumes only one type of break-up which is valid if We > 12. As an example, the break-up
conditions of the Reitz and Diwakar model are presented below. The equations of other
break-up models are given in [sta, 2008].

The criteria for the break-up regimes in the Reitz and Diwakar model is,

We ≥ Cb for bag break-up

We ≥ Cs

√
Red for stripping break-up

where Cb (12) and Cs (0.5) are empirical coefficients. Red is the droplet Reynolds number.
The characteristic time scales for bag and stripping break-up regimes are given in Equa-

tions (4.14) and (4.15), respectively.

τb =
Cb,2ρ

1/2
d D

3/2
d

4σ
1/2
d

, (4.14)

τb =
Cs,2

2
(
ρd
ρ
)1/2

Dd

|u− ud|
, (4.15)

where Cb,2 (∼ π) and Cs,2 (20) are again empirical coefficients. ρ denotes the density of
the continuous phase.

Finally, the stable droplet diameter for both regimes is,

Dd,stable =
Cb

We
. (4.16)
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4.4 Results

The experimental database of ECN for high pressure constant volume setups is the basis
for the numerical analysis. In this section, the non-reacting baseline conditions n-heptane
(Spray H) and n-dodecane (Spray A) are studied.

Table 4.1: Operating conditions of Spray H and Spray A.

Case Spray H Spray A
Fuel n-heptane n-dodecane

Injection rate (g/s) 2.69 2.4
Injection pressure (bar) 1500 1500

Nozzle hole diameter (mm) 0.100 0.090
Ambient temperature (K) 1000 900
Ambient density (kg/m3) 14.8 22.8

Fuel temperature (K) 373 363
O2 (wt%) 0 0

In this section, first the numerical setup is described. Later a parametric study with
different numerical parameters is performed with Spray H case. With the optimized settings,
the spray sub-models are analyzed with both Spray H and Spray A conditions.

4.4.1 Numerical setup

A uniform 3D mesh (see Figure 4.3) is created to define the constant volume computational
domain. To reduce the computational effort, 1/4th section of the spray domain is solved by
using symmetry planes.

Figure 4.3: Domain of the constant volume chamber.
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The grid size should be small enough to resolve the flow with sufficient resolution.
On the other hand, a minimum grid size is introduced in order to avoid accuracy problems
caused by a large liquid fraction (α),

α =
Vd · nd

Vcell
· 100, (4.17)

where Vd is the droplet volume, nd is the number of droplets per cell and Vcell is the cell
volume. According to [Rijk, 2009], α should be lower than 40%.

The domain should also be large enough so that the flow and mixture formation are not
influenced by the system boundaries. Due to the relatively large domain and high number
of cells, the minimum cell width is kept at 0.25mm. In a previous study [Rijk, 2009], 10µs
was considered to be sufficient for the time step. To study the sensitivity of the solution to
the time step size, 1µs is also included. In addition to the numerical parametric study, the
effect of different turbulence models and spray sub-models is investigated. An overview of
the model settings is given in Table 4.2. The representation for each spray sub-model is
RD (Reitz and Diwakar), PE (Pilch and Erdman), HF (Hsiang and Faeth), HUH (Huh),
MPI (MPI) and MPI2 (Modified MPI).

4.4.2 Effect of time step and mesh size
Initially, the effect of cell width, solver time step and turbulence models on spray penetra-
tion length (SL), liquid length (LL) and mixture fraction field are investigated for Spray H.
The RD atomization and droplet break-up models are selected for the analysis. Later, the
sensitivity study of the spray sub-models is performed with the optimal numerical settings
and turbulence model. In the post processing SL is defined as the farthest point from the
injection location with a threshold value for fuel vapor mass concentration of 0.001. This
is according to the proposals from the ECN network. Similarly, the LL is defined as the
farthest point from the injection location where the liquid void fraction reaches a value of
0.15%.

Table 4.2: Model settings.

Grid type 3D, uniform
Domain size (mm) 20 x 20 x 100
Cell width (mm) 0.25 - 0.5 - 1
Time step (µs) 1 - 10

k − ε turbulence model high Re - RNG - Realizable
Nozzle flow model MPI2
Atomization model RD - HUH - MPI - MPI2

Breakup model RD - HF - PE
Collision model O’Rourke [O’Rourke, 1981]
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Time step size

Figure 4.4 displays the spray penetration for different k − ε turbulence models at two dif-
ferent solver time steps (∆t=1 and 10 µs). The cell width is kept at 0.5mm for the analysis.
The results indicate that high Re k− ε turbulence model predicts the spray penetration best
among the models. Especially for the early stages, the penetration evolution is identical to
that of experiment.
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Figure 4.4: Spray penetration length as a function of time for different k − ε turbulence models with
(a)∆t=1µs and (b)∆t=10µs.

The Realizable k − ε model under-predicts the penetration significantly for the ∆t=1
µs case and it is very sensitive to a change in solver time step which is obviously not
desirable. It is also apparent that the RNG k−ε model over-estimates the penetration length
considerably irrespective of the chosen time step size. Although the generated turbulence
results in higher axial velocities for the Realizable k−ε model than the high Re k−ε model
(see Figure 4.5), the velocity decay of the former is earlier indicating that the radial mixing
of the spray is higher. The difference of centerline axial velocities are presented at t=1.5ms
(∆t=1µs) in Figure 4.5.

Next, the mixture fraction profiles are compared for the turbulence models at t=0.49ms
and at an axial distance from the nozzle exit, x=17mm again at two different solver time
steps, see Figure 4.6.

The best match is obtained again with the high Re k− ε model for the mixture fraction
profile similar to the spray penetration length study. The difference of spray shapes is better
illustrated in Figure 4.7. Over-estimated penetrations result in a narrower spray in the radial
direction like for the RNG k−ε model. When there is an under-prediction in the penetration
(the Realizable model with ∆t=1µs), a wider spray is obtained. Based on this analysis, the
high Re k − ε model is chosen as the default turbulence model. Even though the results of
the high Re k − ε model are slightly improved with the ∆t=10µs, ∆t=1µs will be used as
the solver time step considering the desired time resolution for the combusting cases.
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Figure 4.5: Centerline velocities as a function of axial distance from the nozzle exit for different k−ε
turbulence models, t=1.5ms.
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Figure 4.6: Mixture fraction profiles for different k − ε turbulence models with (a)∆t=1µs and
(b)∆t=10µs. The axial distance from nozzle exit is x=17mm and t=0.49ms.

Mesh Size

The effect of mesh size (∆x=0.25, 0.5, 1mm) is analyzed as the next step. The results
are compared with respect to the mixture fraction profile (see Figure 4.8) and the liquid
length (see Figure 4.9). Although the results are quite satisfactory for ∆x=0.5mm, Figure
4.8 shows that the mixture fraction profile is improved even further with ∆x=0.25mm.
Obviously, 1mm cell width is not adequate to resolve the radial distribution of the fuel.

When the liquid length results are compared, it is observed that the liquid length de-
creases with larger grid sizes. A possible explanation is that the vapor fraction in a cell is
reduced for smaller cell sizes. This slows down the heat transfer between the phases, as a
consequence the evaporation rate and the liquid length is over-predicted for ∆x=0.25mm
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Figure 4.7: Mixture fraction fields for different k − ε turbulence models (top) high Re, (middle)
RNG, (bottom) Realizable, at t=1.5ms with ∆t=10µs.
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Figure 4.8: Radial mixture fraction profiles for different cell widths,∆x=0.25, 0.5 and 1mm. The
axial distance from nozzle exit is x=17mm and t=0.49ms for the mixture fraction profile with high
Re k − ε turbulence model.

(see Figure 4.9). However, as the liquid length is of minor importance for the combus-
tion event which is mainly dependent on the mixing field, the cell width is chosen to be
∆x=0.25mm. To sum up, the preliminary analysis indicates that ∆t=10µs and ∆x=0.5mm
is adequate to capture the mixing and the flow field accurately. However, as a conservative
choice, the final settings are set as ∆t=1µs and ∆x=0.25mm in combination with the high
Re k − ε turbulence model.
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Figure 4.9: The liquid length as a function of time for different cell widths, ∆x=0.25, 0.5 and 1mm.

4.4.3 Effect of spray sub-models

A sensitivity study of spray models is performed for both Spray H and Spray A cases (see
Figures 4.10 and 4.11). First, different atomization and break-up models are analyzed by
comparing spray penetration length and mixture fraction profiles. No experimental data is
available for the mixture fraction profile of Spray A case. Note that the RD atomization
model is applicable only together with the RD break-up model.

Comparable results are obtained for Spray A and H cases (see Figure 4.10). During
early stages, penetration is slightly over-predicted for the RD and HUH models. After
a certain time, the spray penetration is under-predicted. The penetration is identical to
the experimental curve till t=0.4ms with MPI and MPI2 models. However, the degree of
under-prediction becomes higher for these two models for later timings. Yet the evolution
of penetration has similar trends for all atomization models.

Different droplet break-up models can be compared by choosing the HUH atomization
model (see Figure 4.11). It is found out that the influence of these sub-models on spray
penetration is almost negligible. The same conclusion is obtained with the MPI atomization
model as well.

This study points out that different atomization models have a bigger effect on spray
penetration than the break-up models. The main reason for this is that the droplet velocity
and its distribution is determined by the atomization model. For these momentum driven
jets this is the key factor. This effect can clearly be seen in Figure 4.12 where the axial
velocity along the centerline is presented. It is obvious that the atomization models cause
differences in axial velocity profiles whereas the effect of break-up models is within a certain
atomization model is negligible.

Another impact of atomization models is the location at which the evaporation starts.
The spray formation close to the nozzle exit is considerably affected by different models.
In Figure 4.13, the centerline mixture fraction values are plotted for Spray A cases. For
all atomization models apart from the RD model, evaporation is observed at the nozzle
exit. Except for the early stage, the mixture fraction profiles of the RD and HUH models
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Figure 4.10: Spray penetration length (left) and mixture fraction profile (right) for different atom-
ization models of Spray H (top) and Spray A (bottom) cases. The axial distance from nozzle exit is
x=17mm and t=0.49ms for the mixture fraction profile.

are nearly identical. The MPI and MPI2 models typically predict richer mixtures. The
downstream profiles of all cases are similar with the slight difference at the spray tip which
correlates with the observed trends in penetration length.

Finally, the liquid length is compared for both break-up and atomization models. Fig-
ure 4.14 shows that all of the models perform reasonably well apart from the PE break-up
model. Apparently the PE model estimates very low break-up rates leading to an unrealistic
liquid length prediction.

To summarize, it is concluded that in the simulations atomization models for the pri-
mary break-up have more impact on spray penetration whereas the liquid length is primarily
affected by the secondary break-up models. It has been mentioned that an accurate simu-
lation of spray formation (i.e. spray penetration and mixture fraction profile) is more im-
portant than an accurate prediction of the liquid length for the combustion analysis. The
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Figure 4.11: Spray penetration length for different break-up models of (a) Spray H and (b) Spray A
cases.

fact that the RD and HUH atomization models perform better in this respect than the MPI
and MPI2 models. For the reacting cases of Spray H and Spray A the combination of RD
atomization and break-up models will be applied.
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Figure 4.12: Centerline velocities of Spray A cases as a function of axial distance from the nozzle
exit for (a) different atomization and (b) different break-up models, t=1ms.
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Figure 4.13: Centerline mixture fraction profiles of Spray A cases as a function of axial distance from
the nozzle exit for different atomization models, t=0.49 ms.

