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Abstract

The main objective of this work is to study combustion characteristics of reacting high
pressure liquid sprays and compression ignition Diesel engines under conventional and
low temperature operating modes by development of a robust computational frame-
work. This has been done under RANS turbulence modeling methodology and La-
grangian Droplet Eulerian Flow formulations of multi-dimensional computational fluid
dynamics modeling perspective.

Initially, Conical and Spray Oriented grids were introduced for non-reacting liquid
spray simulations and noticeable enhancement of air-fuel mixing process and better
representation of the scalar dissipation rates were depicted. It was shown that a reliable
non-reacting simulation is the perquisite of accurate results for reacting liquid spray
simulations. In this regard, uncertainties from the liquid spray simulations should be
minimized. For instance, it was shown that occurrence of cavitation can highly alter
the spray properties, breakup, evaporation, air-fuel mixing, and subsequent combus-
tion. It was discussed for fuels that are more prone to cavitation, care must be taken
both in experimental observation and measurements and numerical model selection and
application.

Then attention was given to the reactive simulations of Engine Combustion Net-
work Spray A and Spray B configurations. Two well known combustion closures, mod-
els based on well-mixed assumption and flamelet concept, with enhanced applicability
were selected. After extensive validations over wide range of operating conditions in

case of ambient temperature, density, oxidizer level, and injection pressures, a detailed
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combustion phasing analysis and mathematical reasoning of observed model-to-model
differences were made. Detailed discussions were carried out on how embedded Tur-
bulence Chemistry Interactions (TCI) can enhance the ignition delay times and flame
lift-off length and alter the combustion phasing mechanism compared to the closures
without considering TCI.

Lastly, study was focused on modeling of Partially Premixed Compression Ignition
(PPCI) engines as an advanced Low Temperature Combustion (LTC) mode. It was dis-
cussed how air-fuel mixture stratification levels can modify the history of pressure and
heat release rate. Delay time between first and second stage combustion tends to reduce
by further moving to high air-fuel mixture stratification levels. This can introduce much
better control over PPCI combustion heat release once the engine needed thermal load
was provided.

All the computational efforts in this work were implemented within the OpenFOAM®
framework, as a contribution to the library Lib-ICE, developed by the Internal Combus-

tion Engine Group of the Energy Department of Politecnico di Milano.



Sommario

L’ obiettivo principale di questo lavoro ¢ quello di studiare le caratteristiche del pro-
cesso di combustione con spray liquidi in bomba ad alta pressione e nei motori Diesel
sia in modalita di funzionamento convenzionali che a bassa temperatura, sviluppando
una robusta metodologia numerica. Questo ¢ stato fatto attraverso un approccio RANS
per la soluzione della turbolenza e una formulazione Lagrangiana-Euleriana del flusso
multi-dimensionale. Inizialmente, griglie coniche e orientate secondo lo spray sono
stati introdotte per la simulazione di spray liquidi evaporanti non-reagenti e la valu-
tazione del processo di miscelazione aria-combustibile e la distribuzione dello scalar
dissipation rate.

E stato dimostrato che una affidabile simulazione del flusso non reagente & la pre-
rogativa essenziale per accurati risultati delle simulazioni reagenti. A riguardo, le in-
certezze associate alle simulazioni del getto di liquido devono essere minimizzate. Per
esempio, ¢ stato dimostrato che il verificarsi della cavitazione durante 1’iniezione del
combustibile liquido puo altamente alterare le proprieta del getto, la rottura, I’evaporazi-
one, la miscelazione aria-carburante € la successiva combustione. Si € discusso come i
combustibili che sono pil inclini alla cavitazione richiedono opportune metodologie di
analisi sperimentale e numerica.

L’ attenzione poi ¢ stata data alle simulazioni reagenti delle configurazioni Spray A e
Spray B dell’Engine Combustion Network. Due ben noti modelli di combustione rispet-
tivamente basati su ipotesi di miscelazione omogenea e flamelet sono stati selezionati.

Dopo lunghe validazioni in una vasta gamma di condizioni operative con differenti
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temperature ambiente, densita, ossigeno e pressioni di iniezione, una dettagliata analisi
delle fasi di combustione e delle differenze dovute al modello scelta € stata svolta. Sono
state condotte approfondite discussioni su come I’inclusione dell’interazione chimica-
turbolenza possa migliorare la stima dei tempi di ritardo di accensione e del lift-off
della fiamma ed influenzare il processo di combustione.

Infine, lo studio si € concentrato sulla modellazione di motori PCCI, con carica
parzialmente premiscelata, una modalita avanzata di combustione a bassa temperatura
(LTC). E’ stato discusso come 1 livelli di stratificazione miscela aria-combustibile pos-
sano modificare 1’evoluzione della pressione e del rilascio di calore. Il tempo di ritardo
tra la prima e la seconda fase di combustione tende a ridurre adottando elevati livelli
stratificazione della miscela aria-combustibile. Questo pud permettere una migliore
controllo del rilascio di calore di combustione a pari carico motore. Tutte le simu-
lazioni numeriche di questo lavoro sono stati svolte usando il codice OpenFOAM®,
includendo la libreria Lib-ICE, sviluppata dal gruppo di Motori a Combustione Interna

del Dipartimento di Energia del Politecnico di Milano.
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CHAPTER

Introduction

1.1 Roles of Internal Combustion Engines

High dependence of transportation and power generation units on Internal Combustion
(IC) engines now has reached over a century-long time span. In 2012, sixty million cars
have been made in the globe, with the increase of a 50% over a decade ago [1]. The
main motive factor for this trend is high thermal efficiency and high power output-to-
volume ratio of the internal combustion engines. On the contrary, ever increasing fuel
prices and depleting petroleum reserves have endangered their viability. IC engines
are considered for contributing approximately one fourth of annual emitted greenhouse
gases in the US as well as contributors of Nitric Oxides (/NO,) and Particulate Matter
(PM) emissions. In this context, alternative power generation units and technologies
such as fuel-cells and hybrid-automobiles do not seem to completely take the role of
internal combustion engines in the near future. In case of Diesel engines, a consider-
able deal of research is concentrated both on introduction of new combustion modes
to achieve Low Temperature Combustion (LTC) such as: Homogeneous Charge Com-

pression Ignition (HCCI), Partially Premixed Compression Ignition (PPCI), Reactivity

1



Chapter 1. Introduction

Controlled Compression Ignition (RCCI) and on optimization of air fuel mixing and
increasing combustion efficiency by applying higher injection pressures. Bio-fuels on
the other hand, are introduced as sustainable energy sources and alternatives for fossil
fuel [2,3]. These aspects should meet daily market’s ever demanding high output power
and noticeably strengthened emission legislation.

Diesel engines are used in light and heavy duty applications. In heavy duty appli-
cations, the most important factor that has caused Diesel engines to surpass gasoline
engines, is their lower fuel consumption associated with high specific output power
and torque. The modern optimized Diesel engines are 20-40% more fuel efficient than
their gasoline counterpart. This improved efficiency is partly due to the fact that load
control is achieved without throttling the intake air flow as is required in the stoichio-
metric SI engine, reducing breathing or pumping losses. In Diesel engines instead, load
control is achieved by varying the amount of injected fuel into the cylinder. Despite the
fact that Diesel engines fulfill the daily increasing power demand and seem to be a
promising tool to achieve efficient fuel consumption, conventional Diesel cycle suffers
from high levels of NO, and Soot emissions at high engine loads, and low thermal
efficiency and high levels of Unburned Hydro Carbon (UHC) emissions at lower en-
gine load conditions [4]. This is why there has been a significant amount of researches
worldwide to optimize and introduce new technologies in order to minimize emissions
from Diesel combustion while providing acceptable output power. In near future, new
generation of Diesel engines will directly benefit from engine downsizing techniques,
improved direct-injection systems, advanced in-cylinder combustion phasing, and ex-
tended utilization of bio-fuels and additives. Hence, the foreseeable future of Diesel

engine combustion system will become more challenging in optimization perspectives.

1.2 Experiments and Modeling of Diesel Engines

Engine experiments are expensive and difficult to perform in the belligerent engine en-
vironment. However, they are highly essential to provide insights into processes that
can lead to engine optimization. Diagnostics methods such as Chemiluminescence and
Planar Laser Induced Fluorescence (PLIF) [5] provide detailed information about in-
cylinder spatial and temporal distributions of important species. By optical access to
the combustion chamber, details of the flow field can be obtained using Particle Image

Velocimetry (PIV) [6] or Phase Doppler Anemometry (PDA) [7] techniques for spray
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drop size and velocity analysis. Engine experiments also provide valuable information
for understanding engine processes. For instance, shock tube and rapid compression
machine experiments [8] provide needed data about the ignition characteristics of fu-
els. Constant volume combustion vessel experiments provide information about spray
vaporization, air-fuel mixing, spray ignition, flame lift-off and fuel effects on partic-
ulate (soot) formation and oxidation [9]. Initial and boundary conditions of such ex-
periments are set to cover the regimes of temperature, mixture fraction, turbulence,
pressure and composition (including Exhaust Gas Recirculation, EGR) of interest in
internal combustion engines [10]. However, current experiments need further enhance-
ments to provide quantitative data for critical areas such as dense Diesel spray near the
injector orifice or OH* and OH Chemiluminescence while ignition and lifted flame

sequences, respectively.

Although experiments are essential tools to study, understand, and optimize engines,
the range of their applicability in terms of economy, time and available infrastructures is
the matter of debate. Nowadays, with the advent of powerful computers with high com-
putational power, numerical modeling has proved to be a strong tool having flexibility
and low cost. Generally speaking, the mathematical framework for engine modeling
can be classified into two main groups: thermodynamic and Computational Fluid Dy-
namics (CFD) models. Thermodynamic models assume energy equation as the main
conservation equation and are subdivided into single and multi-zone models [11-13].
The physical processes such as turbulent flow field are not modeled directly and instead,
empirical correlations with numerous constants are used. In CFD models, temporal and
spatial variations of the flow filed, pressure, composition, temperature and turbulence
inside combustion chamber are accounted by Transport Phenomena [14]. In engine
configuration (due to pretty large dimensions of the combustion chamber), it is imprac-
tical to solve governing conservation equations in all length and time scales. Hence,
variety of sub-models are applied in the CFD models to simulate different aspects of
in-cylinder processes such as turbulence, combustion, and etc. Among these, the com-
bustion model has been found to be the most important one since it is directly related

to in-cylinder pressure and Heat Release Rate (HRR).

Linking IC engine experimental and numerical research, Engine Combustion Net-
work (ECN) [15] is an international forum which promotes collaborations among re-

searchers with making publicly available a large set of experimental and numerical
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data. The ECN experiments include well-defined boundary condition, standardized in-
jectors, and compare results from various experimental and modeling approaches to
enhance understanding of combustion in practical applications. ECN configurations
for constant volume vessel and engine setups will be used in this thesis as experimental

references.

1.3 Motivation, Objectives, and Strategy

As it was mentioned, despite the fact that emerging of Diesel engines dates back to over
a century, there is still needed research on comprehensive understanding of their com-
bustion and emission formation processes. This is mainly driven by two motive factors
of limited fossil fuel resources and health and environmental awareness on emissions.
Parallel to engine experiments, comprehensive CFD calculations with enhanced sub-
models are necessary in optimization purposes in ever limiting emission legislation.
Introduction of the new advanced concepts in Diesel engines are mainly concentrated
on different modes of Diesel combustion by increasing controllability over the heat
release of the Diesel cycle and combustion phasing [16, 17]. Needed optimization in
such modes requires a detailed understanding of underlying physical and chemical pro-
cesses occurring while injection and combustion. CFD can effectively be used in such
an aspect and provides useful tool on further optimization purposes.

Main objective of this thesis is paying a particular attention to the turbulent com-
bustion models under non-premixed turbulent combustion configurations. In particular,
differences of turbulent combustion closure with and without considering Turbulence-
Chemistry Interactions (TCI) and its role on modeling non-premixed and Low Tem-
perature Combustion (LTC) will be highlighted and quantitatively shown by numerical
simulation results. Numerical platform for all the modeling and simulations throughout
the thesis is based on OpenFOAM® technology [18] and Lib-ICE [19, 20] which is a
set of source code libraries and solvers for simulation of gas exchange, liquid spray,
air-fuel mixing and combustion for variety of experimental configurations developed in

ICE Group of Politecnico di Milano.

1.4 Structure of the Dissertation

Thesis is mainly divided to two parts of theory and applications. In the first part, Chap-

ters 1 to 3, after an introduction in the first chapter, needed fundamentals on turbulent
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combustion and liquid spray modeling are discussed in the second Chapter. Chapter
2 is also for mathematical description and modeling assumptions of the applied spray
sub-models and turbulent combustion closures. Numerical framework for model de-
velopment, implementation and their use is discussed in Chapter 3. Second part of the
thesis, Chapters 4 to 7, is for representing the modeling results for practical combustion
configuration and experimental validation. Chapter 4 is for the results of non-reacting
sprays as the perquisite for reacting conditions. Results of Multi-Zone Well-Mixed
(MZWM) and Multiple Representative Interactive Flamelet (MRIF) models for Spray
A constant volume vessel and Spray B in engines are discussed and compared in Chap-
ter 5 and 6, respectively. Chapter 7 further discusses numerical modeling efforts on
the new concepts of LTC such as HCCI and PPCI modes. Finally, Chapter 8 provides

conclusions of the thesis and implications for the future studies.






CHAPTER

Fundamentals

Numerical modeling of turbulent combustion within IC engines is a multi-discipline
problem which involves wide variety of physical and chemical concepts. For numerical
modeling and expecting reliable and valid results from simulations, sufficient knowl-
edge of each concept is needed and then the main focus can be given to an specific part.
This chapter tries to briefly address the main areas of interest in the field of turbulent

combustion simulations with emphasis on IC engines.

2.1 Transport Phenomena for Reactive Fluid Flow

Transport phenomena in engineering problems is generally attributed to the steady or
time dependent solution of a set of conservation equations for momentum and scalars
together with additional auxiliary equations. In their instantaneous and spatially-resolved
forms, these equations have very well-defined foundations and they represent a large
number of problems that are encountered in a very broad range of engineering applica-
tions [21,22].