4.5 Conclusions
In this chapter, non-reacting Spray H and Spray A cases are modeled within STAR-CD to
construct a reliable background for the reacting cases. First, a sensitivity study of Spray
H case is made with respect to numerical parameters (cell size and time step) and k − ε
turbulence models. The standard High Re model predicts the spray penetration the best
among the turbulence models at different time steps. The spray model results are not im-
proved by reducing the time step from 10µs to 1µs. This is consistent with the previous
spray model study [Rijk, 2009]. However, taking into account the expected demands for an
accurate simulation of the combustion event, ∆t=1µs is used. Afterwards, the effect of grid
size is illustrated in the mixture fraction fields. The smaller grid sizes (∆x=0.25mm and
0.5mm) predict the radial mixture fraction distribution well while the distribution deterio-
rates considerably when ∆x=1mm is used. It must be noted that the liquid length is slightly
over-predicted with the selected optimum setting due to the small cell size.

The final study on the relative effect of the atomization and droplet break-up models for
Spray H and Spray A cases. The atomization models determine mainly the spray penetration
(i.e. the mixture formation) whilst the droplet break-up models have a bigger role on liquid
penetration length. The combination of the Reitz and Diwakar atomization and break-up
models is able to capture the flow characteristics well and it will be used as default during
the rest of the study. It must be noted that the combinations of HUH atomization model
also show quite satisfactory results. Given these appropriate combinations the spray model
results are in good agreement with experiments if the optimal numerical parameters are set.
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Figure 4.14: Liquid length for different break-up (left) and atomization models of Spray H (top) and
Spray A (bottom) cases.
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Chapter 5
Modeling of Reacting
Spray H and Spray A
Cases

The major content of this chapter has been retrieved from the following paper:

U. Egüz, S. Ayyapureddi, C. Bekdemir, L.M.T. Somers, L.P.H. de Goey, Manifold resolu-
tion study of the FGM method for an igniting diesel spray, Fuel (in press), DOI:10.1016/
j.fuel.2013.05.090, 2013.

Minor edits have been made to streamline the layout of the thesis. Additional results are
included to improve the quality of the analysis. The contribution of the author is related to
the development of the simulation setups and to the modeling and analysis of the numerical
simulations with the FGM-HR method. The FGM-ICDF simulations used in this chapter
are performed by C. Bekdemir and S. Ayyapureddi.
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5.1 Introduction
In Chapter 4, a spray modeling study is performed to setup a reliable background for the
combustion model. The non-reacting ([O2]=0%) Spray H and Spray A cases are analyzed
by applying various turbulence and spray models and testing different numerical parameters.
In this chapter, the reacting cases of Spray H and Spray A are investigated with the optimal
spray model settings obtained in the previous chapter. Similar to the non-reacting cases, the
simulations are conducted in a high pressure constant volume combustion chamber. From
a numerical point of view the main reason of operating in a constant volume chamber is
to eliminate problems associated with the complex geometry having moving parts typical
for combustion engines. Besides, within the Engine Combustion Network (ECN) there
is a huge international effort to define accurate operating conditions and to determine the
experimental uncertainties thus delivering high quality reference cases. As the effort is
shared amongst experimental and numerical researchers it provides a unique platform to
test the modeling approaches.

The FGM method, which is described in detail in Chapter 2, is implemented to model
combustion. The method is based on pre-computed tabulated chemistry. As it is a tabula-
tion method principal choices have to be made on how these are generated. In this thesis,
two canonical systems, Igniting Counter-flow Diffusion Flames (ICDF) and Homogeneous
Reactors (HR) are employed, which will be referred to as FGM-ICDF and FGM-HR re-
spectively. This chapter consists of two main sections, one for Spray H (n-heptane) and one
for Spray A (n-dodecane) simulation results. Different ambient temperature and mixture
composition settings are specified in the ECN database for both cases to judge the quality
of the models at different ambient conditions. Moreover, the application of different fuels is
also significant from the modeling perspective since the models should prove to be sensitive
to the fuel chemistry in order to capture different fuel characteristics. The performance of
the FGM approach is discussed with respect to the overall parameters, auto-ignition delay
time and lift-off length.

To assess the modeling uncertainty of the approach, an initial comparison is presented
between an FGM and a detailed chemistry simulation of a (1D) ICDF at the ambient condi-
tions of the baseline Spray H case. After that the Spray H case is analyzed with respect to
the table resolution in particular at the well-stirred reaction (WSR) limit, i.e. no Turbulence
Chemistry Interaction (TCI), for different O2 levels. Later the effect of TCI is studied by
applying a presumed shape PDF using the mixture fraction variance (Z̃”2). The Spray H
study is finalized by a study on the effect of different physical parameters; O2 concentra-
tion and oxidizer temperature. In the second part, the FGM method is applied to assess the
ability of the method to capture detailed fuel effects. The results for Spray A (n-dodecane)
cases are presented with TCI and the optimal settings obtained in the first Spray H part.

5.2 Spray H Results
Dedicated n-heptane (Spray H) cases of ECN database are studied in this section. The main
advantage of using n-heptane as the fuel is that it reduces the modeling uncertainty with
respect to the fuel chemistry since models are available for n-heptane but not for diesel. In
this study, the mechanism of Andrae [Andrae et al., 2008] is used for the manifold genera-
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tion. In section 5.2.2, the reduced mechanism of Peters [Peters et al., 2002] is also applied
to perform a sensitivity study with respect to different reaction mechanisms. The boundary
conditions for the ICDF and HR simulations that construct the FGM tables follow directly
from the operating conditions of the Spray H cases and are presented in Table 5.1. In the
experiments, a pre-combustion technique is applied to obtain diesel like conditions in the
constant volume setup. The chamber is heated up to the desired temperature and pressure
by igniting a premixed lean combustible mixture. Different reactant gases can be used as
the pre-burn mixture and obviously the initial composition of the actual experiments de-
pends on composition of this pre-burn mixture. During the measurements the ignition delay
is obtained by either a pressure based method or by natural luminosity. For lift-off length
measurements, OH* chemiluminescence is used. More detailed information about the ex-
perimental setups and measurement techniques can be found in [Baert et al., 2009, Meijer
et al., 2013].

Table 5.1: Operating conditions.

Ambient temperature (K) 800 - 900 - 1000
Ambient density (kg/m3) 14.8

O2 [%] 8 - 10 - 12 - 15 - 21
Fuel n-heptane

Fuel temperature (K) 373
Injection rate (kg/s) 2.69

Nozzle diameter (mm) 0.100
Injection pressure (bar) 1500

The spray model settings, as they are discussed in Chapter 4, are given in Table 5.2.
The so-called baseline condition for Spray H case is Tox=1000K and [O2]=21%. In order
to study the effect of the ambient conditions, a sensitivity study with respect to the ambient
O2 concentration and oxidizer temperature is available in the ECN database.

Table 5.2: Model Settings.

Grid type 3D, uniform
Cell width (mm) 0.25x0.5x0.5
Time step (µs) 1

Turbulence model Standard high Re k − ε
Nozzle flow model Modified MPI
Atomization model Reitz-Diwakar

Breakup model Reitz-Diwakar
Collision model O’Rourke

The outline of this section is as follows,

• A priori analysis of the FGM method (the baseline case)

• FGM manifold resolution study with laminar FGM tables
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• Effect of turbulence chemistry interaction with β-PDF

• Effect of oxidizer temperature

5.2.1 A priori analysis of the FGM method
The tabulation resolution study of the FGM method is performed in two stages. The first
stage is performed on a laminar 1D igniting counter-flow flame, which is exactly the same
system that is used to generate the tables for the FGM-ICDF approach. The selected case
is described by the boundary conditions of the baseline Spray H case, i.e. Tox=1000K,
Tfuel=373K and p=4MPa and a specified [O2]= 21% at the oxidizer side. The FGM table
is created with an igniting 500s−1 ICDF augmented with stationary flames down to a strain
rate of 1s−1. This is illustrated in Figure 5.1.
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Figure 5.1: (a) The igniting (red lines) and stationary (green lines) flame temperature solutions as a
function of mixture fraction. Blue line represents the initial mixing line. (b) Source term of progress
variable as a function of mixture fraction and progress variable in the FGM table.

The effect of table resolution is assessed here, by applying different distributions of
points in Z and Y space. The distribution of points in Z-space is always uniform. In Y-
space either uniform or quadratic spacing is used, the latter to enhance the resolution in the
early ignition phase. The expression “uniform” or “quadratic” spacing is used to describe
the distribution of the points in the FGM table. Uniform means an equidistant distribution.
Quadratic spacing is introduced in the Y domain by using a distribution proportional to
Y 2, where Y = Y(Z)/Ymax(Z). Mathematically the distribution is defined by Y (i) =
(i − 1)/(Np − 1) for i ∈ [1, Np] and Np represents total number of points in FGM table.
Therefore applying a quadratic spacing in Y ensures a much finer discretization in the early
ignition phase of combustion. Both in uniform and quadratic cases, linear interpolation is
applied for any value in-between the grid points used in FGM tables.

In Figure 5.2 the solution of a full detailed simulation is compared to that of the same
setup but applying the table presented in Figure 5.1(b). A variety of tables with different
resolution and discretization methods is used. The 1D-FGM simulation computes the same
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setup where the conservation equations of all species is replaced by two conservation equa-
tions for Z and Y , respectively. All thermo-chemical properties and the source term of Y
are retrieved from the 2D FGM tables.

Figure 5.2 clearly shows that a quadratic spacing is superior to the uniform spacing.
Even the 101x101 table, with 101 quadratically spaced points in Y-space outperforms a
uniformly spaced 501 points table.
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Figure 5.2: Comparison of FGM chemistry with detailed chemistry with different FGM tables. Max-
imum temperature for an igniting counter-flow strain 500s−1 flame.

In Figure 5.3, the well-known strain rate dependence of the ignition delay for counter-
flow flames is presented. For this study detailed simulations with varying strain rates are
compared to the same simulations applying the earlier introduced table. Note that this table
is generated with a single a=500s−1 igniting flame, a uniform Z-spacing and a quadratic
Y-spacing (101x101). Figure 5.3 illustrates that the functional dependency of ignition delay
with respect to the strain rate is recovered. There is a deviation at higher strain rates but the
ignition limit is captured qualitatively. It is shown that the FGM approach is able to capture
the straining effect on ignition delay reasonably well. For strain rates below 1000s−1 the
relative difference is lower than 10%.

5.2.2 FGM manifold resolution study with laminar FGM tables
The second stage of the resolution study focuses on a CFD analysis of the Spray H cases
themselves. Typical temperature and OH mass fraction contours of a CFD simulation are
presented in Figure 5.4. In this case, the results of the 12% O2 case are given (with FGM-
HR) at t=3ms where the flame is already stabilized. Temperature and OH mass fraction are
used to define the auto-ignition delay and the lift-off length, respectively. More information
about the definitions will be given later in this section.

In this section, TCI is not included apart from the reference case which is studied
in [Egüz et al., 2012]. This previous study consists of the 12%, 15% and 21% O2 cases
where a 4D FGM table is applied on the CFD model. The 3rd and 4th dimension correspond
to a presumed β-pdf closure for both table directions albeit at low resolution 21x15x21x15
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Figure 5.4: Typical temperature (top) and OH mass fraction (bottom) contours of a CFD simulation.
The results of the [O2]=12% case are given at t=3ms with the FGM-HR approach.

points in Z, Z̃”2, Y and Ỹ”2 directions, respectively. There it was found that the FGM
method reproduces the experimental dependence of ignition delay on the O2 percentage
only qualitatively. Here, much finer laminar 2D FGM tables, i.e. the WSR limit, are applied
to study the effect of table resolution on the results. Furthermore, the study is extended to
cover the whole regime of Spray H cases by including O2 levels of 8% and 10%.

Ignition delay

The ignition delay is defined as the moment when any point in the domain reaches half of
the temperature rise of final maximum temperature in the domain,

Tign =
T final
max + Tin

2
, (5.1)
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where Tin is the initial temperature.
The 2D FGM table resolution is 251 points in Z direction and 251 (uniform) and

501 (uniform and quadratic) points in Y direction. For comparison the reference tables
are also included. The results are presented in Figure 5.5. The reaction mechanism of
Andrae [Andrae et al., 2008] is used in this analysis.
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Figure 5.5: The effect of discretization points on ignition delay for (a) FGM-HR and (b) FGM-ICDF
approaches.

It is observed that the trend is improved by implementing a finer grid. The trend is
best predicted by the table with a quadratic spacing and it is very close to the experimental
values. A sensitivity study is performed with quadratic spacing in Y field for three O2 levels.
To determine the minimum number of grid points, tables with 101x101, 251x251, 251x501
grid points are used (see Figure 5.6).

Consistent with a priori ICDF analysis (see section 5.2.1), predicted ignition delay
times are identical for all these tables with both approaches (FGM-HR and FGM-ICDF).
Based on CFD simulations as well as the preliminary comparison between FGM and de-
tailed chemistry, it is comprehended that applying a quadratically spaced grid in direction
with 101 points is sufficient to cover the ignition delay trend. The optimum manifold res-
olution is then implemented to the complete set of oxidizer composition cases. To study
the effect of the underlying chemical model a reduced mechanism of Peters [Peters et al.,
2002] is also applied (see Figure 5.7) in addition to the mechanism of Andrae [Andrae et al.,
2008].

For the Andrae mechanism, the FGM-ICDF and FGM-HR approach perform similarly
indicating the ignition is to a large extent independent of the way it is generated (see Figure
5.7(a)). Compared to the experiments, there is a slight under-prediction but the trend is
captured very well. This points out that diffusion and transport phenomena play a minor
role during the ignition process for these conditions (elevated ambient temperature). In
order to investigate this further, 2D tables are compared for one case ([O2]=15%) in Figure
5.8.

The largest difference for the Y-source terms in the databases is observed in the rich
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Figure 5.6: The effect of discretization on ignition delay at quadratic spacing for (a) FGM-HR and
(b) FGM-ICDF approaches.
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Figure 5.7: Ignition delay as a function of O2 concentration with (a) Andrae and (b) Reduced Peters
reaction mechanisms. FGM table resolution is 101(uniform)x101(quadratic) for Z and Y , respec-
tively.

zone (Z=0.25-0.35). Although no CO2 is produced during the HR simulations at these rich
conditions, the rapid production of high amounts of CO is the main cause for the high source
terms of Y . This does not occur in the ICDF simulations that build the database due to dif-
fusion effects of the species from these regions. However, as these high values of Z are not
reached during the CFD computations this cannot be the reason for the observations. This
is confirmed by the CFD data prior to ignition. When the Z-T field just before the ignition
is plotted in Figure 5.9 for both methods, it is obvious that the temperature rise occurs in
the Z=0.05-0.1 range. The times are different in Figure 5.9 since the figure represents the
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ignition delay of the respective simulations.

Figure 5.8: Source term of progress variable comparison as a function of mixture fraction and
progress variable for FGM-HR (left) and FGM-ICDF (right) methods with iso-view (top) and side
view (bottom) at [O2]=15% case with Andrae mechanism.
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Figure 5.9: Mixture fraction-temperature CFD data field prior to ignition at [O2]=15% case for (a)
FGM-HR and (b) FGM-ICDF approaches.
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Furthermore, similar to the simulations based on the Andrae mechanism, FGM-ICDF
simulations with reduced Peters mechanism can capture the ignition event accurately in con-
trast to the FGM-HR simulations. As shown in Figure 5.7(b) there is a huge underestimation
of the ignition delay and the sensitivity of ignition delay to the oxidizer composition is very
low. The early ignition is caused by the extreme high source terms of the Y . Figure 5.10
displays the progress variable source terms in the FGM-HR table as a function of mixture
fraction for [O2]=12% case with both reaction mechanisms.
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Figure 5.10: Source term of progress variable data points in FGM-HR tables as a function of mixture
fraction at [O2]=12% case for reduced Peters (red) and Andrae (blue) reaction mechanisms.

It is obvious that the reduced Peters mechanism results in much higher source terms.
This is due to the very rapid increase of CO2. A specific case (Z=0.1) is analyzed as an
example in Figure 5.11. Although the rise in mass fraction of CO2 is not tremendously high
(from 8.5% to ∼10%), the rate of rise is larger for the reduced Peters mechanism leading to a
drastic increase in the source terms. The reason for the difference between the mechanisms
is not further researched in this thesis. Since accurate results are obtained with tables based
on both canonical systems (FGM-ICDF and FGM-HR), the Andrae mechanism will be used
during the rest of the simulations.

Lift-off Length

After the ignition delay timings, the flame lift-off length (LOL) is investigated. According to
the proposal of ECN, two definitions are used. First (M1), the LOL is defined as the closest
point to the nozzle exit where any cell in the domain reaches YOH = 0.00025. However,
the maximum OH concentration reduces for low O2 level cases and this threshold might not
be reached. The alternative definition (M2) is the first axial point where OH mass fraction
reaches 2% of the maximum in the domain after a stable flame is established. The definitions
are referred to as M1 (method 1) and M2 (method 2). Since OH* chemiluminescence is
used during the experiments for the lift-off length measurements which corresponds to the
species; OH* and not to OH, there is still a debate about both definitions within ECN.

The LOL is calculated as a function of time to determine the settling time. Figure
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Figure 5.11: (a) CO2 mass fraction and (b) CO2 source term as a function of time at [O2]=12% case
for Z=0.1 with reduced Peters (red) and Andrae (blue) reaction mechanisms with FGM-HR.

0 0.5 1 1.5 2 2.5 3 3.5 4
5

10

15

20

25

30

35

40

45

50

t (ms)

LO
L 

 (
m

m
)

 

 
[O

2
] 8%

[O
2
] 10%

[O
2
] 12%

[O
2
] 15%

[O
2
] 21%

Figure 5.12: The lift-off length as a function time for FGM-HR simulations.

5.12 shows that the LOL converges after t=3ms even for lower O2 levels where ignition
occurs quite later than for high O2 levels. A similar observation is made for ICDF based
simulations.

The comparison of the LOL is presented for FGM table resolutions 101x101 (M1),
101x101 (M2) and 251x501 (M1). Again, uniform and quadratic spacing is applied in Z
and Y directions, respectively. Figure 5.13 displays that the trend of LOL is predicted well
with both systems. The threshold of YOH = 0.00025 is not reached for [O2]=8% case for
both systems when a table discretization of 101x101 points is implemented (red triangle
and circle). In fact in Figure 5.14(a) it can be observed that the maximum concentration
is slightly below the threshold for the [O2]=8% case (FGM-HR with 101x101 grid points).
Both table resolutions lead to almost identical LOL results, although the maximum OH
concentrations in the CFD field are quantitatively different. However, different LOL def-
initions clearly affect the results for low O2 levels. For low O2 concentrations, OH mass
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Figure 5.13: The lift-off length as a function of O2 concentration (a) with different table resolutions
(M1) and (b) with different LOL definitions (101x101 points in Z and Y space).

fractions are much lower and the steep rise of OH fraction in the upstream part does not
occur. Hence the LOL becomes severely dependent on the definition. The OH data field at
t=3ms as a function of axial distance from the nozzle exit is presented in Figure 5.14(b) for
the FGM-HR ([O2]=8%) case with 251x501 grid points in Z and Y directions, respectively.
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Figure 5.14: (a) Maximum OH mass fraction as a function of O2 concentration and (b) OH CFD data
field as a function of axial distance from nozzle exit for the FGM-HR ([O2]=8%) case at t=3ms.

The quantitative difference of LOL results between the methods (HR and ICDF) is
higher than found for the ignition delay. In order to comprehend this difference better, Fig-
ure 5.15 is plotted. It is shown that there is a linear correlation between ignition delay and
LOL for the experiments. This linear relation is clearly observed in FGM-HR based simu-
lations as well albeit there is a slight under-prediction for both ignition delay and LOL. In
contrast, the FGM-ICDF based simulations over-predicts the LOL and expresses a slightly
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different sensitivity to ignition delay.

0.5 1 1.5
5

10

15

20

25

30

35

40

45

50

Ignition delay (ms)

LO
L 

(m
m

)

 

 

Experiments
FGM−HR
FGM−ICDF

Figure 5.15: The lift-off length as a function of ignition delay for experiments (blue), FGM-HR
(red), FGM-ICDF (black) approaches (M1). The FGM table resolution is 251x501 points in Z and Y
directions, respectively.

Although the predicted ignition delay timings for the ICDF case are the same with both
methods, the LOL results are considerably different. Z, temperature and OH mass fraction
contours at t=3ms are for the [O2]=12% case (both systems) are included in Figure 5.16.
In these cases OH formation starts from the tip of the spray and moves towards upstream
region till the flame is stabilized. As expected, the mixing field is almost identical for both
methods and the deviation in the LOL results stems from the stabilization location. The
main reason is that the FGM-ICDF and FGM-HR systems result in slightly different flame
structures as it can be seen in the temperature field. Another reason for the LOL deviation
is that the methods provide different OH levels in the manifold.

In Figure 5.17, OH mass fraction contours as a function of temperature and Z are
presented. Mainly, the FGM-HR database shows higher OH peaks within a broader mix-
ture fraction zone. Although peaks are observed at high temperatures for the FGM-ICDF
database, OH is also present at lower temperatures due to diffusion in the ICDF.

5.2.3 Effect of turbulence chemistry interaction

The effect of turbulence is studied by applying the variance Z̃”2 with a presumed β-pdf in
Z direction and solving an additional equation for Z̃”2. In order to determine the levels of
Z̃”2, the CFD data is analyzed. A typical Z-Z̃”2 field is presented in Figure 5.18 for FGM-
HR method for the [O2]=8% case. Similar fields are found for both methods at different
oxygen level cases and at various other time steps. The selected levels of variance should
be arranged such that it covers the whole regime that is reached during the CFD simulation.
Here, 9 levels of variance are applied (red dots).

Once the Z̃”2 is included in the FGM tables, a new set of simulations is performed
to determine its influence on ignition delay. It is concluded from Figure 5.19, although the
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Figure 5.16: Mixture fraction (top), temperature (middle) and OH mass fraction (bottom) field for
FGM-HR(left) and FGM-ICDF(right) approaches at t=3ms for [O2]=12% case.
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Figure 5.17: OH mass fraction contours in the FGM tables as a function of temperature and mixture
fraction for (a) FGM-ICDF and (b) FGM-HR approaches for [O2]=12% case.

effect is not large, there is a small reduction in ignition delay timing.
This might be counter intuitive since the averaging procedure would suggest lower

maximum source terms and a longer ignition delay. Therefore this is explained in more
detail for the 8% O2 case. Indeed during the initial stages of simulation, the maximum
source terms for Y are lowered when the variance is introduced. Although the maximum
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Figure 5.18: A typical Z-Z̃”2 field for [O2]=8% using the FGM-HR approach. Red dots represent
the points in the FGM table. Blue, black and green dots represent the data field in the CFD simulation
at t=0.5ms, t=1.5ms and t=2.5ms, respectively.
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Figure 5.19: The effect of mixture fraction variance on ignition delay for (a) FGM-HR and (b) FGM-
ICDF approaches.

level is reduced, on average higher source terms are found over a broader range of mixture
fraction. Apparently this effect enhances the average picking of the source terms especially
at the leaner side. At a certain time between t=1.0 and 1.1ms, the maximum retrieved
source term supersedes the case without variance leading to a slightly earlier ignition (see
Figure 5.20).