For a general variable ¢, the conservative form of all fluid flow equations, including
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equations for scalar quantities such as temperature and chemical species concentrations
and vector quantity such as velocity can be written in the following form:
9(p9)

5 + div(pug) = div(Tgradg) + Sy (2.1)

where p is gas phase density, ¢ is time, u is velocity vector in x, y, and z dimensions
of Cartesian coordinates, and S is source term for variable ¢. Equation 2.1 is so-called
transport equation for property ¢. It represents the various transport processes: the rate
of change ¢ and the convective term on the left hand side and the diffusive term and the
source term (due to Combustion, Spray, and etc.) respectively on the right hand side.
In this context conservation of mass, momentum and energy for compressible flow of a
reactive spray can be written as below:

e Conservation of mass:

dp
ot

e Conservation of species mass fractions:

+ div(pu) = pPry (2.2)

opY;
ot

Y; is mass fraction of i chemical specie, j is dynamic viscosity and on S°P"% and

+ div(puY;) — div(p grad Y;) = S5Prev 4. gCombustion (2.3)

GCombustion are the source terms due to liquid spray and combustion, respectively.
e Conservation of momentum:
9(pu)

. ap . __ Spray
5 + div(puu) + o div(p gradua) = F (2.4)

p is pressure and F'°P"% is momentum exchange source with liquid spray.

e Conservation of energy:

% + dZU(puh) - di'U<Oé grad h) = QSpray + QCOmbustmn +

h is enthalpy, « is the thermal diffusivity, and Q°7"% and Q°™ustion are source

Dp

o (2.5)

terms due to cooling evaporation and enthalpy change due to combustion.
Large number of practical combustion devices are operating under turbulent flow
conditions where after exceeding from critical Reynolds number, Re.,;;, fluid flow will

shift to turbulent flow which eventually leads to a radical change of the flow character.
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The motion becomes intrinsically unsteady and velocity and all other flow properties
vary in a random and chaotic way. In this condition velocity for instance can be decom-
posed into a steady mean value U with a fluctuating component u'(¢) if RANS approach
is applied. Mentioned conservation equations needed further derivation for turbulent
conditions using time-averaged or density-weighted or Favre-averaged derivations on

their all variables. This is not repeated here and the reader can refer to [23,24].

2.2 Turbulence

Turbulence generates eddies in the flow with a wide range of length and time scales. In
case if reactive flow, this is two-folded: First, turbulence increases the mixing processes
and thereby enhances combustion. Second, combustion releases heat and thereby gen-
erates flow instability by buoyancy and gas expansion, which then enhances the transi-
tion to turbulence [25]. The methods to model or directly solve for turbulent flow time

and length scales can be grouped into the following three categories:

2.2.1 Direct Numerical Simulation (DNS)

The most accurate approach to simulate both laminar and turbulent flows would be to
solve the Navier Stokes equations directly on a discretized grid that is fine enough to
resolve the smallest length scales of the flow problem. This method is called DNS and
represents the simplest approach from a conceptual point of view. The smallest length
scales are defined by the size of Kolmogorov eddies, that are important for dissipation
of turbulent kinetic energy [23]. Kolmogorov length scale becomes smaller by increas-
ing Reynolds number of the flow. For a typical Reynolds number within IC engines,
DNS calculations require grid size about 10 gm and with additional time required for
chemistry calculations, it is not feasible to conduct DNS simulations with available
computational power. Nevertheless, DNS can be used to perform fundamental studies

of the flame structure with lower Reynolds numbers and small scale configurations.

2.2.2 Large Eddy Simulation (LES)

LES is an intermediate form of turbulence calculations which tracks the behavior of
the larger eddies. It involves space filtering of the unsteady Navier Stokes equations
prior to the computations, which solves the larger eddies and rejects the smaller eddies.

Consequently, the behavior of the smaller eddies needs to be described by appropriate
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semi-empirical sub-models. This procedure seems reasonable since the large eddies
contain the major fraction of energy and are much more important in the transport of
the conserved quantities. The selection of the cutoff length scale is not straightforward
as in many problems the Reynolds number and thus the characteristic length scales
are not constant over the entire geometric domain. In simulation time perspective,
while LES is less costly than DNS, it is still very expensive for IC engine simulations.

However, LES is used to model reactive sprays in constant volume vessels [26-28].

2.2.3 Reynolds Averaged Navier Stokes (RANS)

In this approach attention is focused on the mean flow and the effects of turbulence
on mean flow properties. Prior to the application of numerical methods, the Navier
Stokes equations are time-averaged or Favre-averaged. Extra terms appear in the time-
averaged flow equations due to the interactions between various turbulent fluctuations.
These extra terms are modeled with classical turbulence models such as kK — € model.
This model focuses on the mechanisms that affect the turbulent kinetic energy by con-
sidering a transport equation for turbulent kinetic energy, k, and its dissipation . RANS
is the least time expensive method of determining turbulent flow characteristics and has

been extensively applied in IC engine simulations [29-35].

Turbulence Length Scales

Number of length scales have been defined for turbulent flows, but here integral length
scale and the Kolmogorov length scale are briefly discussed. Integral length scale, [,
represents the mean size of the large eddies that contain most of the turbulent kinetic
energy and can be correlated to the velocity fluctuations measured at x and x + r, where

r 1s separative distance:

l:/oo /u'(x,t)u'(lx—l—r,t) dr 2.6)
0 \/u'Q(x,t)\/u'(:c—l—r,t)

and Kolmogorov length scale, 1, corresponds to the size of the smallest eddies in a

turbulent flow. In this scales viscous forces dominate and due to energy cascade con-
cept turbulent kinetic energy of the eddies is dissipated into the heat. By dimensional
analysis [36], n can be determined from the rate of kinetic energy dissipation, €, and

kinematic viscosity, v as below:
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n = (=) 27)

€
This turbulent length scales will be later used to distinguish different combustion regimes

and flame characteristics.

2.3 Liquid Sprays

2.3.1 Spray Equation

Diesel engine injectors today operate under considerably high injection pressures caus-
ing high speed liquid jets out of the injector orifice accelerating the droplets breakup.
Small droplets will further travel inside the combustion chamber and due to drag forces
and exposure to the hot surrounding gas will evaporate [37]. Schematic of number of

processes happening while liquid fuel spray is illustrated in Fig. 2.1.

Spray needle Droplet collisions, Evaporation Wall impingement
Droplet coalescence e -
Spray cone
angle @
Spray hole  Primary Savd
breakup B e 4
, Secondary breakup
i Spray penetration S
Internal : Spray
nozzle flow'

Figure 2.1: Schematic illustration of processes while injecting a liquid fuel spray [37]

Very close to the nozzle orifice an intact liquid core is present and then it rapidly dis-
integrates into ligaments (churning flow) and further down stream into droplets, where
it still occupies a considerable fraction of the two-phase mixture. In immediate vicinity
of the nozzle exit the spray is termed "thick" or dense, whereas further down stream of
the injection axis, droplets become isolated and smaller in diameter. In this case, the
spray is termed "thin" or dilute [38]. In a Diesel engine liquid fuel spray atomizes to
couple of million droplets. Such a large number of droplets make it computationally
impractical to resolve each single droplet in numerical simulations. Instead, statistical
averaging technique becomes necessary with additional sub-models in order to describe

the sub-scale processes. As formulated by Williams [39] the problem can be defined by
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the so-called spray equation. Probable number of drops per unit volume at time ¢, that
are located between location ¥ and ¥ + d¥ with corresponding velocities between
W and U + d7, a radius between rand r + dr and a temperature between 77, and
Triq + d17, is described with the probability density function f. Hence, probability of

f can be written with its dependent parameters as below:

f=f(X, W, Tpig, t) dW dr dT,, (2.8)

Formulation above is based on the assumption that the droplets are ideally spheri-
cal and that their size or mass is thus explicitly defined by their radius . However, in
the vicinity of the injection orifice due to considerable relative velocity differences be-
tween liquid and gas phases (causing aerodynamic forces) droplet deviates from spher-
ical shape. Two additional independent variables can be included as the distribution
function: the droplet distortion parameter y and its temporal rate of change y. Now f

can be written again:

f = f(Ya ?7Ta TLiq7yay7t) dﬁ dr dTLiq dy dy (29)

The temporal and spatial evolution of the distribution function, spray equation [21],

can be written as below:

of 8 9 9 O ..o 9.9
- _a?(fﬁ>_ﬁ(fF)_E(fR)_aT—Liq(fTLiq)_a_y<fy)_a_y(fy)+fcoll+fbu

(2.10)

F denotes a force per unit mass, i.e. an acceleration. Thus the component F' is the
acceleration along the spatial coordinate 7, F = du /dt). R, TLiq and g are the
time rates of change of droplet radius r, temperature 77,, and oscillation velocity y.
The source terms f.,; and f;, account for changes in the distribution function due to
droplet collision and breakup, respectively. The solution of the spray equation gives the
so-called source terms that describe the interactions between the liquid and gas phases.
This will be later used while coupling Lagrangian Droplet and Eulerian Flow (LDEF)

solutions.
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2.3.2 Coupling of Lagrangian Droplet Eulerian Flow Solutions

Although there has been a number of studies to use Eulerian droplet and Eulerian flow
[40, 41] approach, LDEF is considered to be the most applicable approach in terms
of computational costs and numerical accuracy in simulation of IC engines [42—44].
This needs proper coupling between the flow and spray solutions. In order to assure
conservation of mass, momentum and energy of the total (two-phase) system, these
terms are appeared as source terms in as in Eulerian gas flow equations of 2.2, 2.4, and
2.5, respectively.

The source term accounting for mass evaporation of the liquid droplets in Eq.2.2 can

be determined from Lagrangian Spray solutions as below [45]:

PP = / forLigAmr®R dd dr AT dy dy (2.11)

The rate of momentum gain due to droplet drag and body forces in 2.4 can be deter-

mined from Lagrangian Spray solutions as below:

4
PasFPY = — / foLiq (gmﬁF’ + 47rr21%ﬁ) AW dr dTp, dy dy (2.12)

Source term for energy conservation of the gas phase, Eq.2.5, which is the energy
transfer between gas and liquid droplets due to heat transfer and evaporation can be

formulated as:

. . 1
QP = /priq (47T7"2R |:2Liq + 5(@ - “Gas)z} T

(2.13)

4 )
§7r7"3 eorigTLiq + F' (g — Uge, — u?as’)} ) dug; dr dTy, dy dy

and the destruction of turbulent kinetic energy due to liquid droplet dispersion is

obtained by:

. 4
Wb = — / fprLiq §W3F/  UGas AWy dr ATy dy d (2.14)

In Egs. 2.14 F’ is the difference between F and the gravitational acceleration g,
Uz, - Uges is the relative velocity between droplets and gas phase, and ug,; is the

turbulent fluctuation of the gas velocity. In Eq. 2.13, ¢1;, denotes the specific internal
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energy of the liquid droplet. More details of the applied sub-models for the liquid spray
modeling will be presented in §4.2.2.

2.3.3 Multi-component Fuels and Mixture Formation

Practical and commercial IC engine fuels are not single component and they include
many aliphatic, aromatic, saturated, and unsaturated fuel components [46—49]. Based
on phase equilibrium relations at the liquid droplet surface and assuming ideal be-
havior for both the vapor and liquid phases, Raoult’s law can be applied in order to
specify the concentration of each fuel component in the vapor phase. However, in case
of multi-component fuels more volatile fuel component may not necessarily evapo-
rate earlier due to non-equilibrium effects (fugacity effects) under IC engines operating
conditions [50,51]. As an assumption then, numerical studies both for spray simulation
and combustion chemistry consider a surrogate fuel specie. For instance, n-heptane
was extensively used for Diesel engine combustion simulations [52—55] and recently
n-dodecane with closer physical and chemical properties to the commercial Diesel fu-
els is used for experimental and numerical studies [35, 56-59]. Mixture formation in
numerical point of view is simulated in the Eulerian part of the CFD solution and hence
grid alignment can play a significant role on proper air-fuel mixing and fuel vapor pen-
etration length. This will be discussed in §4.2 with extensive numerical results for non-
reacting conditions. Moreover, processes before evaporation such as spray breakup and
evaporation can be affected by uncertainties from injector internal flow and probable
cavitaion. Brief numerical representation of the cavitation effect will be represented in

§4.3.1.

2.4 Chemical Kinetics

Insightful understanding of the underlying chemical processes is an essential require-
ment on the study of reactive fluid flows. In many combustion applications assumption
of the infinitely fast chemistry is not applicable and chemical reactions control the rate
of combustion as well as pollutant emission formation/destruction. Moreover, ignition,
flame lift-off, and flame extinction are intimately related to chemical processes. The
study of elementary reactions and their rates, Chemical Kinetics, is inseparable field in
combustion studies. If one mole of Fuel reacts with a mole of Oxidizer and produces b

mole of Product in the form of reaction 2.15 below:
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F + aOx — bPr (2.15)

the rate at which the fuel is consumed from experimental measurements can be

expressed as:

d[XF]
dt

where [X;] is molar concentration of the ith species in the mixture. Equation 2.16

= —ka(T)[Xr|"[Xoe])™ (2.16)

represents that the rate of disappearance of the fuel is proportional to each of reactants
raised to a power. k¢ is the global rate coefficient which is a strong function of tempera-
ture. Exponents n and m are reaction order. Although combustion closure is considered
to be in global reaction format in some CFD codes and studies [60-62], expressing
chemistry in this form makes it a "black box" approach in a specific problem. For
instance, use of global rate coefficient might not necessarily provide reliable reaction
rates for a range of operating conditions in a IC engine simulation or possibility to track
concentration change of a particular intermediate species such as C'H,0O or OH while
ignition of a liquid spray. Most elementary reactions in combustion are bimolecular

similar to reaction below:

A+B —-C+ D (2.17)

and dissociation rate of chemical specie A can be written as:
d[A]
dt

There are different method to determine the rate coefficients [63—66] and molecu-

= - kbimolecular [A] [B] (2 1 8)

lar collision theory is one of them. It is based on probabilities that collision can lead
to reaction based on product of two factors:the energy factor, exp[—FE4/R,T], which
is fraction of collision occurs with an energy above the required energy for reaction,
E 4, or activation energy; and geometrical or steric factor which takes into account
geometry of collision between reactants A and B [63]. If the temperature range of inter-
est is not too high, the bimolecular rate coefficients can be expressed by the empirical

Arrhenius form:

E(T) = A exp(—E4/R,T) (2.19)
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and if the temperature rate is great in the form of:

k(T) = AT exp(—E4/R,T) (2.20)

where A is pre-exponential factor and b is temperature power. It is then possible to rep-
resent oxidation/dissociation pathways of one/more main chemical specie (fuel in case
of combustion) by series of bimolecular reactions called chemical kinetics mechanism.
Mechanism may involve many elementary steps and many species and in the compact

notation can be expresses as below:

N N
ZV,J'Z‘XJ' = ZVNJ'Z'X]' fOTi = 1,2,...,[; (221)
j=1 j=1

1/]'-1. and 1/]"Z are the stoichiometric coefficients on the reactants and products side, respec-
tively for the jth species in the ith reaction. Then jth species production rate, w;, can be

calculated using equations below:

L
w; = > vigi  forj=12.N (2.22)
=1
v = (v — v;) (2.23)
N I N 1"
g = ki [ [1X50%5 = ks [ 1) (2.24)
i=1 j=1

where subscripts f and b are for forward and backward reactions. Using the above for-
mulation there will be a system of L ordinary differential equations with N unknowns.
Due to exponential formulation and highly non-linear behavior of these equations (stiff
equations) specific mathematical solution algorithms [67—69] must be applied to deter-

mine the reaction rates and species concentrations.