It is concluded from this analysis that the introduction of Z̃”2 does not necessarily
reduce the source terms for Y . Especially at early stages, this introduction may result in an
increase in chemical source terms. This is further illustrated for Z=0.30 and Z̃”2=0.0026
as an example in Figure 5.21.
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Figure 5.20: The evolution of source terms of progress variable in CFD data field as a function of
mixture fraction for the [O2]=8% case with FGM-HR. Blue and red dots represent the case with TCI
and without TCI, respectively.
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Figure 5.21: An illustration about the effect of mixture fraction variance on progress variable source
terms for Z=0.30 and Z̃”2=0.0026. Red line represents the laminar source terms of progress variable
over the mixture fraction domain and blue line represents the β-function.

In this example, the PDF integration increases the source terms. The blue line refers to
the β-function which is defined according to certain mean and variance values of mixture
fraction. The red line represents the laminar source terms of Y over the mixture fraction
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domain at a specific point. It is shown that the integrated quantity of the source term (green
diamond) can become higher than the corresponding value before the PDF integration (black
triangle).
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Figure 5.22: Temperature (top) and OH concentration (bottom) contours with TCI (left) and without
TCI (right) for the [O2]=21% case with FGM-HR at t=2ms

Figure 5.22 displays that the maximum temperature is reduced due to TCI. A similar
observation is made for OH field. The region where OH is produced becomes broader
resulting in a reduction in the LOL since the stabilization location moves closer to the nozzle
exit. Also, the maximum OH level becomes lower compared to the WSR case. It is shown
in Figure 5.23 that the LOL trend prediction is improved due to the inclusion of TCI, both
for FGM-ICDF as well as for the FGM-HR based simulations. However, the quantitative
agreement reduces.

5.2.4 Effect of oxidizer temperature

Finally, the optimized settings found in the previous sections are applied to investigate the
effect of different ambient temperatures. The study is performed with and without inclusion
of TCI in the FGM tables. A table resolution of 101 points for the main controlling variables
(Z and Y) and 9 points for Z̃”2 is used in both systems. The ignition delay time and LOL
results are given in Figure 5.24.

It is clear in Figure 5.24 that the deviation between the approaches (FGM-HR and
FGM-ICDF) increases considerably for low temperatures. The FGM-ICDF method can
capture the ignition delay for 900K and 1000K cases very accurately whilst there is a slight
under-prediction with the FGM-HR approach similar to the previous section. The ICDF
method predicts a very long ignition delay for the lowest temperature case with and without
the effect of mixture fraction variance. This deviation supports the argument that the signifi-
cance of diffusion and transport processes increases noticeably at low ambient temperatures.
The source terms obtained in both canonical systems are presented for the T=800K case in
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Figure 5.23: The effect of turbulence-chemistry interaction on LOL for FGM-HR and FGM-ICDF
approaches. The lift-off-length as a function of (a) O2 concentration and (b) ignition delay for exper-
iments (blue), FGM-HR (red), FGM-ICDF (black) approaches with mixture fraction variance.
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Figure 5.24: The effect oxidizer temperature on (a) ignition delay and (b) lift-off length.

Figure 5.25 (note the scale is different on the vertical axis). It is apparent that the source
terms are much higher and extend over a wider Z-range for FGM-HR causing a rapid igni-
tion even for a low temperature case.

It is hard to assess which of the approach (FGM-HR or FGM-ICDF) performs better
for the low temperature regimes since the methods estimate either quite early (HR) or late
(ICDF) ignition. At this point it must be noted that the reaction mechanism itself can also
be a source of error. It is stated in [Andrae et al., 2008] that the accuracy of the mechanism
deteriorates in low temperature regimes (ignition delays become too long). Finally, the
introduction of the variance reduces the lift-off length results remarkably like in the previous
section. The difference between the oxidizer composition study is that ICDF method in
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(a) (b)

Figure 5.25: The source terms of progress variable as a function of mixture fraction for T=800K with
(a) FGM-HR and (b) FGM-ICDF approaches.

addition to the HR method under-predicts the LOL. The OH field travels further upstream
at low temperature cases leading to a shorter LOL. All in all this strongly motivates an effort
to perform detailed experiments for scalar fields like OH and/or CH2O.

5.3 Spray A Results

The study is extended with Spray A simulations. The main difference from Spray H cases
is that n-dodecane is used as the fuel instead of n-heptane and consequently a different
chemical mechanism must be used for the table generation. It provides an excellent test
case to study the ability of the FGM method to capture fuel chemistry effects. Similar to the
Spray H study, an ambient O2 concentration and temperature sweep is available in the ECN
database. The operating conditions of Spray A cases are presented in Table 5.3.

Table 5.3: Operating conditions of Spray A cases.

Ambient temperature (K) 750 - 800 - 900 - 1000
Ambient density (kg/m3) 22.8

O2 [%] 13 - 15 - 21
Fuel n-dodecane

Fuel temperature (K) 363
Injection rate (kg/s) 2.40

Nozzle diameter (mm) 0.090
Injection pressure (bar) 1500

Based on the previous section, the FGM tables are applied with 101 grid points for Z
(homogeneous distribution) and Y (quadratic distribution) space. 9 grid points for the Z̃”2



90

are included in order to incorporate the effect of turbulence on mixing. The simulations are
performed with both table generation systems (FGM-HR and FGM-ICDF) as described in
the previous section. Similar to the previous section, a=500s−1 is applied during the ignit-
ing flame simulations, which are used in the FGM-ICDF tables. The reaction mechanism
of Narayanaswamy and Pitsch [Narayanaswamy et al., 2013] consisting of 253 species and
1437 reactions is implemented for the analysis.

The ambient temperature is set at 900K when the effect of ambient O2 concentration
is studied in Figure 5.26. Similar to the 900K case of Spray H, the FGM-HR simulations
deviate somewhat from the FGM-ICDF ones and underestimate the ignition delays whilst
there is a slight over-prediction for the FGM-ICDF method. Yet again the trend of ignition
delay with respect to the O2 level is captured fairly well with both approaches (Figure
5.26(a)).
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Figure 5.26: The effect ambient O2 concentration on (a) ignition delay and (b) lift-off length for
experiments (blue), FGM-HR (red) and FGM-ICDF (black) approaches.

Here M2 (see section 5.2.2) is chosen for the LOL definition. The deviation between
the table generation approaches for the LOL results is larger compared to the deviation
found for ignition delay. The FGM-ICDF approach predicts the LOL quite accurately. How-
ever, the results obtained by HR-based simulations are insensitive or even shows an opposite
trend to a change in ambient composition (see Figure 5.26(b)). To a large extent the under-
prediction can already be expected as a result of the higher source term of FGM-HR over a
broad region of mixture fraction and the influence of Z̃”2 on the LOL as explained in the
previous part.

Apart from the ignition timing, the ignition location also plays a role in the LOL pre-
dictions. For FGM-HR simulations of Spray A, ignition occurs at the more upstream part of
the spray (see Figure 5.27). When ignition starts upstream, the flame (a thinner OH layer)
extends more towards the nozzle exit compared to that of FGM-ICDF like in Figure 5.31
and the dependence of LOL on ignition delay reduces considerably.

Afterwards the analysis is repeated for the ambient temperature ([O2]=15%). There is
a drastic sensitivity of experimental ignition delay results at low temperatures. This again
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Figure 5.27: Temperature contour at the moment of ignition (t=0.27ms) for the baseline Spray A
case with FGM-HR. The setup is zoomed for a better view.

indicates the difficulty of accurate ignition delay prediction especially at low temperature
regions. Any uncertainty in the temperatures even that of the fuel temperature can lead to
a significant deviation of the numerical results. A 50K decrease in the temperature (from
800K to 750K) increases the ignition delay result of the experiments from 1ms to around
1.8ms as shown in Figure 5.28(a). Nevertheless, the quantitative match of ignition delay
with experiments is excellent with FGM-HR cases. There is only a slight over-prediction
for the lowest temperature case.
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Figure 5.28: The effect ambient (oxidizer) temperature on (a) ignition delay and (b) lift-off length for
experiments (blue), FGM-HR (red) and FGM-ICDF (black) approaches.

The difference between the two approaches (FGM-HR and FGM-ICDF) increases even
more for the low temperature region. As stated before this is caused by the increased impact
of transport phenomena (straining) which affects the chemistry evolution in the 1D system.
The difference between the ignition delay predictions of the FGM-HR and FGM-ICDF
approaches is further investigated in the next chapter.

For the lowest temperature case (T=750K), the mixture does not ignite completely
in the FGM-ICDF case. Early stage chemistry effects such as the formaldehyde (CH2O)
formation (see Figure 5.29) are observed but high levels of temperatures are not reached.

The lift-off length results are better estimated by the FGM-ICDF method (see Figure
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Figure 5.29: CH2O contour for Spray A for T=750K case with FGM-ICDF indicating a very late
early-phase ignition at t=4.5ms.

5.28(b)) like in the previous cases and there is a significant deviation in the FGM-HR sim-
ulations. The rapid rise of OH concentration in the FGM-ICDF case yields a longer LOL
result (see Figure 5.30), yet the OH fields obtained by the two methods are not extremely
different (see Figure 5.31). Slightly different OH structures are strongly influenced by the
chosen definition as discussed earlier. It is concluded from this analysis that an accurate
prediction of auto-ignition has more importance than that of the LOL. Although the current
definitions give an indication about the quality of models, availability of field data could
lead to a more reliable LOL comparison with the experiments.

Figure 5.30: OH mass fraction of the CFD data field as a function of distance from the nozzle exit
at t=3ms for T=800K case. Blue and red dots represent the FGM-HR and FGM-ICDF approaches,
respectively.

5.4 Conclusions
In this chapter, the FGM method is applied as the combustion model for the reacting Spray
H and Spray A cases of ECN. Two manifold generation techniques are implemented for the
validation study of the FGM method, FGM-HR and FGM-ICDF. The main conclusions are
presented here.
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Figure 5.31: OH mass fraction contours at t=3ms for T=800K case with FGM-HR (top) and FGM-
ICDF (bottom) approach.

The method is optimized by performing a manifold resolution study for the baseline
Spray H condition. The preliminary test for the optimum manifold resolution is performed
by comparing FGM chemistry with detailed chemistry in a 1D laminar ICDF simulation. It
is observed that the maximum temperature trace obtained by the application of FGM model
in this 1D laminar situation is almost identical to the detailed chemistry solution when a
quadratic discretization is applied in space. When a uniform spacing is applied, there is an
over-prediction in the ignition delay timings even with much larger number of discretization
points.

Later, the FGM method is implemented in the CFD model. Applying a finer resolution
in Z and Y already gives a considerable improvement compared to a previous study [Egüz
et al., 2012]. However, the optimized results in the quantitative sense are obtained again with
the quadratic spacing in Y direction which is similar to the findings from the 1D laminar
test. It should be noted that using 101 points in a quadratic way leads to more accurate
ignition delay results than using 501 points with a uniform distribution.