2.5 Turbulent Combustion

Combustion is almost always modeled in CFD codes and its participation in the con-
servation equations of the reacting flows is appearance of an open term in conservation
of the chemical species mass fraction (Eq.2.3) and energy (Eq.2.5). This is because
combustion takes place by breaking/formation of chemical bonds in molecular level

and trade of electron between fuel, oxidizer, and numerous intermediate species and
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2.5. Turbulent Combustion

generally CFD is not developed for such scales. This is why combustion appears as
an open term due to not solving the chemistry in molecular scales. Combustion Clo-
sure can be considered as the most important task of combustion models which directly
affect temperature rise and emission formation/destruction processes. As discussed be-
fore, addition of turbulent flow effects will generate wide range of physical time and
length scales and in case of reactive flow these should also be considered together with
chemical time scales [70]. Chemical processes cover time scales from nanoseconds to
seconds and care must be taken in mathematical modeling in terms of chemical time
scale to resolve the chemistry of reacting flows with a reliable description of the en-
tire process. This is because phenomena such as ignition, extinction, and pollutant
formation (/NVO,, soot, Unburned Hydro Carbons, UHC) are kinetically controlled and
oversimplified chemical schemes are not able to capture these processes efficiently. It
has been observed [71, 72] that some chemical reactions are very fast that some chem-
ical species in the reaction system are in a quasi steady state. Comparing the time
scales of the chemical reactions with the typical physical time scales (turbulent mixing,
molecular transport, residence times) in Fig.2.2, it can be observed that the chemical
time scales span typically a much larger range. As only the time scales of similar order
couple, it is needed to decouple the fast chemical time scales by assuming them to be

in steady state and the slow ones by assuming that they are frozen [70].

chemical time scales physical time scales

slow time scales 10" s
1072 s
flow
_ transport
1074s turbulence
5
fast time scales 107s
steady states —
partial equilibria
1078 s

Figure 2.2: Schematic representation of the time scales governing chemically reacting flows [70]
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2.6 Approaches to Turbulent Combustion Closure

Mixing of the fuel and oxidizer down to the molecular level is a perquisite of combus-
tion. Here, turbulence can accelerate this mixing process and enhance the combustion
and at the same time generated heat can strengthen flow instabilities and rapid develop-
ment to the fully turbulent flow. Modeling of the turbulent combustion is mainly based
on state of air-fuel mixing, turbulent length scales, and flame thickness which can result
in different modes and regimes of turbulent combustion. Combustion closure is done
by the main outcome of the combustion models, reaction rates, which will update the
conservation equations. Now due to differences in the combustion modes and regimes,
appropriate combustion closure must be applied for a typical reactive flow configuration
to ensure reliable predictions. Based on state of air-fuel mixing, turbulent combustion
can be classified into three main categories of: Premixed turbulent combustion, non-

premixed turbulent combustion, and partially premixed turbulent combustion.

2.7 Premixed Turbulent Combustion

Flame is usually divided into a preheat zone, an inner layer, and an oxidation layer as
shown in Fig.2.3 [25,73]. Unburned gas is first preheated in the preheat zone where
little heat is released. Inner layer contains the thickness in order of ¢ times thinner than
the preheat zone where chemical reactions and fuel consumption mainly occurs in this
layer. In case of turbulent conditions, turbulent eddies penetrate into the inner layer
and mixing, heat conduction, and radical diffusion will be enhanced. Nevertheless, by
further increasing the transport of heat and radicals above their production, flame can

be extinguished.

An important length scale in laminar premixed flames is the characteristic flame

thickness, [, defined by:

lp = M (2.25)

(ps7)u

where A is heat conductivity and c, is the heat capacity at the inner layer temperature

1, and p and s are the density and laminar burning velocity in the unburned gas.
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Figure 2.3: Schematic illustration of the structure of a premixed methane-air flame [25]

2.8 Regimes of Premixed Turbulent Combustion

By definition of number of non-dimensional numbers premixed turbulent combustion
can be classified into four regimes [25]. Damkohler number, Da, is defined for the
largest eddies and corresponds to the ratio of the integral time scale, 73, to the chemical

time scales 7,.:

T lt/ul(lt) (2.26)

Da =t —
“ Te d/s9

Karlovitz number, Ka, which measures the ratio of the flame thickness to the Kol-

mogorov scale:

Ka = = (2.27)

2
and Kas = 717—52 measures the ratio of the thickness of the inner layer to the Kolmogorov
scale. Using these numbers premixed turbulent combustion regimes can be shown in

the Fig.2.4 as proposed by Peters [25].
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Thickened flame
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Figure 2.4: Premixed turbulent combustion diagram proposed by Peters: combustion regimes are

declared in terms of length (1;/8) and velocity (u'/s}) ratios (log-log scale). [25]

Identifying the regime(s) which the reacting flow is located is the basis of model de-
velopment. Among combustion models of premixed turbulent combustion, G-Equation
model [74-76] and flame surface density model [77-79] can be named. Combustion
closure in premixed turbulent combustion utilizes laminar and turbulent flame speed as
flame is propagating in premixed combustion mode. This is not discussed in the thesis
as the focus is on non-premixed turbulent combustion of Diesel engines. Combustion

models of Diesel engines will be represented in Chapter 3.

2.9 Non-premixed Turbulent Combustion

Due to safety issues and eliminating unwanted ignition and propagation speeds of pre-
mixed combustion, it is applicable to mix fuel and oxidizer while combustion. Non-
premixed turbulent combustion is the main combustion mode which is applied in ma-
jority of industrial configurations such as furnaces, gas turbines, Diesel engines and
etc. Non-premixed combustion is sometimes called diffusive combustion or combus-
tion in diffusion flames since diffusion is the rate controlling process. The time needed
for convection and diffusion, both being responsible for turbulent mixing, is typically
much larger than the time needed for combustion reactions to occur. Comparing to
the premixed combustion, modeling non-premixed turbulent combustion meets addi-

tional difficulties. Non-premixed flames do not propagate and located where the fuel
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2.10. Regimes of Non-premixed Turbulent Combustion

and oxidizer mixed properly and gas temperature is high enough to provide sustainable
combustion. However, as there is no flame propagation, non-premixed turbulent flame
is more sensitive to turbulence and is unable to impose its own dynamics to the flow
field. Figure 2.5 below represents conceptual model for combustion of liquid spray at

the sequence of fully established diffusive flame [80, 81].

high particle concentration

hot air
895 K ~2700 K
liquid fuel ~ 350K C
—tml
: CO, & H,0
products of rich NO,

_ combustion CO,
B :ﬁt-o{; > HC & particles

eng
'I;IJZL::gtration rich premixed combustion

depth A =0.25

Figure 2.5: Conceptual model for Diesel spray combustion under fully established diffusive flame
phase. [25]

2.10 Regimes of Non-premixed Turbulent Combustion

Compared to the premixed turbulent combustion, there is no intrinsic regime classifi-
cation for non-premixed turbulent combustion. This is mainly due to the fact that there
is no inherent length scales in non-premixed turbulent combustion and they strongly
depend on flow conditions [14]. In non-premixed combustion, flame structure and the
combustion regime depend on chemical characteristic time, 7.. For fast chemistry (low
T. values and large Damkohler numbers), the flame is very thin and can be consid-
ered to be a laminar flame element, flamelet. By further increasing chemical time,
laminar assumption for the flame is no longer valid and unsteady effects are expected
where for low Damkohler numbers, or large chemical times, extinction occurs. Simple
representation of different regimes in non-premixed combustion can be considered by

description based on two characteristic ratios:

e Damkohler number, D, = 7;/7., as time ratio which corresponds to Damkohler

number in premixed combustion.
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e Length scale ratio [;/l; where [; is integral length scale and [, is diffusive thick-

ness. As lg =~ ny, /1y ~ Ret3 /* Where Re; is turbulent Reynolds number.

Constant Damkdohler number D/ is for the line of slope 1/2 in log-log (Dg,Re;) di-
agram. If the chemistry is fast, the flame is expected to be laminar flame (LF) and

extinction occurs for large chemical times when D/! < D¢*! as shown in figure below:

Da

Laminar

Extinction

1 Re¢

Figure 2.6: Regimes of non-premixed turbulent combustion [25]

In practical non-premixed combustion configurations, the time needed for convec-
tion and diffusion which are responsible for turbulent mixing, is typically much larger
than the time needed for chemical reactions to occur. The assumption of infinitely fast
chemistry or local chemical equilibrium therefore appears to be appropriate. It is an as-
sumption that introduces an important simplification, since it eliminates all parameters
associated with finite-rate chemical kinetics from the analysis. Nevertheless, unsteady
flamelets and extinction can occur in specific conditions. Burke and Schumann [82]
used the fast chemistry assumption to predict global properties such as the flame length
of a jet diffusion flame. Essential feature for their formulation of diffusive combus-
tion is the introduction of a chemistry-independent variable, conserved scalar, called
the Mixture Fraction, Z. Derivation of mixture fraction is not repeated here and reader
can refer to a review of the conserved scalar approach by Bilger [83]. All scalars such
as temperature, chemical species concentrations, and density are then uniquely related
to the mixture fraction by transformation of coordinates from physical space (X, t) to

mixture fraction space (Z, 12, y3,t) as schematically illustrated in Fig.2.7.
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z gradient
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Tangent plane to
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Figure 2.7: Transformation of coordinates from physical space to mixture fraction space [25]

where v, and y3 are spatial variables in planes to iso-Z surfaces. These terms, gradi-
ents along the flame front, compared to the terms normal to the flame, gradients along
Z [21,25].

Figure below illustrates the diffusive flame structure for Burke and Schumann so-

lution of irreversible infinitely fast chemistry for temperature, fuel, and oxidizer mass

fractions.
Tad
Equilibrium Iinesl
Temperature
TOO
TEO
Mixing line F
0 Zst 1 z
Equilibrium lines 7=
Fuel mass Mixing line
fraction
0 Zst 1 z
Mixing line
Y0
Equilibrium lines
Oxidizer mass
fraction

0 Zst 1 z

Figure 2.8: Diffusive flame structure for Burke and Schumann solution of irreversible infinitely fast
chemistry (equilibrium lines) in conjunction with pure mixing (mixing line) without chemical

reactions [82] gray areas in the diagrams represent possible thermodynamic states [25].
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However, in turbulent flows it is possible that local diffusion time scales are not so
large compared to the time scales of chemical reactions. The fast chemistry assump-
tion is then not valid and non-equilibrium effects must be taken into account. Further
reduction of diffusion time scales leads to lift-off and eventually blow-off of the en-
tire turbulent flame. For finite rate chemistry, the chemical time, 7., is comparable to
flow time scale, 7y and D;' takes finite values. Practically, chemistry effect are only
important where reaction occurs and outside of this region combustion is zero and all
the concepts developed for infinitely fast chemistry apply. Hence, Z diagrams of tem-
perature, fuel and oxidizer mass fractions are only affected in the vicinity of the flame
front which is mixture fraction values close to the stoichiometric mixture fraction, Zg;.

Figure 2.8 can now be modified to consider finite rate chemistry effects:

Equilibrium lines

Temperature

+ TFO
Mixing line F
0 zet ! ‘
Fuel mass Equilibrium lines YEO
fracti
raction Mixing line
1
0 Zgt 1 z
Oxidizer mass Mixing line
fraction Yo?

Equilibrium lines

0 Zst 1 z

Figure 2.9: Diffusive flame structure for finite rate chemistry for temperature and fuel and oxidizer

mass fractions [25]

Mathematical framework for application of these concepts in terms of combustion
models for non-premixed and partially premixed turbulent combustion will be dis-
cussed in §3.2.2.
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2.11. Partially Premixed Turbulent Combustion

2.11 Partially Premixed Turbulent Combustion

As is has been discussed, state of air-fuel mixing can experience two extreme condi-
tions of premixed and non-premixed mixtures. In practical configurations, however,
this often lies somewhere between the extremes. If fuel and oxidizer enter separately,
but partially mix by turbulence, combustion takes place in a stratified medium, once
the mixture is ignited. Such a mode of combustion has traditionally been called par-
tially premixed combustion which can be seen in gas turbines, Gasoline Direct Injection
(GDI) engines, and Diesel engines. In CI Diesel engines, non-premixed turbulent com-
bustion is affected and controlled by ignition sequence and then premixed combustion
phase. During the ignition delay time, stratified charge of air-fuel mixture is formed
and then burnout of the partially premixed part of the charge occurs essentially by
flame propagation normal to the iso-mixture fraction surfaces. This will be discussed
in the next section of combustion phasing in high pressure reacting sprays. More in
Diesel spray combustion, flame lift-off and stabilization mimic characteristics of par-
tially premixed turbulent combustion. Domingo and Vervisch [84] suggest that triple
flame propagation through a stratified mixture is an important mechanism in the early
phase of combustion in a Diesel engine. This phase is often referred to as the premixed
combustion phase. Triple flames are a key element of partially premixed combustion.
If a range of the mixture fractions Z,,;, < Z < Z,,4, €Xists in a partially premixed field,
and the stoichiometric mixture fraction lies between these limits, flame propagation
generates a flame structure called a triple flame. Schematic of triple flame in partially

premixed combustion is shown in Fig. 2.10 below:

Lean Premixed

Premixing Zone Combustion

Diffusion Flame

Rich Premixed

Z>0 Combustion

Lift-off Length

Figure 2.10: Schematic representation of a lifted triple flame in partially premixed combustion

Whether triple flames are effective in stabilization mechanisms of a non-premixed

combustion is a controversial issue. Nevertheless, DNS simulations of Domingo and
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Vervisch [84] show that triple flame like structures are found in the stabilization regions
of turbulent lifted flames. In case of Diesel high pressure spray flames, stabilization
maybe insured by the ignition process within the premixing zone in the Fig. 2.10.
Extensive discussions on propagating characteristics of lean/rich premixed flames in

partially premixed combustion can be found in [25].

2.12 Combustion Phasing in High Pressure Reacting Sprays

In case of reacting sprays such as Diesel engines, air-fuel mixing and combustion inter-
actively govern the ignition and combustion. Presence of dense liquid prays in Diesel
engines adds in number of physical processes: primary/secondary breakup, atomiza-
tion, evaporation, and mixing before/while heat release history. Heat Release Rate
(HRR) diagrams provide useful information for combustion phasing of reacting sprays.
For instance, a typical HRR diagram for a Diesel engine is illustrated in Fig.2.11 versus
engine Crank Angle Degree (CAD) and it can be considered to undergo three combus-
tion phases after the ignition sequence. Ignition and combustion phases of high pressure

reacting sprays will be discussed in the following sub-sections:

]
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Figure 2.11: Typical HRR diagram for Diesel engine combustion with ignition time and premixed

combustion, diffusive combustion, and chemically controlled combustion phases.

2.12.1 Ignition

After initiation of the injection process, liquid fuel droplets undergo a number of physi-
cal processes: breakup, atomization, vaporization, and mixing with oxidizer and create
layers of mixture fraction with different magnitudes. It should be noted soon after initi-
ation of the injection process, all mentioned processes take apart almost simultaneously

together with ignition and combustion. Liquid fuel droplets have different momentum
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where earlier injected droplets downstream of the injection axis possess small veloc-
ities and their motion can be affected by gas flow, whereas newly injected droplets
contain higher velocities and their motion is almost unaffected by turbulent gas flow.

This behavior can be characterized by Stokes Number [85]:

St = tu/t (2.28)

where ?, is droplet vaporization time scale and ¢; is integral time scale in mixing
layer of large turbulent vortices ¢, = [ /u. As depicted in Fig. 2.12, droplet motion with
a high Stokes number is not affected by turbulent vortexes and in near unity Stokes
number droplet motion is getting to be under control of turbulent vortexes and in a low

Stokes number droplet motion is governed by turbulent vortexes.

Vortex structure | St<<1

) [njcction Sto> 1

Figure 2.12: Schematic motion of liquid droplets (dashed curves) based on their Stokes number in

turbulent gas flow.

For ignition of a liquid droplet based on its Stokes number three different outcomes
are possible. For S#>>>1, the droplets on the spray side of the mixing layer are insen-
sitive to the velocity perturbations induced by the large vortical motion and therefore
continue in straight trajectories. In this condition, the droplets remain surrounded by
the cold gas, thereby hindering droplet vaporization, Fig.2.13 (b). An increasing inter-
action of the droplets with the turbulent eddies occurs as the Stokes number decreases,
with droplet dispersion becoming optimal for St=1 the droplets are ejected from the
spray side through the high strain regions, resulting in non-uniform droplet distribu-
tions (Fig.2.13(c)) [85]. This droplets cross the mixing layer and vaporize on the other

side surrounded by hot air and form reactive pockets.
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(@)

)

Figure 2.13: Schematic of mixing layers in reactive liquid sprays based on small (a), large (b) and near

For St<1, the droplets behave as flow tracers and become entrained in the large scale
turbulent eddies, where they come into contact with the hot gas, thereby promoting va-
porization and ignition of the fuel spray in the resulting mixing layers (Fig.2.13(a)).
Ignition then occurs in regions with low scalar dissipation rate with Most Reactive Mix-
ture Fraction which will be defined later. As injection goes on, premixed or partially
premixed air-fuel mixtures are exposed to the hot combustion chamber gas and con-
dition for ignition or sometimes called auto-ignition will be provided. Ignition and

extinction are important limit phenomena in combustion theory and their states were

conventionally defined as
2.14.
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the turning points on the S-curve diagram as shown in Fig.

upper branch: strong flames

Extinction K_/—
State, E =

\

\\ middle branch:

\\ physically unstable
Y

A
N
N
N
N\

\\/

Ignition

lower branch: state, |

weakly reacting

Residence time or Damkohler number

Figure 2.14: Folded S-curve diagram for ignition and extinction states [86].
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The upper and the lower branches of this diagram are known to be stable where the
upper branch indicates strongly burning flames and the lower branch indicates weak
reactions, and the middle branch is known to be unstable states which experimentally
cannot be obtained. The upper turning point is considered as the extinction state of
strong flames as a strong flame cannot be sustained with further reduced Damkohler
number or residence time. Similarly, the lower turning point is known as the ignition
state since the steady state solution will jump to the upper branch with further increased
Damkohler number or residence time. Shan and Lu [86] showed that for hydrocarbons
with two stage ignition this curve is in the shape of two attached S curves with additional

ignition and extinction states as shown in Fig.2.15.
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Figure 2.15: Temperature as a function of residence time (ms) for perfectly stirred reactor simulations

of dimethyl ether-air mixture at pressure of 30atm, initial temperature of 700K [86].

Compared to available literature on occurrence of ignition in gaseous fuel prob-
lems, there is virtually no information on this topic available for sprays. In a turbulent
spray, the fuel evaporation introduces an additional timescale to the problem and the
droplet size and spacing introduce additional length scales [87]. Mastorakos et al. [88]
show that ignition for non-premixed combustion (mixing layer configuration) is ini-
tiated from a mixture fraction called: Most Reactive Mixture Fraction, Zy;r, which
is different from stoichiometric mixture fraction. They also concluded that ignition
occurs in Z);r and where the conditional scalar dissipation rate (will be discussed in

§3.2.2) x|z, is low. In reacting sprays close to the injector orifice, regions with high
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X, large heat losses occur and ignition for Z,;r cannot take place, while further re-
gions with low y will have low heat losses during the ignition delay times. It should be
noted that in the literature different definitions of ignition sequence and the criteria to
its representation are used [87]. Maximum pressure rise, temperature rise or noticeable
production/consumption of specific chemical species or reaching to a percentage of ac-
cumulated heat release are some of criteria to define ignition time. In case of mixture
fraction versus temperature (Z-T) diagram, Mastorakos [87] stated that for hydrogen
non-premixed combustion, increased temperature above the mixing line in conjunction
with noticeable production of H O, can show the time of ignition (Fig.2.16 ). However,
still threshold for ignition remained a vague point and no quantification for either tem-
poral temperature above the initial temperature value or mass fraction of HO, above
the certain value is considered in their study. In prior two dimensional DNS study of
Mastorakos et al. [88] on non-premixed combustion of methane with one-step chem-
istry, Fig. 2.17, it is represented that ignition starts at low scalar dissipation rates from
most reactive mixture fraction, Z,;r ~ 0.13, and later shifts towards the stoichiometric
mixture fraction, Zg;=0.055, during the diffusive combustion. It is also concluded that
for laminar igniting mixing layers, most reactive mixture fraction, Z,,r, only depends

on: the initial fuel and oxidant temperatures and the activation energy.
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Figure 2.16: Mixture fraction versus temperature diagram of hydrogen-air constant-strain mixing layer
with x =20 1/s in time (ms), Zg;=0.127 [87]. Time of t=0.1ms was considered as the time of

ignition.
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Figure 2.17: Normalized temperature, b, above the initial inert value versus mixture fraction from two
dimensional DNS simulation of methane non-premixed combustion with one-step chemistry for
various times. The turbulence timescale, Ty, in the original reference is such that ignition occurs

at about /Ty = 0.78 [88].

Based on this finding, ignition occurs at mixture fractions close to Z;r and then
reaction zone propagates in two directions of lean and rich mixtures fractions. Diffusive
flame will form when the reaction zone ignites the stoichiometric mixture fraction. Two
rich and lean premixed flames at sides of diffusive flame burn with lower reactivity
and as they depart from diffusive flame get weaker and may extinct due to high scalar
dissipation rates and heat rejection or reaching to flammability limits [25].

In order to quantify the value of Z,;, three methods can be applied [87]. First,
homogeneous reactor calculations can be conducted, with initial conditions of species
and temperature corresponding to frozen mixing between the cold fuel and the hot air.

Based on a criteria for the definition of the ignition, a curve for ignition time versus

31



Chapter 2. Fundamentals

applied mixture fractions results in a minimum value. Mixture fraction for the mini-
mum ignition time is Z,r. Second, asymptotic analysis results from Ref. [89] can be
used for constant-strain problems. Lastly, conducting laminar mixing layer simulations
and examine the location where the reaction rate peaks or ignition occurs. This can
provide useful insights later for initiation of the premixed combustion phase which will

be triggered by ignition.

2.12.2 Premixed Combustion Phase

Premixed combustion phase follows immediately after ignition as shown in Fig.2.11.
Injected fuel during the ignition delay time mixes with air in the combustion chamber
and forms a nearly homogeneous and reactive mixture. After ignition, prepared air-fuel
mixture burns very quickly. Since areas with premixed combustion arise in the main
combustion phase as well, this phase is called premixed combustion [90]. The rate
of heat release in this combustion phase is determined by the speed of the chemical
reactions and by the amount of air-fuel mixture formed during the ignition delay. Ad-
vancing injection timing will provide larger amount of air-fuel mixture and once it is
ignited, premixed phase will result in a higher heat release rate. Engine boost pressure
and temperature have direct effect on strength of heat release rate in this phase.

When the 7, is ignited, reaction zone spreads in the stratified premixed mixture
(richer at the core) and as discussed in §2.12.1 reactions proceed both in lean and rich
mixture fractions till all premixed mixture is burned or reaction zone reaches locally
high scalar dissipation rates and possible flame extinction occurs. Hence, generally
premixed combustion phase of turbulent reacting sprays is the time taking for the re-
action zone after igniting in Z),r and burning premixed flammable mixture fractions
(including stoichiometric mixture fraction) and then locate again on the stoichiometric
mixture fraction. This is also believed that this phase has a noticeable effect on diffusive

flame stabilization later on diffusive combustion phase [90].

2.12.3 Diffusive Combustion Phase

In this phase, heat release rate is nearly constant (as represented in Fig.2.11) and con-
trolled by the turbulent mixing processes between the fuel and air and therefore also
is called mixing-controlled combustion [90]. In this phase, injection, spray breakup,

evaporation, mixing with oxidizer, combustion, and pollutant formation all take place
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simultaneously. A diffusive flame is formed around the spray on an iso-surface with a
stoichiometric mixture fraction. Partially oxidized products of the rich premixed com-
bustion such as C'O and the particles move further downstream and are transported into
the diffusive flame, where they are completely oxidized into C'O5 and H5O. Reaction
zone burns with adiabatic flame temperature at the range up to 2700K for commonly
used hydrocarbon fuels. Due to the high temperatures, NO, is formed on the lean side
of the diffusive flame. Near the injector nozzle due to high velocities, insufficient mix-
ing, and high scalar dissipation rates, flame cannot be formed but further downstream
these effects are mitigated and self sustaining reactions can take place and diffusive
flame establishes itself. The axial distance between the nozzle orifice and the diffusion
flame is called the lift-off length and is an important property of a Diesel flame with
regard to soot formation [91]. This phase continues a little bit more than end of in-
jection (see Fig.2.11) as last liquid fuel droplets undergo the breakup and vaporization

processes.

2.12.4 Chemically Controlled Combustion Phase

A little time after end of injection no additional momentum is added to the spray by
the injection. In this phase, flame structure evolves into a pocket of rich premixed
products surrounded by a diffusion flame. The exact properties of this zone depend
on the injection system. If the nozzle needle closes very quickly, then the last fuel
parcels still have high speed, so that they follow very similar combustion sequence as
in diffusive combustion phase. On the other hand, a slow closure of the needle leads
to low speeds of the last fuel particles with low mixing with oxidizer and consequently
increased formation of soot emission. As this phase mainly occurrs while the engine is
in the expansion stroke, combustion chamber temperature is lowered and the reaction
rates go down with longer chemical time scales so that combustion is chemically con-
trolled again. This phase is of extreme importance for final emission levels such as the
oxidation of the previously formed C'O and soot, of which over 90% is decomposed

again [91].
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CHAPTER

Turbulent Non-premixed and Partially Premixed

Combustion Modeling: Theory and Formulation

In this chapter modeling approaches and their formulation for combustion closure of
turbulent non-premixed and partially premixed combustion will be discussed. Detailed
understanding of the assumptions, capabilities, and limitations of the applied models is
necessary to obtain reliable and valid results from reacting spray simulations. It should
be noted that focus has been given to combustion within CI Diesel, HCCI, and PPCI
engines and not to propagating flames as of SI engines. State of the art on modeling
reacting sprays and combustion configurations under non-premixed and partially pre-
mixed combustion regimes will be discussed next. Moreover, extensive explanations of
the applied combustion models for the results section of the thesis (Chapter 5, 6, and 7)
will be provided.
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3.1 State of the Art on Simulation of Reacting Sprays

The way to tackle the problem of non/partially premixed turbulent combustion of react-
ing sprays can be categorized in a number of perspectives as they include wide range of
time and length scales. It has been discussed before that applying spray of heavy hydro-
carbons under reacting conditions will introduce wide range of chemical (due to large
number of chain branching reactions and elementary chemical species) and turbulent
(due to high momentum of spray and its interactions with fluid flow) and additionally
liquid droplet evaporation time and length scales.

Turbulence-Chemistry Interactions (T'CI) is an important concept in combustion
modeling of a reactive spray and can divide combustion models which include TCI
and the ones they do not. For instance, there is no TCI considerations in Well-Mixed
(WM) combustion models and in these models it is assumed that fuel, oxidizer, and
possibly products are fully homogeneous in each CFD cell. Although each CFD cell
can exchange momentum, chemical species, and heat with the neighbor cells, calcula-
tion of the combustion source terms (based on global reactions or chemical kinetics)
for the update of the conservation equations is performed for the full homogeneous
composition of a typical cell. Despite the fact that models without considering TCI,
possess less physics for turbulent mixing, they have extensively used in Diesel combus-
tion simulations [35,92-97]. On the other hand, a number of models developed with
considering TCI effects. Transported Probability Density Functions (TPDF) [98—103]
and Representative Interactive Flamelet (RIF) [35, 104—107] models were formulated
to include TCI effects. Both methods were applied in simulations of reactive sprays and
enhanced numerical results for Ignition Delay (ID) and Length of flame Lift-off (LOL)
were reported comparing to the models without TCI.