For Spray H cases, the trends of ignition delay timings are predicted quite successfully
with both approaches using the Andrae mechanism. Although these approaches (FGM-HR
and FGM-ICDF) cause differences in the source terms and other thermo-chemical properties
in the manifolds, the results are quite similar at high temperature conditions (i.e. 1000K)
due to the lower significance of the diffusion process. FGM-HR predicts extremely high
source terms caused by high burning rates with the reduced Peters mechanism leading to
early ignition delay timings.

When the ambient temperature becomes lower, the difference between the two ap-
proaches increases. HR- and ICDF-based simulations under- and over-predict the ignition
delays, respectively. Therefore, the study is extended with Spray A cases to test the appli-
cability of these methods with a different fuel, ambient conditions and injection properties.
The findings are similar to Spray H. At elevated ambient conditions, the ignition delay re-
sults of the methods are very similar whilst there is a large deviation mainly when T<900K.

Apart from the ignition delay, the lift-off length is analyzed. The LOL estimation is
more challenging because of a number of factors. First of all, the lift-off length result is
determined by just a single number rather than a profile which depends severely on the
applied definition. A constant number or an applied threshold of the concentration affects
the outcome considerably particularly at low O2 compositions. Besides, the species OH,
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which is used to define the LOL in numerical simulations, is not the same as the OH*,
which is used in experiments, resulting in an additional uncertainty.

The deviation of the LOL with both systems stems from several factors. First, the
lift-off length is affected by the ignition timing. Moreover, OH terms retrieved from the
manifolds of the two systems cause slightly different flame stabilization locations which
consequently affect the LOL results. The higher source terms obtained by FGM-HR create
a wider flame and shorter LOL predictions. In general the LOL predictions by FGM-ICDF
simulations are very accurate. Nevertheless, the trend of the LOL cannot be estimated by
HR-based tables mainly for the early ignition cases.

The effect of Z̃”2 is also investigated. It is observed that the impact is almost negligible
on ignition delay timings. The main influence of including the variance is observed in the
quantitative values of the species mass fractions. In general, the maximum mass fractions
are lowered and distributed over a wider region leading to a decrease in LOL results.

To sum up, better ignition delay predictions of FGM-HR at low temperatures favor this
system for PCCI-like combustion where ambient conditions (in-cylinder temperature and
pressure) are relatively lower than classical operation during injection. The FGM-ICDF,
however, is more applicable with the applied settings at classical diesel operation.
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Modeling of
CI/PCCI/RCCI
Combustion with the
FGM-CFD Approach

The major content of this chapter has been retrieved from the following papers:

U. Egüz, C.A.J. Leermakers, L.M.T. Somers, L.P.H. de Goey, Modeling of PCCI combus-
tion with FGM tabulated chemistry, Fuel (submitted), manuscript ID: JFUE-D-13-00601,
2013,

S. Ayyapureddi, U. Egüz, C. Bekdemir, L.M.T. Somers, L.P.H. de Goey, B.A. Albrecht,
Modeling of conventional and early diesel injection combustion characteristics using FGM
approach, SAE Technical Papers, 2013-01-1108, 2013.

Minor edits have been made to streamline the layout of the thesis. Additional results are
included to improve the quality of the analysis. The contribution of the author is related to
the development of the simulation setups and to the modeling and analysis of the numerical
simulations of PCCI and RCCI combustion. The CI simulations used in section 6.2 are
performed by S. Ayyapureddi.
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6.1 Introduction
In this chapter, the FGM method is applied to model engine combustion in three different
combustion regimes. In the first section, the FGM method is applied to model classical
diesel operation which will be denoted as CI. The FGM-ICDF method is employed for the
conventional case since the combustion is dominated by a diffusion flame. Afterwards,
the FGM method is implemented for the first time to model low temperature combustion
concepts. Here, the method is extended to simulate a case study in the Premixed Charge
Compression Ignition (PCCI) and one case study in the Reactivity Controlled Compression
Ignition (RCCI) combustion regime. Both PCCI [Flowers et al., 2006, Kiplimo et al., 2012,
Jia et al., 2011,Laguitton et al., 2007,Lu et al., 2011] and RCCI [Kokjohn et al., 2011,Ojeda
et al., 2012, Zhang et al., 2012, Duffour et al., 2011, Han et al., 2012, Egüz et al., 2013]
are advanced combustion concepts that receive a lot of attention in literature. In PCCI
the injection timing is advanced to provide enough fuel-air mixing prior to combustion.
Heat release and injection events are decoupled which makes ignition control a challenging
task. Both FGM-HR and FGM-ICDF are applied for PCCI cases as the ignition event is
often regarded as being mainly determined by chemical kinetics for the low temperature
combustion regime. In the final study, dual fuel RCCI combustion is studied. Dual fuel
RCCI is a concept where a large amount (60-90 wt% of total) of high-octane fuel, here
gasoline, is injected early mostly using port fuel injection which is followed by a direct
injection of the remaining low-octane fuel, here diesel, early or late in the compression
stroke.

The difference between an engine setup and a constant volume setup, which is dis-
cussed in detail in Chapters 4 and 5, is that the pressure inside the chamber is not constant
but it changes during the (compression/expansion) strokes. The simulations in the canon-
ical systems (HR and ICDF) are performed at constant pressure. This means that a new
set of simulations is necessary for each different pressure level during tabulation. Ideally
a very high resolution in the pressure levels is needed to predict ignition during the CFD
simulations. However, this would increase the computational demand in the preprocessing
stage drastically. Therefore, a proper and limited set of pressure levels will be defined to
reduce the computational costs. In a global sense it is expected that the high temperature
CI combustion needs only limited number of pressure levels, but the prediction of ignition
delay for low temperature combustion cases (PCCI/RCCI) is more sensitive to the pressure
levels chosen. Since the source term of the progress variable is extremely sensitive to pres-
sure/temperature, a large number of pressure levels are needed. In this study, the number
of pressure levels is still kept low but the pressure levels, which are crucial to predict the
ignition behavior in different cases, are investigated. A sensitivity study is then performed
for each combustion mode to keep the number of pressure levels at minimum without losing
the accuracy in ignition phasing. This will guide the choice of pressure levels in a practi-
cal situation in the future. The results of all sections are analyzed with respect to global
parameters, being the pressure trace, ignition delay and heat release rate results.
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6.2 CI Combustion Results

The purpose of this section is to capture the ignition phenomena of CI for a specified case
performed on a DAF MX engine. The operating conditions and the engine specifications of
the case are given in Table 6.1.

Table 6.1: Operating conditions of the experimental CI case and the engine specifications, DAF MX
engine.

Intake Temperature (K) 350
Intake pressure (bar) 4

EGR rate (wt%) 0
IMEP (bar)/Load (%) 23/100
Engine speed (rpm) 1500

Nozzle diameter (mm) 0.208
Start of injection (◦CA bTDC) 13

Injection duration (◦CA) 36.7
Injected fuel mass (g/cycle) 0.28

Compression ratio 1:16.6
Stroke (mm) 162
Bore (mm) 130

Connecting rod (mm) 262
Fuel diesel

Symmetry allows a reduction of the computational costs. Since a 7-hole injector nozzle
is applied, a 1/7th sector moving mesh is sufficient to define the cylindirical domain. Cyclic
boundaries are formulated at the side boundaries of the mesh.

The CFD-FGM interaction is presented in detail in Chapter 2. The model is slightly
modified for the engine setup which is demonstrated in Figure 6.1. For the constant volume
chamber case the temperature is fed from the table to the online CFD calculation. Here,
however, only the mixture composition is retrieved from the FGM table in addition to the
source term of the progress variable. The temperature is coupled to the enthalpy equation. A
major difference in the implementation of FGM for engine simulations is due to the inherent
volume change in time. For that reason an extra dimension for the FGM tables, the pressure,
needs to be included. During FGM tabulation, the enthalpy losses are not included. Here,
the adiabatic compression assumption is followed, thus the effect of enthalpy losses on
auto-ignition is assumed to be negligible. Similar to Chapter 5, Ỹ ′′2=0 and only Z̃ ′′2 is
introduced.

The pressure levels and the corresponding temperatures are defined from the experi-
mental data. 1, 3, 5 and 7 levels of pressure are selected between the start of injection (SOI)
moment and the peak pressure. P1, P6 and P7 correspond to the pressure at SOI, pressure
at top dead center (TDC) and peak cylinder pressure, respectively. The remaining pressure
levels (P2-P5) are equidistant in the logarithmic space between P1 and P6. Linear interpo-
lation is applied between the pressure databases. The conditions chosen for the FGM table
generation are given in Table 6.2. As mentioned before, the FGM tables are constructed
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with the ICDF method. Note that the temperatures chosen for the multi-pressure levels rep-
resent the oxidizer temperature (Tox), which is determined by the ideal gas law, in the ICDF
simulations. Here, the oxidizer side is assumed to be pure air as no EGR is applied in the
study.

Solving 

canonical  systems

0D (HR) - 1D (ICDF)

 ( , ( ))f t x

Generation of 

2D FGM tables
 ( , )f Z Y

Generation of 

5D FGM tables

Coordinate 

transformation

PDF Integration 

Solving Lagrangian 

spray model

Solving conservation & 

additional transport 

equations for 

  ° ° ² ²2 2, , ,ZZ ′′ ′′Y Y

 °
sprayZɺ

Online CFD

 ° ° ² ²2 2( , ),, ,f Z pZ ′ ′′′Y Y
 ° ° ² ²2 2, , , ,Z Z p′′′′Y Y

 
, iY
ɶɺY

Figure 6.1: The interaction between FGM-CFD for the engine setup.

Table 6.2: Conditions used in FGM table generation for CI simulation.

Level no Pressure (bar) Oxidizer Temperature (K)
P1 107 827
P2 115 835
P3 123 851
P4 140 898
P5 152 937
P6 166 1015
P7 182 1200

The conditions selected for 1, 3, 5 and 7 levels of pressure are referred to as C1, C3,
C5 and C7 where P5 is used for the single pressure case. C3 consists of the minimum, mean
and maximum pressure levels (P1, P4 and P7) while C5 contains P2 and P6 in addition to
C3 (see Table 6.3).

The pressure traces of the four simulations are presented in Figure 6.2. Note that the
minimum volumes of the simulation and experimental setups are slightly different in Figure
6.2(b). This is caused by the uncertainty in the crevice region. It is apparent in Figure
6.2(a) that the results obtained by all cases are very similar. The slightly earlier ignition of
the single pressure case can be better observed in the logarithmic pressure-volume diagram



6 Modeling of CI/PCCI/RCCI Combustion with the FGM-CFD Approach 99

Table 6.3: Multiple pressure cases studied for CI simulations.

Multiple pressure cases Conditions
C1 P5
C3 P1, P4, P7
C5 P1-P2, P4, P6-P7
C7 P1-P7

(see Figure 6.2(b)). This is to be expected, as Tox and pressure chosen for the single FGM
table, P5, are higher than the first four conditions. Yet the effect is almost negligible. Time
between the SOI and the peak cylinder pressure is relatively short (<20◦CA) and even
the lowest temperature/pressure level is high enough to trigger rapid ignition. Therefore,
the utilization of a single FGM table generated at an average pressure level between the
pressure at SOI and peak pressure is a viable approximation for CI operation in this case.