Other classification of the combustion models can be based on how the chemistry
is treated while solving for CFD. So-called on-the-fly chemistry models, are the mod-
els which combustion source terms (either with TCI or without TCI considerations)
are calculated (by solving system of stiff ordinary differential equations) in a typical
CFD time-step and update the conservation equations at the end of time-step. Tabulated
chemistry is an alternative way to include chemical kinetics mechanism with noticeably
lower computational costs. The main difference here is that combustion source terms
in the conservation equations were not calculated while solving for CFD and instead,

state of thermodynamics of the reacting mixture in a time-step is read and updated from
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previously generated tables by definition of a transported parameter so-called progress
variable [108—114]. In this context, progress variable is the link between fluid flow
calculation and tabulated chemistry (flamelet look-up tables) and needs comprehen-
sive definition, transport, retrieval, and utilization. Failure in all mentioned concepts of
progress variable, will result in wrong determination of thermodynamic state of reactive
fluid flow and results with unphysical meanings. There is a need to store needed data
of chemistry in the flamelet tables which will be later read by CFD solver to update the
thermodynamic state by the link of progress variable [115]. Definition and utilization
of the progress variable is not unique and straightforward, however, as [hme et al. [116]
stated, the choice of a suitable progress variable should be guided by the following
principles: a) Being able to be transported within the CFD domain. b) The reactive
scalars used for its definition, should all evolve on comparable time scales. ¢) Genera-
tion of flamelet tables should be based on independent parameters. and d) Mentioned
independent parameters should uniquely characterize one point in the thermo-chemical
state-space. There have been different methodologies on generation of flamelet tables
such as: Flamelet Prolongation of ILDM (FPI) [117], Flamelet generated Manifold
(FGM) [112], and Perfectly Stirred Reactor (PSR) [118] and the aim of all these meth-
ods is to determine source of progress variable which will be later used to update its
transport equation. There has been also a number of different methods for progress
variable definition which can be enthalpy or chemical specie based.

Models for combustion of a typical reactive flow configuration can be selected and
used based on their applicability, reliability, and range of accuracy. Models such as
TPDF although provide more accurate results due to detailed considerations of the
physical phenomena, are tangibly more time-consuming and demand high computa-
tional times. On the other hand, detailed observation of transient phenomena such as
ignition, re-ignition and quenching require comprehensive models and detailed insights

cannot be achieved by simplified models.

3.2 Applied Non-premixed and Partially Premixed Turbulent Combus-

tion Models

In this section extensive explanations of the applied combustion models will be dis-
cussed. Results of these models will be presented for the combustion of reactive sprays,
Diesel, HCCI, and PPCI engines in Chapters 5, 6, and 7.
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3.2.1 Multi-Zone Well-Mixed Chemistry Model

MZWM model is based on Well-Mixed combustion model which treats each CFD cell
as a closed homogeneous reactor and computes the chemical species reaction rates ac-
cordingly. Temperature, pressure and the chemical composition of the each cell are
passed to a stiff ODE solver to integrate and calculate w; (Eq. 2.21) during the given
time-step to update combustion source terms in species mass and energy conserva-
tion equations. Although TCI is not considered in the MZWM model, when applied
to Diesel combustion it provides a reasonable estimation of ignition time and burn-
ing rate during the premixed combustion phase, as shown in [119-121]. This model
is flexible with respect to the applied combustion mode but the main drawback of the
WM model is represented by the need to employ an operator splitting technique for the
computation of the chemical reaction rates. It requires integrating the species equations
using a stiff ODE solver. This aspect represents a large computational overhead and
makes this model unsuitable for multi-cycle engine calculations. Different solutions
proposed over the years to reduce the computational time including on-the-fly tabula-
tion and mechanism reduction techniques such as in-situ adaptive tabulation, dynamic
adaptive chemistry and multi-zone chemistry [122—125]. Multi-Zoning approach will

be discussed next.

Zoning Strategy

Computational efficiency is achieved by utilizing the multi-zone chemistry approach
originally presented in [126]. According to user-specified tolerances, zones are created
by clustering CFD cells with similar temperature and progress equivalence ratio. The
number of zones dynamically varies during the simulation, to properly account for
temperature and mixture distribution inside the combustion chamber. Chemistry is
then integrated only once per zone and reaction rates are mapped back to the CFD
domain by employing a technique which preserves local cell composition and chemical
elements. Zones are divided based on temperature and the progress equivalence ratio of
the cells. The progress equivalence ratio ¢, is chosen to account for both composition

and combustion progress effects. ¢, is defined as:

H#
207, 4 =20
—C02 2 (3.1)

7
O—COQ—HQO

¢p:

where first term in the numerator is the number of carbon atoms without C'O,, sec-
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ond term is number of hydrogen atoms without H,O and denominator is number of
oxygen atoms without CO, and H,O. Resolutions of 5K and 0.05 are considered to

divide zones and cluster the CFD grids for temperature and ¢,, respectively.

Mapping Strategy

Chemistry is solved in each zone and, accordingly, reaction rates are computed for each
one of them. Mapping back reaction rates to any computational cell is not straightfor-
ward and must be conservative with respect to the chemical elements. The mapping
strategy proposed by Babajimopoulos [127] was used. It is based on the "ch” value of

the individual cells in the zone which is defined as:

H*
cheen = 207 0, + THO 3.2)

The "ch" value is calculated for all of the individual cells and the zones before the
start of chemistry calculations on the zones. The sum of all the "ch"” values of the
individual cells ("ch.; ") in a particular zone will be equal to the "ch” value of the zone
(”Ch/ZOTLB " :

Chcell .

wj,cell = h Wj, zone (33)
zone

Operation of the multi-zone chemistry is summarized in Fig. 3.1

®| State at time t for the CFD domain

U

CFD cells grouped into T-¢ zones

L

Zone temperatures, pressures and
compositions computed as the

average of cells within each zone

Each zone reacts as a single zone
constant pressure chemical reactor
for the time step interval At

t = t+At

Reaction rates mapped back to the
CFD domain in a consistent way

Solution of mass, momentum,
species, energy, pressure and
turbulence transport equations

Figure 3.1: Flowchart of the MZWM model [126].
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3.2.2 Multiple Representative Interactive Flamelet Model
Laminar Flamelet Approach

The flamelet approach is based on two principles. One is the use of the conserved
scalar, mixture fraction Z, and the other is the transform of coordinates from physical
space and consider the turbulent combustion characteristics in reaction space. In the
flow field, conserved scalar, Z, is used to account for the turbulent mixing between
the vaporized fuel and the oxidizer streams. Meanwhile, reaction, diffusion, and mass
fraction change of chemical species are determined in the reaction space for different
values of Z. This was also discussed in §2.10. Derivation of the governing equations in
the physical space and the reaction space will be discussed following the approach of

Peters [25].

Physical Space: Conserved Scalar Variable

In non-premixed turbulent combustion system, the fuel and the oxidizer are separately
introduced into the combustion chamber where they are mixed. The level of mixing
between the fuel and the oxidizer can be described by introducing a conserved scalar
variable as discussed in Chapter 2. The conserved scalar variable (for instance mixture
fraction in this thesis), as its name implies, does not vary due to chemical reaction.
This characteristic enables to use a conserved scalar to track mixing between fuel and
oxidizer regardless of reaction. Hence, local chemical composition can be estimated
from the Z field in the physical space, assuming that its sub-grid distribution can be
represented by a 5-PDF. To this end, transport equations for both Z and its variance
need to be solved, accounting for spray evaporation effects [128]. In this work, the

approach proposed by Hasse was followed [129]:

@ — V. (%sz) + 8 (3.4)
@:v. <ngv Vﬁ) +235L IVZ|> = px (3.5)
z'"2 Z'"2

where Sc; and Scé,v,2 are constants and set to 0.9 as suggested in [130]. S is the liquid
mass evaporation rate per unit volume. Generation of mixture fraction variance is due

to strain rate while the sink term appearing in Eq. 3.5 is the average scalar dissipation
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rate, which is function of the turbulent time scale and mixture fraction variance:

Y = CX%BTQ (3.6)
where the constant C', was set to 2 in the thesis. Scalar dissipation rate is a key element
in non-premixed turbulent combustion and has the significance of an effective diffusion
in the mixture fraction space and is responsible for so-called flame stretching effects,
1.e. laminar flow equilibrium between diffusion and reaction. It has the dimension of an
inverse time and therefore represents the inverse of a diffusion time scale. In principle,
both the mixture fraction, Z, and the scalar dissipation rate, y, are fluctuating quanti-

ties and their statistical distribution needs to be considered, if one wants to calculate

statistical moments of the reactive scalars [25].

Reaction Space: Flamelet Equations

Reaction space in MRIF model is based on the laminar flamelet concept, assuming
that the smallest turbulent time and length scales are much larger than the chemical
ones and there exists a locally undisturbed sheet where reactions occur [131]. This
sheet can be treated as an ensemble of stretched counter-flow diffusion flames, called
flamelets. The advantage of such treatment is that all reacting scalars only depend on
the mixture fraction variable, Z, which is related to the local fuel-to-air ratio for non-
premixed combustion. In order to properly account for local flow and turbulence effects
on the flame structure and predict flame stabilization, a multiple number of flamelets
can be used. Each one is representative of a certain portion of the injected fuel mass,
and chemical composition in each cell is computed from mixture fraction and flamelet

marker distribution as follows:

Ny 1 .
Y (@) =3 M / Y, (Z2) P (Z, Z”2> iz (3.7)
j=1 0
For each flamelet marker, M/;, the following transport equation is solved:
2\h) Gl V(v ) = 3.8
o+ () =S oy

where the source term S M, corresponds to S only for a specified interval of the injection
duration, while it is zero elsewhere. Flamelet markers must also satisfy the following

relation:

Ny
Z=Y M, (3.9)
j=1
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Where N is the number of considered flamelets. The local flame structure is defined
by the flamelet equations that are solved assuming unity Lewis number [132] in the

reaction space:

oY, x. 0%, |
P =Py o t (3.10)
Oh, x= 0%h,

where Y] is the mass fraction of the species 7, p is the density, Z the mixture fraction,
w; is the chemical source term of species ¢, h, the sensible enthalpy and ¢, the heat
released by the chemical reactions. Eqns. 3.10 - 3.11 are solved in the flamelet space
with a 1-D mesh with the finite volume method, by employing a stiff ODE solver to
properly compute w;. Effects of mixing related to turbulence and flow-field are grouped

into the scalar dissipation rate term Y, expressed as:

_— 12
Xz = Xst,jf (Zst) (312)

f (Z) has an erfc-profile [133], while scalar dissipation rate at stoichiometric mixture

fraction conditions Y, for each flamelet is computed as an average of the local values

in each CFD computational cell:

= _ M;X25pP (Z) AV
St?j - ~
fv JXit/? P(Zg)dV’

where P is a -function, whose parameters depend on mixture fraction and its vari-

(3.13)

ance. In each cell x;,; is computed following the Hellstrom formulation [134]:

X

Xstl = 1 1(2) 1
fo F(Zst) Z)dz

(3.14)

In such a formulation, TCI is embedded in sub-grid scale mixing and reaction of
the fuel and oxidizer which is not considered in the MZWM model in §3.2.1. Fig. 3.2
summarizes the operation of the MRIF combustion model, illustrating the mutual inter-
actions between the physical space and the reaction space. At each time-step, average
stoichiometric scalar dissipation rate values are passed to each flamelet, that solves
Eqn. 3.10-3.11 accordingly. The chemical composition in the physical space is com-
puted from the mixture fraction, its variance and the flamelet marker distribution. Tem-

perature is updated from new chemical composition and total enthalpy, whose variation
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is only due to flow and spray evaporation. For further information, the reader is referred

to [135].
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Figure 3.2: Flowchart of MRIF model: interaction between flamelets and CFD domain.

Discussed MZWM and MRIF models were applied as combustion models for reac-

tive spray configurations of Chapters 5 and 6 and LTC modeling in Chapter 7.
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CHAPTER

Non-Reacting Simulations and Air-Fuel Mixing

Accurate non-reacting liquid spray modeling is a demanding requirement of reactive
simulations in constant volume vessels and CI Diesel engines configurations. Hence,
non-reacting characteristics of liquid and vaporizing sprays should be closely evaluated
with available experimental data. This is because reacting and combustion characteris-
tics such as ignition and flame lift-off are directly affected by state of liquid fuel spray,
breakup, atomization, vaporization and air-fuel mixing. Initiation of these processes is
mainly due to high drag forces on liquid phase of the spray with high momentum. Aero-
dynamic forces result in growing of waves on the gas/liquid interface or of the whole
droplet itself, which finally lead to disintegration and formation of smaller droplets.
These droplets are again subject to further aerodynamically induced breakup [136].
Surface tension force on the other hand, tries to keep the droplet spherical and coun-
teracts the deformation force. It depends on the curvature of the surface: smaller the
droplet, bigger the surface tension force which leads to an unstable droplet deformation
and to disintegration. This behaviour is expressed by Weber number which is the ratio

of aerodynamic and surface tension forces:
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We, = (pg-u2,;.d)/o (4.1)

where d is the droplet diameter before breakup, o is the surface tension between
liquid and gas, u,; 1s the relative velocity between droplet and gas, and p, is the gas
density. For the discussion on the mathematical formulation of the governing sub-
models see [38,136].

4.1 Liquid and Vapor Penetration Length

Liquid and vapor penetration length are key parameters to ensure that LDEF simula-
tions provide expected results for liquid spray and evaporated spray penetrations. In

this thesis numerical thresholds for these parameters are considered as below:

e Liquid Penetration Length: Maximum distance of a Lagrangian parcel which

has 95% mass of total liquid mass in a particular time-step.

e Vapor Penetration Length: If in a CFD cell, mixture fraction, Z, is larger than
0.001, maximum distance from the injector nozzle to the cell center fulfilling this

threshold is considered as vapor penetration length.

4.2 Effects of Grid Alignment

Flame structure and pollutant formation in conventional and advanced combustion
modes in Diesel engines are mainly determined by the characteristics of spray evolution
and air-fuel mixing processes. Many efforts were carried out in order to improve avail-
able turbulence and spray models in CFD codes. However, enhancements in physical
modeling can be drastically affected by how the CFD grid was structured. Grid quality
can negatively influence the prediction of the organized charge motion structures, tur-
bulence generation and interaction between in-cylinder flows and injected sprays. This
was even more relevant for applied modern strategies in DI engines, where multiple
injections and control of charge motions were employed. The first requirement for ac-
curate DI engine simulations is the capacity to well describe fuel spray processes. As
it was discussed before, liquid fuel sprays have been widely simulated by the use of
LDEF with proper coupling of these two approaches. In Eulerian-Flow field point of
view, further refinements in the size of a computational grid is desirable due to more

accurate calculations of discretized differential equations and better resolved spatial
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gradients of the flow quantities. However, here accurate spray simulations would not
necessarily be resulted by applying finer grids due to inadequate space resolution of the
velocity, temperature and vapor concentration of the fluid flow in the Eulerian phase.
This hinders accurate Eulerian flow calculations in the vicinity of the injector nozzle
where very high velocity and density gradients were presented. Introduced numerical
diffusion by applying coarse and misaligned grids would be the main reason on inaccu-
rate liquid and vapor penetrations and poor modeling of air-fuel mixing, no matter how
accurate turbulence and spray sub-models were considered. By the experiments it has
been known that high pressure Diesel spray has a conical morphology during its evo-
lution, although it can be partially or fully deviated by engine swirl and counter squish
flows of the piston bowl [137,138]. Alignment of the computational mesh on the spray
pattern can then ensure realistic spray mixing and morphology. Jing et al. [139] inves-
tigated the effect of three different combustion chamber geometries on combustion and
emission characteristics of a DI Diesel engine. Spray oriented computational grid were
generated to gain better accuracy of spray and combustion simulations. Similar studies
using spray oriented grids were reported in several researches [140-143]. Imamori et
al. [144] compared effect of polar and non-polar sector meshes on combustion char-
acteristics of a Sandia optically accessible Diesel engine. Polar mesh and non-polar
meshes were refined and higher mesh resolutions showed better agreement in terms of
combustion and emission characteristics with the experimental data. Adaptive Mesh
Refinement (AMR) scheme was used by a number of researchers [42, 145-147] with
the objective to reduce the numerical diffusivity. Lippert et al. [148] performed a com-
prehensive study on momentum coupling of liquid and gas phases enabling accurate
spray liquid penetrations for coarse meshes. They used adaptive mesh refinement on
spray tip penetration simulations but no data was provided for air-fuel mixing and fi-
nal evaporated spray structure by application of AMR. Most of the mentioned studies
were closely examined spray sub-models, phase coupling and effect of mesh refine-
ment on the spray and combustion predictions. However, less attention was given to
the level of accuracy on the moment of final delivery of Lagrangian phase to the Eu-
lerian phase in case of evaporated spray structure and air-fuel mixing. This could be a
critical issue while modeling early injection engine operating modes such as partially
premixed combustion. In such modes by applying coarse cells on axial direction and

non-spray oriented grid alignment, inferior and highly reticulated predictions of the va-
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porized spray structure and very poor modeling of the air-fuel mixing process would
be resulted. This was noticeably far from actual evaporated spray morphology and can
highly affect modeling accuracy of mixing and subsequent combustion and emission
formation simulations. Multi-dimensional engine modeling of partially premixed com-
bustion mode was investigated by a number of studies [149-153]; however, despite
applying very early injections such as -90 CAD ATDC, no attention was given to the
grid alignment and its essential effect on air-fuel mixing.

Aim of the this section of the thesis is to introduce a novel approach base on applying
a conical mesh structure in order to get reliable predictions on air-fuel mixing, equiva-
lence ratio, and scalar dissipation rate distributions within the combustion chamber of

DI Diesel engines.

4.2.1 Numerical Simulation

Multi-dimensional CFD simulations were conducted and LDEF was used in the spray
simulations with proper ’gas-to-liquid’ and ’liquid-to-gas’ coupling sequences. Inter-
polation process at the parcel locations where the gas quantities were estimated was
taken into account in the former sequence. The latter sequence refers to the summation
of the particle source terms in the Eulerian conservation laws. For the detailed descrip-
tions of Eulerian and Lagrangian governing equations, their coupling, discretizations,
and solution approaches the reader was referred to [42, 154]. Although reacting flow
and combustion modeling was not considered in this study, solution of transport equa-
tions for Z as mixture fraction (Eq.3.4) and Z” as its variance (Eq.3.5) was also per-
formed along with mass, momentum and energy conservation equations together with

turbulence (RANS) to evaluate how grid structure might affect the mixing process.

4.2.2 Simulation Case Properties and Mesh Types

In order to show maximum level of agreement between numerical non-reacting sim-
ulations with available experimental data, published experiments of Singh et al. [43]
were used. Four stroke Cummins DI Diesel engine was used where the optical access
to the combustion chamber was provided by an extended piston and flat piston-crown
window and imaging access was provided through one of two exhaust valves in the
cylinder head. Type 2 Diesel fuel has been used in the experiments whose properties

were provided in Table 4.1. Different modes of combustion were investigated by mak-
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ing changes in the extent of dilution and the relative difference between duration of
injection and ignition delay [43, 155]. Two laser beams overlapped and directed in a
form of less than Imm thick laser sheet into the combustion chamber in a way to cap-
ture images from the chamber at a slope of 14° from the fire deck. This angle was the
spray injection angle with respect to the fire deck, so the attempt was to capture the

laser sheet images on the axis of the spray [156].

Table 4.1: Properties of ultra-low sulfur 2007 emissions certification type 2 Diesel fuel [43].

Total aromatics by volume 27%
Olefins 0.5%
Saturates 72.5%
Sulfur (by weight) 9.1 ppm

Distillation temperatures
Initial boiling point 190°C
10% Distillation temperature ~ 212°C
50% Distillation temperature ~ 254°C
90% Distillation temperature ~ 315°C

End point 350°C
Cetane number 46
Specific gravity @ 20°C 0.8426
C/H by weight 6.5
Net heat of combustion 43MJ/kg
Viscosity @ 40°C 2.35¢S

In the present study, mesh generation and multi-dimensional simulations were per-
formed on the engine specifications and experimental case properties listed in Table
4.2 and Table 4.3, respectively. Summary of applied sub-models for the non-reacting

simulations is provided in Table 4.4.

Specifications of four types of computational grids were presented in Table 4.5. Af-
ter grid generation, all meshes were checked on a closed cycle simulations, from IVC
to EVO, to have a same compression ratio as of the Sandia optical engine. Assuming
symmetrical combustion chamber geometry, polar Cartesian 45° sector Coarse Mesh
was generated and periodic boundary conditions were assumed on side faces. Fine
Mesh was simply generated by refining the Coarse Mesh in radial, azimuthal, and axial
directions. These grids were shown in Fig.4.1.a. It was discussed that spray morphol-

ogy can be enhanced by aligning the grids on the spray axis. This approach was used to
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Table 4.2: Sandia optical engine specifications taken from [43].

Engine base type Cummins N-14 DI Diesel
Number of cylinders 1
Combustion chamber Quiescent, DI

Swirl ratio 0.5
Bore x Stroke 13.97 x 15.24cm
Bowl width x depth 9.78 x 1.55cm
Displacement 2.341
Connecting rod length 30.48cm
Geometric compression ratio 11.2:1
Fuel injector, no. of holes Common-rail, 8
Spray pattern included angle 152°
Injection pressure 1200/1600bar
Nozzle orifice diameter 0.196mm
Nozzle orifice, L/D 5

Table 4.3: Properties of the experimental cases for non-reacting simulations taken from Ref. [43].

Low-Temp. Late Inj. High-Temp. Long Ign. Del. Low-Temp. Early Inj.

Engine speed [rpm] 1200 1200 1200
IMEP [bar] 4.1 4.5 39

Injection pressure [bar] 1600 1200 1600
Intake temperature [K] 343 320 363
BDC temperature [K] 351 335 365
Intake pressure [bar] 2.02 1.92 2.14
TDC motored temperature [K] 840 800 870
TDC motored density [kg/m?] 22.5 22.3 229
SOI [CAD ATDC] 0 -5 -22

DOI [CAD] 7 10 7

Injection quantity [mg/cycle] 56 61 56
Os concentration [vol.%] 12.7 21 12.7

generate a polar Spray Oriented Mesh whose total cell count was less than Fine Mesh.
Spray Oriented Mesh was represented in Fig.4.1.a. In order to get much closer to the
conical spray structure, the Conical Mesh shown in Fig.4.1.a was generated. Presence
and geometry of injector in the combustion chamber was also taken into account (red
circle in Fig.4.1.a). A closer view of mesh alignment near the nozzle orifice area was

provided in Fig.4.1.b for the Conical Mesh. In Fig.4.1.a cyan colored parts were the
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Table 4.4: Summary of applied sub-models/calculation schemes and their properties on

multi-dimensional non-reacting Diesel engine simulations

Modeling/calculation of Applied sub-model/scheme Sub-model/scheme properties
Turbulence Standard k-e model Coefficients: C,=0.09, C1=1.44,
C2=1.92, C3=-0.33
Injection Huh-injector model [157] Initial droplet diameter =

nominal orifice diameter, Cy=0.8

Spray atomization Huh-Gosman model [157] Coefficients: C7=2.0, C2,=0.5, C'3=1.0,
C4=3.0, C5=0.6, Weber limit = 40
Spray breakup Kelvin-Helmholtz model [158] Byp=0.61, B;=10, Weber limit = 6
Spray evaporation Spalding [42] D2-law with relaxation times calculated

under standard and boiling conditions
Heat-transfer Ranz-Marshall [42] Semi-implicit method for

solving droplet energy equation

result of splitting the grids on injection axis to show a normal view of the mesh align-
ments in introduced meshes types. It should be noted that during compression and
expansion processes, cells were removed and added in both Coarse and Fine Mesh on
a flat plate over the bowl, whereas in Spray Oriented and Conical Meshes, cell layers
were removed and added on a V shaped surface. Cell add/removal layer was shown
with a yellow line in Fig.4.1.a which for Spray Oriented and Conical Meshes allows
keeping the cells fixed at TDC and compress/expand the cells below them. This is
a noticeable advantage while simulating engine cases with an early injection such as

partially premixed combustion modes or multiple injections.
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4.2.3 Spray Behavior Near the Injector Nozzle

It has been discussed that LDEF approach cannot accurately predict momentum ex-
change between Lagrangian droplets and Eulerian Flow in vicinity of the injector noz-
zle when the Discrete Droplet Method (DDM) was applied. Instead, atomization sub-
models were needed to capture the churning flow very close to the nozzle orifice if
dense spray near to the nozzle was not modeled by means of Continuous Droplet
Method [159]. Huh-Gosman injector and atomization models were applied taking into
account effects of churning flow close to the injector nozzle. Depicting the results,
three critical planes of spray injection were shown in Fig.4.2 as Plane I, II and IIIL.
These planes will be used to further discuss the results on different aspects. Normal
vector of the Plane III is parallel to injection direction vector and in this sub-section
assumed to be located in a distance of 4mm from the nozzle orifice. Faeth [159] by ex-
perimental observations has shown that liquid core of the spray, L., can be estimated
by Eq.4.2.

Lie/d = Celpy | p)''* (4.2)

Where d is injector diameter, C, is a constant and p; and p., are fuel and ambient
air densities, respectively. For the applied fuel in this study Eq.4.2 yields in liquid core
length of 8.2 mm. Hence distance of 4mm from the nozzle orifice was considered to
locate the Plane III within the region where the churning flow is dominant. Figure
4.3 shows the grid density function (cell vertices) of Eulerian phase velocities in x, y,
and z directions with respect to distance from the cross point of injection axis with the
Plane III as independent variable for the applied grids. Results of grid types were also
compared with Abani’s Gas-Jet model [160] as reference. This zero dimensional model
evaluates spray-tip penetration for transient injection velocity profiles based on gas-jet
theory that is consistent with Helmholtz’s vortex-model. Number of cell vertices for
the Conical, Spray Oriented, Fine and Coarse Mesh types on the Plane III with the
distance of 4 mm from the nozzle orifice were: 1521, 724, 1022, and 448, respectively.
Velocities were shown for 3 CAD ATDC as the mid of injection duration where the
highest liquid fuel mass flow rate takes place. Highest velocities were reported for Ux
comparing to velocities in y and z coordinates as the injection axis was just 14° below
the fire deck and makes a low angle with the x coordinate. In view of magnitudes of Ukx,

the Conical Mesh predicts the most similar velocity distributions with Gas-Jet theory
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comparing to other grid types showing lower numerical diffusion. Moreover, it can be
seen that there were more distributions for higher Ux velocities for Conical Mesh than
other grid types which can suitably take the effect of churning flow into account without
directly modeling it through DDM. It is interesting to notice that although grid density
on Plane III for Spray Oriented Mesh was almost 30% less than Fine Mesh, the former
mesh type managed to better capture both higher Ux peak and distribution near the
cross point with injection axis. The highest momentum diffusion was reported for the
Coarse Mesh where for the distances more than 1 mm it had more density for higher Ux
velocity. On the y coordinate, symmetrical distributions of Uy velocities were resulted
for all grid types, whereas in z coordinates similar behavior discussed for x coordinates
were resulted and Conical and Spray Oriented Mesh types represent lower numerical
diffusion in vicinity of injector nozzle. In addition, more densities of higher velocities
were resulted for Conical Mesh due to effective radial grid distribution showing the

best agreement with the results of Gas-Jet theory.

Plane |

Plane I11

Figure 4.2: Geometrical surfaces to extract numerical data. White line: Spray injection direction.

4.2.4 Liquid and Vapor Penetration Length and Distribution

Singh et al. conducted spray liquid and vapor penetration length measurements on San-
dia optical engine [43] for different modes of combustion and have taken ten sample
for penetration distances in each engine crank angle. A comparison of their experi-
ments on the Low-Temperature Late-Injection case with the numerical predictions of
four mesh types was shown in Fig.4.4. Paying attention to the experimental results, it
can be seen that there was a high level of cycle-to-cycle variations in the penetration
length distances of ten samples in a particular crank angle. This was more pronounced
for liquid penetration length at 5 CAD ATDC where the penetration length of maximum

sample distance was almost twice of minimum sample. The reason for this behavior
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Figure 4.3: Grid density function of Eulerian phase velocities of Ux, Uy, and Uz on plane Il (located at
4mm distance from the nozzle orifice) with respect to distance from the cross point of injection axis

and Plane Il compared to the results of Gas-Jet theory.

can be due to high and variable level of turbulence within the combustion chamber in
different cycles. Numerical simulations show acceptable trend in prediction of both
liquid and vapor penetration lengths where the best agreement with the experiments for
the applied DOI was achieved by the Conical Mesh. Figure 4.4 also depicts notice-
able difference on prediction of liquid and vapor penetrations between Coarse and Fine
Meshes, whereas the results for Spray Oriented and Conical Meshes were very close to
each other. This can be discussed in a way that spray momentum was highly diffused
to the vertices of the Coarse Mesh resulting in the minimum penetration predictions.
By refining the grid for the Fine Mesh, better results were obtained due to closer ver-
tices to the Lagrangian parcels and lower spray momentum loss. Further enhancement
of predictions in Spray Oriented and Conical Meshes, however, was not based on pos-
sessing higher cell count but on their alignment. As it was mentioned in §4.2.2, Spray
Oriented Mesh has lower cell count compared to the Fine mesh but its predictions show
higher accuracy than the latter mesh type. This was mainly because Lagrangian parcels
were spread in a higher number of cells in Fine Mesh causing higher momentum dif-
fusion to the low momentum Eulerian cells during the Lagrangian-Eulerian coupling
and finally reduction in the liquid and vapor penetration lengths. This would also affect
the final delivered amount of evaporated fuel to an Eulerian cell, air-fuel mixing, and

equivalence ratio distributions within the combustion chamber.