−50 0 50 100
0

50

100

150

200

CA (o aTDC)

P
re

ss
ur

e 
(b

ar
)

 

 

Experiment
C1
C3
C5
C7

10
−0.85

10
−0.76

10
2.1

10
2.2

10
2.3

Volume (l)

P
re

ss
ur

e 
(b

ar
)

 

 

Experiment
C1
C3
C5
C7

Figure 6.2: (a) Pressure as a function of crank angle and (b) volume (around ignition) of the CI case
with multiple pressure level FGM tables.

In all of the cases the maximum pressure is over-predicted compared to the experi-
ments. The main reason for this deviation is that n-heptane is used instead of diesel during
the FGM table generation and CFD simulations. As given in Table 3.3, n-heptane has a
higher heating value than diesel (around 5-7%) which mainly explains the deviation. An-
other reason can be the heat loss effect to the system boundaries. In the CFD model, a
constant temperature (400K) is assumed for the boundaries like piston, cylinder head and
cylinder wall. An over-estimation of boundary temperatures can lead to an under-prediction
of the heat loss and consequently higher in-cylinder temperature and pressure.

To investigate the effect of multiple pressures further, heat release rate profiles are dis-
played in Figure 6.3(a). The results converge after 5 pressure levels and the heat release
rates obtained by C5 and C7 are exactly the same. In the simulations, higher heat release
rates are predicted during premixed phase than those of the experiment observed by the first
peak in Figure 6.3(a). Burn duration has a significant impact on premixed phase heat release
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rates, which depends strongly on the applied mechanism. The burn duration characteristics
of reaction mechanisms are investigated in Figure 6.3(b). A series of HR simulations is per-
formed at p=40 bar with Tox=800K and Tfuel=373K. Here, the burn duration is defined by
the time between 20% and 80% of the reaction progress. It is shown that reduced (smaller)
mechanisms have typically shorter burn durations than the larger mechanisms which is sim-
ilar to the findings of a previous study [Bekdemir et al., 2011]. After the premixed phase
peak, the diffusive tail, which is governed by the injection rate, begins and this phase is
captured very well by the model.
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Figure 6.3: (a) Heat release rates as a function of crank angle with multiple pressure level FGM tables
and (b) burn duration comparison between different reaction mechanisms.

6.3 PCCI Combustion Results

In this section, the FGM method is used to model PCCI operation. The same experiments
as used in Chapter 3, the multi-zone approach, are used here for the analysis. The operating
conditions and specifications of CYCLOPS are repeated in Table 6.4. More information
about the experimental set-up is given in Chapter 3.

First, a sensitivity study is performed with respect to the mesh size. Three different
mesh resolutions are defined from a relatively course mesh consisting of approximately
125000 cells to the finest that contains around 1million cells. Since for PCCI conditions the
difference between the SOI and ignition moments is longer compared to the conventional
operation, the optimal number of pressure levels is determined again with both the FGM-HR
and the FGM-ICDF. During the igniting flame simulations in FGM-ICDF database creation,
a=500s−1 is applied as the strain rate. Finally, a injection timing sweep is computed to
assess the performance of the approach with respect to the ignition delay trend.
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Table 6.4: Operating conditions of the PCCI cases and the CYCLOPS specifications.

Intake Temperature (K) 300
Intake pressure (bar) 1.5

EGR rate (wt%) 50
IMEP (bar)/Load (%) 5/20
Engine speed (rpm) 1200

Nozzle diameter (mm) 0.151
Start of injection (◦CA bTDC) 25 - 30 - 35 - 40 - 45 - 50

Injection duration (◦CA) 6.5
Injected fuel mass (mg/cycle) 50

Compression ratio 1:12
Stroke (mm) 158
Bore (mm) 130

Connecting rod (mm) 266.7
Fuel n-heptane

6.3.1 Effect of mesh size

The injector used in the CYCLOPS set-up has an eight hole nozzle. Due to this different
symmetry a new mesh needs to be generated which now becomes 1/8th of the engine cylin-
der. The computational domain is created with three different mesh resolutions (M1, M2
and M3) to analyze the influence of grid resolution. Here, M3 resembles the grid resolution
used in Chapter 4 and 5 the most. The axial, radial and azimuthal directions (see Figure 6.4)
are referred to as dz, dr and dθ, respectively and the number of cells used for each setting
is given in Table 6.5.

Table 6.5: The number of cells used during mesh generation.

dz dr dθ
M1 130 60 16
M2 180 90 24
M3 270 120 32

In Figure 6.5 the computed pressure traces are presented for the SOI=40◦CA bTDC
case. Based on the results of the previous chapter, the FGM-HR approach is considered
for this study applying an arbitrary choice of 3 pressure levels. The conditions of the pres-
sure levels are given in section 6.3.2 (see C3 for 3 pressure levels). When the results are
compared for each mesh, it is obvious that all cases exhibit the same behavior. The pres-
sure traces produced are almost the same indicating that the solutions are to a large extent
grid independent (see Figure 6.5). Apart from the pressure trace, the scalar fields are also
very similar. In Figure 6.6, temperature and mixture fraction fields around ignition (∼7◦CA
bTDC) for the coarse (M1) and fine (M3) mesh are presented. In conclusion, M1 is chosen
as the default mesh setting for the rest of the analysis due to computational efficiency.
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Figure 6.4: Computational domain for PCCI simulations (M3).
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Figure 6.5: Pressure as a function of crank angle for different mesh resolution (SOI=40◦CA bTDC).

6.3.2 Effect of multiple pressure levels

To assess the optimal number of pressure levels a series of tables is generated at various
conditions (see Table 6.6), again for both FGM-HR and FGM-ICDF approach. The selected
5 pressure levels for the analysis and the corresponding Tox are presented in Table 6.6.

The pressure levels P1, P2, P3 and P4 correspond to 30, 20, 15 and 8◦CA bTDC,
respectively (see Figure 6.7). An additional pressure level (P5) is selected to represent the
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Figure 6.6: Temperature (top) and mixture fraction (bottom) fields of M1 (left) and M3 (right) at
7◦CA bTDC.

Table 6.6: Conditions used in FGM table generation for PCCI simulations.

Level no Pressure Oxidizer Corresponding Crank
(bar) Temperature (K) Angle (◦CA bTDC)

P1 16.5 660 30
P2 23.5 725 20
P3 28.5 750 15
P4 40 800 8
P5 52.5 1100 3

average conditions during ignition. By defining the crank angle, the corresponding volume
is known and the pressure (for P1-P4) is prescribed by assuming an adiabatic compression,

pV κ = C, (6.1)

where p is the pressure, V is the volume and κ = cp/cv. Similarly, Tox is defined by
adiabatic compression.

In this way the conditions can be chosen independent of the experimental pressure
trace as long as the initial conditions are known. Experimental data is still required for the
selection of the levels after ignition (P5) and due to ignition there is a big temperature jump
between P4 and P5.
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Figure 6.7: Conditions chosen for the multiple pressure analysis. Blue line represents the experimen-
tal pressure trace for SOI=40◦CA bTDC case.

The combinations selected for 1, 3, 4 and 5 levels of pressure are referred to as C1, C3,
C4 and C5 where P4 is used for the single pressure case. C3 consists of P1, P2 and P4 and
C4 contains P3 in addition to the levels used in C3 (see Table 6.7). The SOI=40◦CA bTDC
case is chosen for the comparison.

Table 6.7: Multiple pressure cases studied for PCCI simulations.

Multiple pressure cases Conditions
C1 P4
C3 P1-P2, P4
C4 P1-P4
C5 P1-P5

The pressure trace of different pressure level cases is presented in Figure 6.8. For the
FGM-ICDF implementation, ignition occurs only for the C5 case. Other cases fail to ignite
and those are not included in the figure. The temperature of the first three pressure levels are
so low that the ignition does not happen even in the 1D simulations. Ignition occurs for P4
in the canonical system. However, the combination C4 is not sufficient to provide ignition
during the engine simulation. Only when the highest ambient conditions (P5) are involved
in the FGM tables, ignition takes place. Nevertheless, the combustion phasing is still not
very accurate and the ignition delay is too long compared to the experiment.

For FGM-HR, ignition occurs for all combinations. A single pressure is obviously not
adequate to capture the ignition timing. This is already expected due to the long duration
between injection and ignition events. The source terms provided by P4 are obviously not
representative for the early phase and lead to a drastically advanced ignition. The multiple
pressure cases all predict a very similar ignition phasing that is comparable to that of the
experiment. The minor differences between the cases are illustrated in Figure 6.8(b). The
absence of P3 in case C3 leads to a slightly earlier ignition than the combinations C4 and
C5. Still all multiple pressure cases predict the ignition timing accurately.
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Figure 6.8: Pressure as a function of (a) crank angle and (b) volume for different pressure levels.
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Figure 6.9: Equivalence ratio-temperature map of the computational domain at CA=10◦CA bTDC
with FGM-HR (C3).

In Figure 6.9, the ϕ-T map of the domain is presented just prior to ignition (CA=10◦CA
bTDC). The actual ϕ range found from the simulation is between 0-2.5 as expected (or in-
tended) for PCCI-like conditions. The FGM tables (P1-P4) used until this moment corre-
spond approximately to the low temperature cases of the Spray H and Spray A or to even
lower temperatures. The findings here confirm the observations presented in Chapter 5
where it was found that the ignition delay is over-predicted by FGM-ICDF and the quanti-
tative match is better by FGM-HR for low temperature cases with the current settings.

This analysis indicates that the strain rate chosen for FGM-ICDF cases is too high
because the mixture either fails to ignite or ignites too late. A new set of FGM-ICDF tables
is generated with a lower strain rate (a=2s−1) and CFD simulations are repeated for C4 and
C5. It is presented in Figure 6.10 that the ignition delay result approaches that of FGM-
HR and the combustion phasing is significantly improved for FGM-ICDF with a=2s−1.
This shows that the ignition timing problem can be solved by applying a different strain
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rate for FGM-ICDF. However this brings an additional uncertainty in modeling parameters
compared to FGM-HR and it needs a thorough study. Therefore, the FGM-HR approach is
used during the rest of the study.

The maximum pressure is slightly under-predicted by FGM-HR which stems mainly
from the over-estimation of CO emissions, i.e. a more incomplete combustion (see Figure
6.11). The CO emissions obtained by the FGM-HR, FGM-ICDF (a=2s−1) and FGM-ICDF
(a=500s−1) simulations are around 15000ppm, 7400ppm and 4800ppm, respectively. The
latter one is very close to the experimental value (∼4000ppm). CO=15000ppm indicates
a low combustion efficiency. In this case, around 20-25% of the total chemical energy is
not released which is the main reason for the under-prediction of the maximum pressure
with FGM-HR. Basic thermodynamic calculations show that the maximum pressure would
increase from 62 bar to 67.5 bar without any CO emission. An important cause for CO
production is the crevice region where due to poor mixing rich conditions persist. One
should keep in mind that another reason of CO emissions in the crevice region is the cooling
effect. As cooling effects are not included in the tabulation and CO is retrieved from the
FGM table, this effect is neglected here.
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Figure 6.10: Pressure as a function of crank angle for (a) C5 and (b) C4 cases. Blue, black and red
colors represent experimental, FGM-HR and FGM-ICDF results, respectively. Dashed and continuous
lines in FGM-ICDF correspond to a=2s−1 and a=500s−1, respectively.