Simulations are conducted for two more engine operating conditions of High Tem-

perature Long Ignition Delay and Low-Temperature Early-Injection. Properties of
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Figure 4.4: Liquid and vapor penetration length comparisons between experiments of Singh et al. [43]

and numerical simulations of Low-Temperature Late-Injection case using four mesh types.

these two cases were represented in Table 4.3. Non-reacting simulation results of lig-
uid and vapor penetrations were shown in Fig.4.5. It should be noted that experimental
results were extracted under reacting conditions where heat release due to combustion
was started at 1 and -17 CAD ATDC in High-Temperature Long Ignition Delay and
Low-Temperature Early-Injection cases, respectively. Simulation results for liquid and
vapor penetration lengths, however, were compared from start of injection up to these
engine crank angles. Acceptable agreements in both cases were resulted by using the
Conical Mesh.

L Conical Mesh Vapor Penetration L Conical Mesh Liquid Penetration
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Figure 4.5: Liquid and vapor penetration length comparisons between experiments of Singh et al. [43]
and numerical simulations of High-Temperature Long Ignition Delay (left) and Low-Temperature

Early-Injection (right) cases using the Conical Mesh.
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Figure 4.6 compares the simulation results of liquid droplets (blue) and gaseous fuel
(green) distributions of Low-Temperature Late-Injection case using the four analyzed
mesh types at 0, 2, 4, and 6 CAD ATDC with the experimental images. It should be
noted that to capture experimental images, the laser sheet was directed with the slope of
14° from the fire deck (injection angle) and later normal views of this plane were used
to represent them. Similarly, normal views were selected to compare simulation results
with the experiments of Singh et al. [43] for the Low-Temperature Late-Injection case
in Fig.4.6. As it can be seen, evolution of spray in the assigned DOI was well cap-
tured by both Spray Oriented and Conical Meshes where the latter mesh type shows the
best agreement with the experiments. Results of liquid and gaseous fuel penetrations
in Fig.4.4 were shown tangible reduction when Coarse and Fine Meshes were applied.
This coincides with the images of Fig.4.6 where comparing to Conical and Spray Ori-
ented Meshes, noticeably lower penetration lengths were resulted in Coarse and Fine
Meshes. This behavior is because of higher drag forces on Lagrangian droplets as they
face coarse Eulerian cells that were not oriented on the injection axis. Moving from the
Coarse Mesh to the Conical Mesh in all the crank angles in Fig.4.6, denser liquid core
predictions were resulted. In Lagrangian droplet point of view, higher velocity loss was
occurred in a fuel droplet in the Coarse Mesh resulted in accelerated evaporation and
diameter reduction due to its lengthy disposal to the hot Eulerian gas flow. In Eule-
rian gas point of view, only cells near to the nozzle orifice gain high momentum in the
Coarse Mesh. This is due to coarser cell dimensions and they were subjected to a large
number of Lagrangian droplets. Accumulation of these two effects has resulted both
in having sparser liquid core and shorter liquid and gaseous fuel penetrations in coarse

and non-spray oriented grids.
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4.2. Effects of Grid Alignment

4.2.5 Equivalence Ratio Distribution

Plane 1

Figure 4.7 shows equivalence ratio distributions on Plane I for the applied mesh struc-
tures at 3 CAD ATDC as the mid of DOL. It can be seen that equivalence ratio dis-
tribution was highly affected by mesh types. Moving on the injection axis from the
Coarse Mesh to the Conical Mesh, less equivalence ratio was resulted in the spray
tip. For Plane I this behavior can be discussed together with the results of liquid and
vapor fuel distributions in Fig.4.6. Higher penetrations and lower spray momentum
losses were resulted due to the enhanced mesh alignment and finer mesh structure in
the Spray Oriented and Conical Meshes where such a trend was not reported in Coarse
and Fine Meshes. At 3 CAD ATDC (mid of DOI) predicted particle velocities out
of the injector orifice were the highest due to the injection profile [43]. These high
momentum particles which newly introduced to the spray tail have less participation
in mixing process as they need time to undergo the breakup, diameter reduction and
evaporation processes. Taking high momentum particles in the spray tail and low mo-
mentum particles in the spray tip into consideration, it was expected equivalence ratio
to increase from tail to tip. This trend was pronounced in Coarse and Fine Meshes
due to higher momentum reduction in the spray tip and higher gradients of equivalence
ratio were resulted comparing to Spray Oriented and Conical Meshes. Advantage of
Spray Oriented and Conical Meshes was represented in Fig.4.7 for 3 CAD ATDC as
mid time of injection duration. Results show that cross section on three dimensional
equivalence ratio distributions using the Plane I was much closer to the actual conical
spray structure comparing to the Coarse and Fine Meshes. It should be noted that mesh
alignments in Coarse and Fine Meshes introduces poor and reticulated evaporated spray
structure which is also shown in Fig.4.7 by representing the computational cells making
up equivalence ratio cross section on Plane I. This is a critical stage if later combustion

simulations of the reacting flow would be conducted.

Plane I1

Equivalence ratio distributions of four mesh types were shown in Fig.4.8 on the cross
section of Plane II. Poor evaporated spray structure was resulted in Coarse and Fine
Meshes, whereas proper mesh alignment in Spray Oriented and Conical Meshes was

led to much lower departure from conical structure. Computational cells which occupy

59



Chapter 4. Non-Reacting Simulations and Air-Fuel Mixing

Coarse Mesh Fine Mesh Spray Oriented Mesh Conical Mesh

Equivalence Ratio
L2

n A

Figure 4.7: Equivalence ratio distributions of four mesh types on a normal view of Plane I at 3 CAD
ATDC. Bottom: Computational cell alignments within the combustion chamber on the Plane I to

capture equivalence ratio distributions in the top row

the volumes on Plane II cross section also show that applying Cartesian type of mesh
alignment in Coarse and Fine Meshes would be resulted in more reticulated equiva-
lence ratio distributions. It should be noted that by further refining the Fine Mesh, it
is possible to get closer to the conical structure but Spray Oriented Mesh was already

fulfilled this with lower number of cells comparing to the Fine Mesh.

Coarse Mesh Fine Mesh Spray Oriented Mesh Conical Mesh

Equivalence Ratio
0 5
Figure 4.8: Top: Equivalence ratio distributions of four mesh types on a normal view of Plane II at 3

CAD ATDC. Bottom: Computational cell alignments within the combustion chamber on the Plane I1

to capture equivalence ratio distributions in the top row.
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Plane 111

Geometrical orientation of the Plane III was shown in Fig.4.2. Keeping the normal
vector of the Plane III constant, Fig.4.9 (left) shows planes A, B, and C which were
made by distances of 1, 1.5, and 2.5cm from the nozzle orifice on the injection axis,
respectively. Results of equivalence ratio distributions for these planes using four mesh
types were depicted in Fig.4.10 at 3 CAD ATDC. Results show that only Conical Mesh
alignment is capable of predicting accurate radial equivalence ratio distributions on the
planes A, B, and C forming concentric circles around the injection axis. For instance,
in all planes of the Coarse Mesh very poor distributions of equivalence ratio were re-
sulted. Fine and Spray Oriented Meshes had better results comparing to the Coarse
Mesh; however, equivalence ratio distribution was highly reticulated. This behavior
was resulted from the mesh alignment which was also shown by the cells occupying

the cross sections of the Plane C.

Nozzle

oiBoa Fire deck

Injection
Angle

Figure 4.9: Left: Planes A, B, and C parallel to the Plane Il (Fig.4.2) with the distances of 10, 15, and
25mm from the nozzle orifice, respectively. Right: Positions of RI1-R4 in Planes A and B and RI-RS in
Plane C. Plane A: RI1=2mm, R2=1.5mm, R3=1mm, and R4=0.5mm. Plane B: R1=3mm, R2=2mm,
R3=1mm, and R4=0.5mm. Plane C: R1=5mm, R2=4mm, R3=3mm, R4=2mm, and R5=1mm.

In order to discuss the magnitude of equivalence ratio distribution on Plane A, B,
and C, four circles, R1-R4, were considered on Plane A, and B and five circles, R1-R5,

on Plane C as shown in Fig.4.9 (right). Simulated equivalence ratio data were sampled
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on twelve equally distanced points on the circles on the Planes A, B, and C and were
shown in Fig. 4.11 for four mesh types at 3 CAD ATDC. Sampled data for these points
was colored by magnitude of equivalence ratio and was shown using spheres at the
points on the circles R1-R4 in Planes A, and B, and R1-R5 in Plane C. Using new x’' —v/
coordinate systems diagrams in Fig.4.11 show tangible fluctuations of equivalence ratio
magnitude in Coarse and Fine Meshes when compared to their corresponding circles
in the Spray Oriented and Conical Meshes. It should be noted that relations between
points on circles were not linear this is why dashed lines were used to link the spheres
together. Figure 4.11 also shows that larger the momentum decay, higher the magnitude

of equivalence ratio which coincides with the discussions on the previous sections.

Coarse Mesh Fine Mesh Spray Oriented Mesh Conical Mesh

Plane A

Plane B

Plane C

o

Plane C

Equivalénce Ratio
.... 2o
0 5

Figure 4.10: Three top rows: Equivalence ratio distributions of four mesh types on a normal view of
Planes A, B, and C at 3 CAD ATDC. Bottom: Computational cell alignments within the combustion

chamber on the Plane C.

62



4.2. Effects of Grid Alignment

Coarse Mesh Fine Mesh Spray Oriented Mesh Conical Mesh

Plane A

Plane B

Plane C

| I

Equivalence Ratio: 00 05 09 14 19 24 28

Figure 4.11: Equivalence ratio magnitudes of RI1-R4 on Planes A and B, and RI-R5 on Plane C at 3
CAD ATDC for four mesh types

4.2.6 Scalar Dissipation Rate Distributions

Flame structure can be altered due to change in the values of scalar dissipation rate,
X, as it is directly related to the preparation of combustible mixtures and chemistry-
turbulence interactions. Figure 4.12 represents magnitudes of scalar dissipation rate for
the considered circles on Plane A, B, and C at 7 CAD ATDC (end of DOI). As this
engine crank was the end of injection process, magnitudes of scalar dissipation rate
would play a key role on heat release rate and emission formation if the reacting flow
simulations would be conducted. It can be seen that lower values for x were resulted
at the end of injection for the Coarse Mesh, whereas a similar trend was not observed
for three other mesh types. On the other hand, both 3D and 2D diagrams show less
variation of scalar dissipation rate magnitudes by moving from the Coarse Mesh to the
Conical Mesh. This would be resulted in more uniform flame structure in Conical Mesh
and it is acceptable due to low swirl combustion chamber of Sandia optical engine. It

can be concluded that by applying conical grid alignment lower numerical diffusion
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was resulted in vicinity of the injector nozzle where the churning flow takes place and
spray morphology was enhanced downstream in evaporated spray region which showed
less departure from the actual conical structure in the experiments. Higher magnitudes
of equivalence ratio were resulted in early crank angles after initiation of injection pro-
cess in Coarse and Fine Meshes. This was mainly due to high momentum diffusion and
spread of Lagrangian particles to the large number of computational cells in Coarse
and Fine Meshes, respectively. Similar trend was not observed for Spray Oriented
Mesh with lower cell count comparing to the Fine Mesh. Application of coarser and
non-spray oriented grid alignments was resulted on both reticulated evaporated spray
simulations and unacceptable early evaporation due to over estimations on momentum
diffusion and lowered Lagrangian particle velocity and higher liquid fuel diameter re-
duction. Both Spray Oriented and Conical Meshes showed acceptable results for liquid
and gaseous fuel penetration lengths. However, predictions for spray morphology on
radial distances from the injection axis showed acceptable trend only for Conical Mesh

alignment of the grids.

Coarse Mesh i Spray Oriented Mesh Conical Mesh

LnX -16-1-06005 116 2 25 3 35

Figure 4.12: 3D and 2D diagrams for scalar dissipation rate magnitudes of R1eR4 on Planes A and B,
and RI-R5 on Plane C for four mesh types at 7 CAD ATDC.
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4.3 Uncertainties

Non-reacting spray simulation results can be subjected to uncertainties just before the
start of injection. Generally, liquid spray simulations within a high pressure chamber
or IC engines is decoupled with injector nozzle internal flow as they differ in time and
length scales. Injected amount of mass and injection profile (mass based or velocity
based) are provided for CFD solvers and this way injector nozzle internal flow is not
taken into account. This can be source of uncertainties and care must be taken. Next

section will discuss the effect of cavitation on spray breakup and air-fuel mixing.

4.3.1 Effects of Cavitation

Late injection combustion, as an alternative combustion mode, was favorable where
combustion was more closely coupled to the injection event offering more direct con-
trol over combustion phasing. Nonetheless, if injected fuel in the late injection com-
bustion mode was not mix rapidly, fuel rich regions would be created leading to higher
levels of soot emission. Genzale et al. [161] investigated the impact of spray targeting
on the mixture evolution and combustion of a late-injection heavy-duty Diesel engine
under low temperature combustion operating conditions. Laser sheets were used to il-
luminate thin layers in the combustion chamber and optical access was provided to a
Sandia Diesel engine. Unique jet-wall and jet-jet interactions were resulted by applying
three different injector nozzles angles. They concluded that weaker jet-wall and jet-jet
interactions were achieved with a wide injection angle which may cause bulk flows to
stagnate and hinder late-cycle mixing processes. By contrast, in narrow-angle injection
the jet momentum was redirected up along the bowl-wall suppressing the formation
of rich regions due to jet-jet interaction. This reduced soot formation and enhanced
bulk-flow mixing late in the combustion cycle. Diesel engine multi-dimensional simu-
lations of low temperature late injection combustion was conducted also by Genzale et
al. [162] on the same configuration. Numerical results show that spray-targeting strat-
egy can significantly alter the jet interactions with the jet-bowl and with neighboring
jets, influencing the entire combustion. In this part of the thesis, extensive numerical

simulations were conducted based on experiments of Genzale et al. [140].
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4.3.2 Experimental Setup, Combustion Chamber Grids and Non-reacting Simu-

lations

A single-cylinder optically-accessible heavy-duty DI engine was used to perform the
experiments by Genzale et al. [140, 161]. Specifications of the Sandia engine were

summarized in Table 4.6.

Table 4.6: Sandia optical engine specifications taken from [161].