Although the cells with highest CO concentration are actually found in the crevice
region and this is a significant contribution (∼3000ppm), it only corresponds to approxi-
mately to 20% of the total CO for the FGM-HR case at 20◦CA aTDC (see Figure 6.11).
This crank angle is late enough that the total amount of CO in the cylinder is almost set-
tled and it is early enough that the CO is not transported from the crevice region by dif-
fusion. The crevice region in the ICDF-based simulation (a=500s−1) contains more than
50% (∼2000ppm) of the total CO emissions. The main reason for this considerable dif-
ference with the HR approach stems from the origin of tables in the FGM-HR approach.
As the tables are all computed from HR, it causes (extremely) high CO production at rich
conditions which is absent in the FGM-ICDF approach, where due to diffusion in the 1D
canonical system these high CO levels do not occur and are transported to O2 richer regions.
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This is illustrated in Figure 6.12 that indeed CO levels are much higher in FGM-HR tables
compared to FGM-ICDF (P4).
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Figure 6.11: CO mass fraction contour for FGM-HR (C3) case with (a) iso-view and (b) section view
at 20◦CA aTDC.
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Figure 6.12: CO mass fraction as a function of mixture fraction and progress variable in (a) FGM-HR
and (b) FGM-ICDF table for the pressure level, P4.

Heat release rate profiles are compared in Figure 6.13(a) to assess the differences in
more detail. In addition to the ignition timing, the heat release rates are also comparable with
experimental value with C3 and C4. The moment of the highest heat release is improved for
C4 (see Figure 6.14(a)) whereas the low temperature heat release is predicted slightly better
for C3 (see Figure 6.14(b)).

Figure 6.13 displays that the heat release rates are over-predicted considerably with
the addition of the highest temperature/pressure table (P5). This is obvious for both HR and
ICDF based simulations. This over-prediction can be caused by the high temperature jump
(300K) between P4 and P5. To investigate this effect, a higher resolution (more tempera-
ture levels) is applied (see Table 6.8) and two more CFD simulations are performed with
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Figure 6.13: (a) Heat release rate as a function of crank angle for different pressure levels and (b)
the effect of temperature resolution in FGM tabulation. dTox stands for the temperature difference
applied between P4 and P5.
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Figure 6.14: a) Heat release rate as a function of crank angle for experiment (blue), HR-C3(black)
and HR-C4(green) and (b) heat release rate as a function of crank angle during early phase of ignition.

dTox=100K and dTox=50K between P4 and P5, corresponding to a total number of 7 and
10 pressure levels, respectively.

It is shown in Figure 6.13(b) that the temperature resolution does not have a big in-
fluence on the heat release rates. There is a slight decrease in the maximum heat release
rate but the effect is negligible. As discussed in section 6.2, the reaction mechanisms have
an important impact on burn durations. Reduced mechanisms have shorter burn durations
compared to larger ones as presented in Figure 6.3(b) which affects the heat release rates.
According to the ignition delay results, all multi-pressure FGM-HR cases are suitable for
the sensitivity study in the next section. Due to the computational efficiency in preprocess-
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Table 6.8: Conditions used between P4 and P5 for PCCI simulations.

Level no Pressure Oxidizer
(bar) Temperature (K)

P4 40 800
Pa 42 850
Pb 44 900
Pc 46 950
Pd 48 1000
Pe 50 1050
P5 52.5 1100

ing, C3 is chosen for the rest of the analysis. However, the over-prediction of heat release
rates at high temperature/pressure levels needs more attention and analysis in future studies.
A systematic increase of the maximum pressure/temperature level and the corresponding
heat release rate comparisons with different reaction mechanisms may clarify the cause of
the over-prediction.

6.3.3 Effect of injection timing
In the final section of PCCI combustion the effect of injection timing on ignition delay is
analyzed with the FGM-HR (C3) approach. The results are compared with respect to CA10,
the angle at which 10% of total heat is released. Figure 6.15 displays that the quantitative
match with the experiments is excellent with the FGM approach. Another important remark
is the significant improvement compared to the multi-zone model results. The reader is re-
ferred to sections 2.4 and 3.5 for the detailed description of the multi-zone model and the
PCCI combustion results, respectively. Although the chemistry information is introduced
indirectly in the FGM approach, the experimental ignition delay is reproduced accurately.
The accurate modeling of the flow within the CFD framework leads to a better representa-
tion of the mixture formation in the domain, hence to a better phasing of combustion.

The main advantage of a CFD model over a multi-zone one is the ability to provide
insight about the in-cylinder data field. Any species or other thermo-chemical properties
can be obtained from the CFD data. Therefore, it is helpful to comprehend the underlying
processes of different combustion modes. Here, a brief comparison is made between the
CI case and a PCCI case (SOI=40◦CA bTDC) at the moment of TDC. In Figure 6.16, tem-
perature and mixture fraction fields of both combustion modes are presented. A significant
difference between the modes is the overlap with injection timing. The injection continues
during the conventional mode of operation. The liquid fuel evaporates rapidly, well before
hitting the system boundaries but the flame and the vapor fuel contact the piston bowl. The
injection stops before TDC for the PCCI mode. However, the vapor fuel penetrates more
due to the earlier injection compared to the conventional operation and hits the cylinder
wall. Another important difference is how rich/lean the mixture is burning. The red color in
the mixture fraction plot of Figure 6.16 refers to the field which is richer than stoichiometric
mixture fraction (Zst). For the CI mode, very rich cells (ϕ>6) are observed, whilst the only
rich zones are found in the crevice region for the PCCI mode. Besides, a diffusion flame
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Figure 6.15: CA10 as a function of injection timing for experiments (blue), FGM-HR (C3) method
(black) and the multi-zone model (red).

does not establish like in the conventional operation in the PCCI mode. The ignition starts
in the most reactive zones, here the yellow region in the temperature plot, and evolves over
a large mixture fraction domain in a very short time (a couple of degrees CA). Finally, the
temperature is lower than the conventional case for the PCCI mode, with all cells T<2000K,
due to the lower load and the diluted mixture.
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Figure 6.16: Mixture fraction (top) and temperature (bottom) fields of the CI, C5 (left) and a PCCI
(right) case, HR-C3 (SOI=40◦CA bTDC) at TDC.
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6.4 RCCI Combustion Results

In this final section, RCCI combustion is analyzed with the FGM approach. First, the mul-
tiple pressure effect is analyzed in the baseline study (SOI=60◦CA bTDC and Gasoline=80
wt%). Later, the effect of diesel injection timing sweep and different fuel blends is investi-
gated. Similar to the PCCI study the measurements presented in Chapter 3 are used for the
analysis. The operating conditions are presented in Table 6.9. More information about the
measurement series is given in Chapter 3.

Table 6.9: Operating conditions of the RCCI combustion simulations.

Gasoline (wt%) 70 - 80 - 90
Start of injection (◦CA bTDC) 60 - 70 - 80 - 90
Diesel injection duration (◦CA) 2.5

Engine speed (rpm) 1200
Compression ratio 1:14.9
EGR level (wt%) 60

IMEP (bar)/Load(%) 11/50
Fuel injection pressure (bar) 1000
Intake pressure level (bar) 2
Intake air temperature (K) 305

Diesel fuel temperature (K) 300
Fuel diesel/gasoline

Baseline study

Based on the results of the previous section, the FGM tables are built with FGM-HR and
mesh M1 (see Table 6.5) is used here. Here n-heptane and iso-octane are chosen to rep-
resent diesel and gasoline fuel, respectively. Since iso-octane is assumed to be perfectly
mixed with the oxidizer in RCCI simulations, the oxidizer mixture consists of air, EGR and
iso-octane.

Table 6.10: Conditions used in FGM table generation for RCCI simulations.

Level no Pressure Oxidizer Corresponding Crank
(bar) Temperature (K) Angle (◦CA bTDC)

P1 18 600 40
P2 28 670 30
P3 44 735 20
P4 66 820 11
P5 80 870 6
P6 90 950 4.5
P7 100 1050 3
P8 125 1250 1.5
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8 pressure levels are selected for the analysis and the conditions are presented in Table
6.10. The pressure levels P1 through P8 and their corresponding CA are presented in Figure
6.17. There are two main reasons for choosing more pressure levels than in the previous
section. The first one is that the pressure range is broader for RCCI cases. The maximum
pressure is around 160 bar while it is approximately 70 bar for PCCI cases. Besides the
injection timing is advanced even more (till 90◦CA bTDC) for the RCCI cases whilst the
earliest injection case is 50◦CA bTDC for PCCI study. The combinations C3 through C7
refer to the 3, 4, 5, 6 and 7 levels of pressure and the conditions selected for these combina-
tions are given in Table 6.11.
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Figure 6.17: Conditions chosen for the multiple pressure analysis in RCCI simulations. Blue line
represents the experimental pressure trace for SOI=60◦CA bTDC case.

Table 6.11: Multiple pressure cases studied for RCCI simulations.

Multiple pressure cases Conditions
C3 P2, P3, P5
C4 P2-P5
C5 P2-P5, P7
C6 P2-P7
C7 P2-P8
C6b P1-P5, P7
C7b P1-P7

The baseline study for the multiple pressure levels is performed for the SOI=60◦CA
bTDC case with 80 wt% gasoline. Figure 6.18(a) displays that the results are quite sensitive
to the combination. The cases (C3 and C4) fail to ignite properly without a high pressure
condition (i.e. P7). On the other hand if the highest condition (P8) is included like in C7, the
heat release rates become unrealistically high and the maximum pressure is over-predicted
drastically. C5 and C6 cases perform similarly, yet ignition delay is under-predicted. as
shown in Chapter 3, iso-octane is more resistant to auto-ignition than n-heptane (see Figure
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3.19). Since ignition delays become longer with high levels of iso-octane, the chance for
misfire increases. Therefore the conditions chosen for high temperature/pressure in FGM
tabulation become even more critical than in the PCCI study. However, the lower ambient
pressure/temperature levels also play a role on ignition phasing for very early injection tim-
ings. In order to investigate this influence, two more simulations are performed by including
P1 in addition to C5 and C6 cases. The new two simulations are referred to as C6b and C7b
(see Table 6.11). It is shown in Figure 6.18(b) that combustion phasing is improved by the
addition of P1. This is caused by the simple interpolation strategy. When P2 is defined as
the lowest pressure level, the terms are retrieved from P2 as long as the pressure is below
that level, thereby overestimating the source term. When fuel is injected, the pressure is
lower than P2 (28 bar) and source terms from P2 are picked which in the end leads to an
earlier ignition. This is avoided by addition of P1 where the source terms for Y are negligi-
ble. Both cases (C6b and C7b) can now be used for the sensitivity study for different fuel
blends and injection timing. C6b is defined as default.
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Figure 6.18: (a) Pressure as a function of crank angle for different pressure levels and (b) the effect
of P1 on pressure trace for RCCI cases.

Injection timing sweep

Figure 6.19 presents CA50 results as a function of injection timing. The counter-intuitive
trend, earlier injection-later ignition, is observed in the simulations. However, the sensitivity
to a change in injection timing is much weaker than that of the experiments. The main
reason for this is that the highly reactive P6-P8 conditions chosen for the baseline case
(SOI=60◦CA bTDC) are not very representative for the earlier injection timings. As shown
in Figure 6.20(a), the pressure trace of the earliest injection case is drastically different
from that of the latest one. Therefore a new set of simulations is performed with a modified
highest pressure/temperature level for the earliest injection case. The first five pressure
levels (P1-P5) are kept constant but the sixth level is varied from 100 bar to 80 bar to study
its effect on the predictions. As presented in Figure 6.19 and 6.20(b) the combustion phasing
prediction is improved considerably by including a lower maximum pressure. Still the case
indicates the difficulty of ignition delay prediction especially for the cases that ignite aTDC.
A slightly lower maximum pressure might result in a misfire whilst a higher one causes a
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wrong ignition phasing.
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Figure 6.19: CA50 as a function of injection timing for (a) experiments (blue) and the FGM method
(black).

Fuel blend sweep

Finally a sensitivity study is performed with respect to CA50 for the SOI=60◦CA bTDC
case for different fuel blends, having 70 wt%, 80 wt% and 90 wt% gasoline. C6b is defined
as the temperature/pressure levels based on the previous results. Since the oxidizer mixture
consists of air, EGR and iso-octane, the composition changes for different blends and a new
series of FGM tables still needs to be generated for each iso-octane level.
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Figure 6.20: (a) Experimental pressure trace of the latest (dashed) and earliest (continuous) injection
cases and (b) the effect of maximum pressure used in FGM tabulation on combustion phasing for the
earliest injection case.

It is clear in Figure 6.21 that the effect of applying different diesel/gasoline ratios is
captured well by the method despite the fact that gasoline and diesel are represented by
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iso-octane and n-heptane.
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Figure 6.21: CA50 as a function of different fuel blends for experiments (blue) and the FGM method
(black).

6.5 Conclusions
This chapter focuses mainly on ignition characteristics of conventional and low temperature
combustion concepts. An additional difficulty imposed by the engine operation compared
to a constant volume setup is the variable pressure, which is tackled by applying multiple
pressure levels in FGM tabulation. To define which pressure levels are crucial to predict
ignition, a sensitivity study is performed for each combustion mode. It is concluded for
conventional diesel operation that a single FGM table generated at average ambient condi-
tions produces an acceptable pressure trace and a heat release rate profile. This is mainly
caused by the high temperature and pressure conditions in the cylinder during injection.
The rapid ignition, which is influenced strongly by the moment of fuel injection, reduces
the sensitivity to the applied conditions in the FGM table generation procedure.

The method is later extended to cover low temperature combustion concepts. After
performing a grid dependence study with three different mesh settings, the sensitivity study
for multiple pressure levels is repeated. For low temperature concepts, the results are ex-
tremely sensitive to the chosen pressure levels. When injection is earlier in low temperature
concepts, the pressure/temperature range between injection and ignition events becomes
broader. The source terms of the progress variable depend strongly on temperature and
pressure, which consequently increases the sensitivity of ignition time to the applied pres-
sure levels. Obviously a single pressure level FGM table is not sufficient to model new
combustion concepts in a reliable way. In PCCI combustion simulations, a number of three
adequately chosen pressure levels is sufficient to capture the ignition phasing with FGM-
HR. The sensitivity of ignition with respect to injection timing is also predicted very well.
The strain rate has a big influence on ignition timing with FGM-ICDF. When a relatively
high strain rate (a=500s−1) is applied, the predicted ignition delay is too long compared to
experimental results. However, the results improve considerably by reducing the strain rate.
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Finally, RCCI combustion is analyzed. RCCI cases are even more sensitive to the cho-
sen pressure levels than PCCI cases due to the broader pressure range, longer duration be-
tween injection and ignition events and the dual fuel operation. Experimentally the ignition
timing varies greatly when direct injection timing is adapted which introduces an additional
challenge in the modeling of RCCI operation. The evolution of the pressure trace of the
earliest injection case is significantly different from the latest one. Therefore, the pressure
levels around ignition for a specified injection timing are not representative for other injec-
tion timings. This needs to be corrected by the maximum pressure/temperature level. The
sensitivity of ignition to multiple pressure levels can be summarized as RCCI>PCCI>CI.

Once the correct pressure levels are set, it is possible to predict ignition in all cases with
the FGM method. The major experimental trends with respect to injection timing and fuel
composition are captured well. This emphasizes the applicability of the FGM method for
different modes of engine operation. This study guides the choice of pressures in practical
situations. In the studied cases, a moderate amount of pressure levels is adequate to predict
ignition characteristics of new combustion regimes although in practice a higher resolution
in pressures is needed especially in the neighborhood of the sensitive pressures.



Chapter 7
Conclusions

7.1 General Remarks
This thesis focuses on modeling and analysis of three different modes of diesel engine
combustion, namely Premixed Charge Compression Ignition (PCCI), Reactivity Controlled
Compression Ignition (RCCI) and conventional diesel combustion (CI).

The purpose of new combustion concepts is to achieve a clean and efficient operation.
In a short-term scenario a comprehensive renovation in engine hardware is not viable to ac-
commodate these new combustion concepts. Yet the combustion behavior of new concepts
is considerably different from conventional operation. Consequently new optimization of
operating modes and conditions will be needed. A predictive numerical model would be
a significant tool for the fundamental understanding of the systems and clarification of the
needs for the new concepts.

Concepts like PCCI and RCCI attempt to avoid local fuel-rich zones and high in-
cylinder temperatures to have a cleaner operation at the expense of direct control over com-
bustion timing. The fuel is often tailored to meet the rather specific demands. The aim of
the models studied in this thesis is to predict engine characteristics, especially auto-ignition,
in an accurate way. The models should be able to capture the effects of different modes of
operation while keeping the computational demand at practical levels.

An internal combustion engine model involves complex physics and chemistry caused
by the turbulent multi-phase flow and the non-linear combustion event. Considering also
the turbulence-chemistry interaction and the complex, changing geometry of the cylinder, it
is a major challenge to accomplish the aforementioned goals.

7.2 Conclusions and Recommendations
In this thesis, two types of models with different complexity levels are applied and validated.
The first model is a phenomenological multi-zone approach which is used to model PCCI
and RCCI combustion. A so-called multi-zone model utilizes a direct implementation of
reaction mechanisms whilst a rudimentary flow and mixing model is introduced to reduce
computational demands. Often it is claimed that the combustion in these new concepts
is chemistry limited and not mixing limited which is the main reason to apply the multi-
zone model in this thesis. It is observed that the application of 10 zones provides sufficient
stratification resolution. With such a 10-zone operation, the computational efficiency of a
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multi-zone model is very high.
In PCCI combustion simulations, three reaction mechanisms are used. Although all

the mechanisms show similar trends, there is a considerable quantitative difference in the
results. This points out the fact that a detailed reaction mechanism should be applied with
great care to estimate absolute parameters like emissions. Another important consideration
of the PCCI study is the importance of inter-zonal mixing. Here the level of the inter-zonal
mixing is optimized by a turbulent diffusivity factor, Ct. With an optimized value, the
predicted trend of CO emissions is improved considerably.

Later, the approach is applied to model dual fuel RCCI combustion. The compli-
cated auto-ignition characteristics with respect to the timing of the diesel injection and with
different diesel/gasoline blends are reproduced successfully by the model. In general the
multi-zone model is a promising tool for trend studies because of the computational speed
and the direct application of detailed chemistry models. However, the implementation of
more sophisticated injection and mixing models in the future can extensively improve the
quality of the model.

The second approach employed in this thesis is a CFD model which incorporates the
FGM method to model combustion chemistry. An extensive assessment of the method is
performed on the well-established ECN database where the experiments are performed in
a high pressure constant volume chamber. The non-reacting (no O2) cases are used for the
validation of the spray models. Several spray models as well as the numerical parameters
are investigated. It is shown that spray penetration length and mixture fraction profiles are in
good agreement with the experimental results with the optimal settings. The available spray
models prove to provide a reliable base for the analysis of the combustion model. It should
be noted that the mixture fraction variance is studied in the non-reacting cases. This will
provide an additional important parameter that can assess the quality of the spray models.

After the sensitivity study of the spray models and numerical parameters, the FGM
method is included to model the reacting ECN cases. Two different canonical configura-
tions to generate the FGM tables (manifold), FGM-HR and FGM-ICDF, are compared. The
main difference of two approaches is the effect of flow straining on the chemistry, which is
included only in FGM-ICDF. Several test cases with different oxidizer temperature, oxidizer
composition and even different fuels are available in the ECN database for the validation of
the FGM method. A manifold resolution study of FGM is performed with the n-heptane
(Spray H) cases. It is comprehended that using a finer resolution in the early phase of com-
bustion is crucial to predict ignition delay timings accurately. Both canonical systems are
tested for all ECN cases studied in this thesis. The results of ignition delay and lift-off
length clarify that the qualitative trend of experimental results is predicted well by both sys-
tems. The quantitative deviation between the two approaches increases for low temperature
cases where the effect of diffusion is more significant. For FGM-ICDF, a single flow strain
rate is chosen during the time-dependent ignition, which in most cases equals a=500s−1. It
appears that for the low temperature cases, the chosen strain rate needs to be further away
from the ICDF ignition limit. However, this fixed value (a=500s−1) is too high especially
for low temperature cases. Clearly, to advance the method a more systematic approach is
needed to determine this single strain rate value. It can even be included in FGM tables as
an additional parameter especially for low temperature regions. The effect of turbulence-
chemistry interaction is also analyzed and compared to the well-stirred reaction limit. The
influence is observed mainly on species concentration fields, thus lift-off length but not on
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ignition delay.
Finally, the FGM method is integrated in a CFD model of the engine setup to simulate

CI, PCCI and RCCI combustion. For engine simulations, pressure is added as an additional
controlling variable in the FGM tabulation which is the main difference with the approach
for the constant volume setup. To model the CI regime only the ICDF configuration is used.
A single pressure level proves to be a good approximation for the conventional operation
at the studied high load. This is due to the fact that the ambient conditions are such that
ignition delay is short. The main difference between the model and the experimental results
is observed for the premixed phase of heat release rate. The predicted burn durations are
too short which is most likely due to the chemical mechanism used. A dedicated analysis
applying different (larger) reaction mechanisms will give an indication of this hypothesis.

The method is extended to cover low temperature combustion concepts. Due to the
decoupling of heat release and injection events, the results are much more sensitive to the
chosen pressure levels and a single FGM table is clearly not sufficient to model ignition
in PCCI/RCCI simulations. A further comparison between FGM-HR and FGM-ICDF is
made for PCCI combustion. Similar to ECN cases, the applied single strain a=500s−1 is
too high for an accurate prediction of the ignition delay. The results improve drastically by
reducing this strain rate. However, because of this uncertainty, FGM-HR approach is used
as default for the rest of the study. In PCCI cases, the ignition delay is captured accurately
with a number of three pressure levels. The experimentally found trend of ignition delay
with respect to injection timing is recovered by the FGM method. Finally the method is used
to model dual fuel RCCI combustion experiments. The applied diesel and gasoline in these
studies are represented by n-heptane and iso-octane, respectively in the modeling approach.
Since iso-octane is more resistant to auto-ignition than n-heptane, the chance of misfire is
higher for RCCI operation. Therefore, the selection of high temperature/pressure levels
becomes more critical. The effect of diesel injection timing and different diesel/gasoline
blend ratios is predicted well with a proper selection of pressure levels. To sum up, the
FGM method is successfully implemented in this thesis for three combustion modes of
diesel engine. The method proves to be reliable and computationally efficient for all studied
combustion modes. Applying a finer resolution in pressure levels certainly improves the
reliability of the method but the computational costs in preprocessing increase as well. A
key added value for the engine model would certainly be the implementation of emission
models. During emission formation, the heat loss to system boundaries plays an essential
role. Therefore, it might be necessary to include enthalpy as an additional variable in FGM
tabulation.
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