Engine base type Cummins N-14 DI Diesel

Number of cylinders

Combustion chamber

1
Quiescent, DI

Swirl ratio 0.5
Bore x Stroke 13.97 x 15.24cm
Bowl width x depth 9.78 x 1.55cm
Displacement 2.341
Connecting rod length 30.48cm

Geometric compression ratio

Fuel injector, no. of holes

11.2:1

Common-rail, 8

Spray pattern included angle 152°
Injection pressure 1200/1600bar
Nozzle orifice diameter 0.196mm
Nozzle orifice, L/D 5

Three piston designs were considered in the experiments with piston bowl diameters
of 60%, 70% and 80% of the cylinder bore where for each bowl design, injector spray
angle was selected so that the nominal spray axis intersected the vertical midpoint of the
bowl wall while piston is at TDC. For the 60%, 70%, and 80% piston bowls, the spray
included angles were 140°, 152°, and 160°, respectively. Experiments were conducted
for reacting and non-reacting conditions where non-reacting conditions were achieved
by using pure N5 in the intake charge. PRF29 was used in the experiments and addition
of 1% of toluene by volume provided a tracer for measuring fuel concentration. Laser
sheets were used to capture images of the tracer enabling equivalence ratio measure-
ments during the non-reacting experiments. Three different horizontal laser sheets were
considered as it is depicted in Fig. 4.13 and experiments of different bowl geometries
were performed for the initial conditions of Table 4.7. Computational mesh generation

was carried out for three bowl geometries in this study. Spray oriented meshes were

66



4.3. Uncertainties

generated, Fig. 4.13, and used in the spray simulations of this study.

Table 4.7: Low temperature late injection case specifications [161].

Engine speed [rpm] 1200
Indicated mean effective pressure [bar] 4.1
Injection pressure [bar] 1600
Intake temperature [K] 343
BDC temperature [K] 351
Intake pressure [bar] 2.02
TDC motored temperature [K] 840
TDC motored density [kg/m3] 22.5
SOI [ CAD ATDC] 0
DOI [CAD] 7
Injection quantity [mg/cycle] 56
Injector nozzle Sharp edge, not rounded
60% bowl
ot
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.30 ;
70% bowl
Ot == — I
104 | = — -
7 = o
201 = Ry s
Iaser“;heets
-30 + t + + y + + t
0 10 20 30 40 50 60 70
80% bowl
0 ~"L ’ ! H
-10 s e
204 '
fiold of view

Figure 4.13: Left: Laser sheet locations in three piston bowl geometries and injection angles in experi-

ments of Genzale et al. [161]. Right: Spray oriented meshes generated for three bowl geometries
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Simulation for non-reacting conditions was first conducted for the engine base bowl
geometry [140] of 70% and compared with experimental results in Fig. 4.14 for three
laser sheets, 7mm, 12mm, and 18mm at 7CAD ATDC. However, it can be seen that
simulation results in case of location of the rich equivalence ratio regions and mag-
nitude have considerable discrepancy with the experiments. As PRF29 is used in the
experiments and injector had sharped edge configuration, it was probable that cavi-
tation occurred during the injection process. Number of researches has shown that
cavitation can deviate spray shape and highly affect its breakup length and mixing with
air [163, 164]. It has been also emphasized that occurrence of cavitation is highly de-
pended on fuel local vapor pressure [165]. Figure 4.15 is a comparison of vapor pres-
sure of components of PRF29 and heavier Diesel fuels. It can be seen that under engine
temperature operating conditions of the injector, there is a high possibility for cavita-
tion in toluene, n-heptane, and iso-octane fuels to take place. Taking into account the
cavitation phenomenon simulations were again conducted on 70% piston bowl geome-
try together with 60% and 80% bowls. It should be noted that injector nozzle internal
flow simulations were not carried out and in order to represent cavitation phenomenon,
experiments of Gannipa et al. and Jia et al. [166, 167] were used to correct breakup

length constant and injection axis direction.

Experiments Simulation

7 mm

14 mm

18 mm

Equivalence Ratio

1 2 3
0 3.7

Figure 4.14: Comparison of equivalence ratio simulation results with experiments of 70% piston bowl

geometry.
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Figure 4.15: Vapor pressure of selected fuels under injector operating temperatures.

Breakup length coefficient and spray axis directions of three piston bowl geometries
were amended by evaluating the Reynolds number based on injection pressure, injector
nozzle dimensions, velocity profile and fuel density at the nozzle exit. Results with
corrected breakup length coefficient and injection axis directions were represented and
validated by the experiments as below. Figure 4.16 shows the comparison between sim-
ulation results of equivalence ratio with the experiments of 70% piston bowl geometry
for 7, 8, and 12 CAD ATDC. It can be seen that equivalence ratio distributions had
a noticeable enhancement by taking the effects of cavitation into account. Compar-
ing to Fig. 4.14, more accurate magnitudes and distributions of equivalence ratio were

predicted after including the effects of cavitation.

In order to further validate the new spray simulation setup with included cavitation
effect, numerical calculations were conducted on 60% and 80% bowl geometries. Fig-
ures 4.17 and 4.18 show that simulations were able to capture acceptable equivalence
ratio distributions within the combustion chamber for 60% and 80% piston bowls at
three different crank angles. Results show that magnitude of equivalence ratio was
noticeably reduced after 2 CAD for the cases which made higher angle with laser
sheet planes. For instance, in 60% piston bowl geometry the rich region with equiv-

alence ratio magnitude of 3.7 in middle of sector mesh was reduced to 1.3 during 2

69



Chapter 4. Non-Reacting Simulations and Air-Fuel Mixing

7 CAD ATDC 8 CAD ATDC 12 CAD ATDC

= j \ g \
g == < <4 ~
™ | 7atoC 8ATDC 12 ATDC I
g /]
g N
: ‘ ‘ ! ‘
g
) ) < (“ )ﬂ ))

Equivalence Ratio Equivalence Ratio
1 2 3 0.4 0. 1.2
L w_\ ﬂ i
0 3.7 0 1.4

Figure 4.16: Comparisons of equivalence ratio distribution of three laser sheets of 70% piston bowl

geometry at 7, 8, and 12 CAD ATDC by including cavitation effects.

CAD, whereas the same trend was not observed for 70% bowl case. Moreover, sim-
ulations were also captured experimental jet-jet interactions due to applying periodic
faces where in 15mm and 20mm laser sheets of 60% piston bowl, it is well predicted by
the calculations. Simulation results show that spray targeting and bowl geometry can
lead to very different results in case of spray evolution, air-fuel mixing, equivalence
ratio distributions and subsequent combustion if the reacting flow experimentation and

simulation were conducted.
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Figure 4.17: Comparisons of equivalence ratio distribution of three laser sheets of 60% piston bowl

geometry at 7, 8, and 12 CAD ATDC by including cavitation effects.
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Figure 4.18: Comparisons of equivalence ratio distribution of three laser sheets of 80% piston bowl

geometry at 7, 8, and 12 CAD ATDC by including cavitation effects.

4.4 Conclusions

In this chapter attention was given to the effects of grid alignments on non-reacting
spray simulations and uncertainties caused by cavitation. Some of the main conclusions

were made as below:

e By applying conical grid alignment lower numerical diffusion was resulted in
vicinity of the injector nozzle where the churning flow takes place and spray mor-
phology was enhanced downstream in evaporated spray region which showed less

departure from the actual conical structure in the experiments.

e Higher magnitudes of equivalence ratio were resulted in early crank angles after
initiation of injection process in Coarse and Fine Meshes. This was mainly due to
high momentum diffusion and spread of Lagrangian particles to the large number
of computational cells in Coarse and Fine Meshes, respectively. Similar trend was
not observed for Spray Oriented Mesh with lower cell count comparing to the Fine

Mesh.

e Application of coarser and non-spray oriented grid alignments resulted on both
reticulated evaporated spray simulations and unacceptable early evaporation due
to over estimations on momentum diffusion and lowered Lagrangian particle ve-

locities.

e Both Spray Oriented and Conical Meshes showed acceptable results for liquid and
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gaseous fuel penetration lengths. However, predictions for spray morphology on
radial distances from the injection axis showed acceptable trend only for Conical

Mesh alignment of the grids.

e In a study for the effects of cavitation on a non-reacting spray, multi-dimensional
simulations were conducted on a low temperature late injection operating con-
dition for an optically accessible DI diesel engine. Three different piston bowl
geometries with specific spray targeting were considered. Initial simulation re-
sults showed noticeable disagreement with local rich equivalence ratio regions.
By determining the Reynolds number at the exit of the nozzle orifice simulations
were then conducted by including the cavitation effect by increasing break-up
length and shifting the spray axis direction towards cylinder fire deck. Numerical
simulations by applying cavitation effects had more accuracy in the magnitudes
and distributions of the local equivalence ratio within the combustion chamber.
Results show that occurrence of cavitation can tangibly differ air-fuel mixing and

equivalence ratio distributions.
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CHAPTER

Spray A: Study of Reacting Diesel Sprays in

Constant Volume Vessel

A fundamental research on reacting Diesel sprays has been extensively conducted for a
section of Engine Combustion Network (ECN) named Spray A [168]. Non-reacting and
reacting conditions were studied by setting up a well-controlled experiments and well-
defined boundary conditions to further reduce dependency of the results from facility
to facility in the experiments and application of different numerical frameworks and
methodologies in simulations. Comparative experimental and numerical studies can be
suitable source to discuss the ignition and combustion of the non-premixed Diesel spray
combustion under IC engine operating conditions. This can provide useful insights on
combustion mechanism and phasing in CI engines and results can further be used for

optimization purposes.
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5.1 Experimental Apparatus and Configuration

Experimental studies on Spray A configuration were interactively conducted and still
continuing mainly in Sandia National Laboratories, Eindhoven University of Technol-
ogy, IFPEN, and CMT-Motores. Sandia’s experimental apparatus briefly discussed here
and more information also is available in ECN pages [168].

Spray A is an optically accessible, constant-volume, cubic combustion vessel. Its to-
tal volume is 1147cm?. Injector is a very close representative of those used in common-
rail, direct-injection Diesel engines and is located at the center of one face of the cham-
ber. Two spark plugs and a mixing fan are mounted for ignition (providing high ambient
temperature) and homogenizing the mixture before the spray, respectively. Wide range
of ambient conditions for temperature, density, oxidizer ratio, and injection pressure
similar to conditions before the injection in CI engines were provided. For sufficiently
long injection duration, an established lifted turbulent spray flame is formed. Combus-
tion characteristics of low/high ambient temperatures, pressures, and densities corre-
spond to early/late injection strategies in an engine, respectively, and different levels
of EGR are tested using different ambient oxygen concentrations. Measurements are
available for several single and multi-component fuels, including both hydrocarbons
and oxygenated fuels. Injector is a single-orifice, axial injector nozzle with mini-sac
type tip with a top-hat injection profile. Table 5.1 summarizes specifications of the

Spray A experimental setup.

5.2 Numerical Simulation

5.2.1 Grid Generation

Taking advantage of symmetry for Sandia’s constant volume vessel of Spray A exper-
iments, a 2-dimensional wedge grid is generated. Grid is finer on the injection axis
and coarser on the parts of the domain which is not affected by spray varying from the
minimum of 0.1mm to the maximum of 1mm. Grid dependancy and applied sub-model

for liquid n-dodecane spray can be found in [107].

5.2.2 Initial and Boundary Conditions

Numerical experiment was conducted for the Spray A base-line case as represented in

the Table 5.1. Extensive numerical efforts on different operating conditions for ambient
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Table 5.1: Specifications for Spray A base-line operating condition of the ECN [168].

Ambient gas temperature 900K
Ambient gas pressure ~ 6.0MPa
Ambient gas density 22.8 kg/m?
Ambient gas oxygen (Vol) 15% O4 (reacting); 0% O5 (non-reacting)
Ambient gas velocity Near-quiescent, < 1m/s
Fuel injector Bosch solenoid-activated
Injector nominal nozzle outlet diameter 0.090mm
Nozzle K factor 1.5
Discharge coefficient Cy=0.86
Number of holes 1 (single hole)
Orifice orientation Axial (0° full included angle)
Fuel injection pressure 150MPa (1500 bar)
Fuel n-dodecane
Fuel temperature at nozzle 363K
Injection duration 1.5ms
Injection mass 3.5-3.7mg

temperature, density, oxidizer percentage, and injection pressure can be found in the
literature [27,93, 101, 107,121, 169-173]. In this chapter, however, numerical results
were represented and extensively discussed for only the base-line operating condition

to make the connection to the Spray B simulations of the Chapter 6.

5.2.3 Non-Reactive Spray Results

For the non-reactive simulation setup, internal field for temperature was set to 900K
and pressure to 59.4bar and mass fractions of the initial species as: Yp,=0, Y,=0.884,
Y1,0=0.022, and Y0,=0.094. Total injected mass = 3.5mg and injection profile was
taken from experimental database of Spray A in ECN web page [168]. Applied sub-
models for the spray were similar to Table 4.4 with the modified B;=24 for Spray A op-
erating condition. Based on ECN recommendations for modeling turbulence in reacting
sprays, C'; constant of k — € model was set to 1.54. This value was found to better rep-
resent effects of turbulent flow on transport of mixture fraction and its variance [168].
Liquid and vapor penetration lengths were extracted from numerical simulations based
on the thresholds defined in §4.1 and were compared to ECN Spray A experimental
data in Fig.5.1. Moreover, mixture fraction distribution contour for the steady state
spray at 0.75ms was compared to the experimental data in Fig.5.2. Non-reacting simu-

lations in terms of liquid and vapor penetration lengths and mixture fraction distribution
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were in acceptable agreement with experiments and further reacting simulations can be

conducted.
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Figure 5.1: Non-reacting liquid and vapor prnetration length comparison of the spray A baseline case:

0% Oq, 1500bar injection pressure, 900K ambient temperature, and 1.5ms of injection duration.
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Figure 5.2: Mixture fraction comparison of the non-reacting spray A baseline case: 0% O, 1500bar
injection pressure, 900K ambient temperature, and 1.5ms of injection duration experiment with

simulation at 0.75ms.

5.2.4 Reactive Spray Results

Reactive simulation of the spray A experiment was conducted using both MZWM
(§3.2.1) and MRIF (§3.2.2) combustion models for the baseline case: 900K ambient
temperature, 15%0,, 22.8 K g/m? ambient density, and 1500bar injection pressure. n-
dodecane oxidation for both applied combustion models is predicted by using an skele-

tal chemical mechanism proposed by Lou et al. [173] with 105 chemical species and

76



5.2. Numerical Simulation

420 reactions. In §5.2.6 effects of selection and dependency on chemical kinetics reac-

tion mechanism will be represented.

Literature study on the choice of parameter selection as for identification of the ig-
nition delay and flame lift-off dipickted that researchers have been choosen different
parameters and therosholds [93, 101,107,121, 169, 170, 172, 173]. Unfortunately, this
can be resulted in high level of uncertainity and makes the comparison of the model-to-
experiment and model-to-model results of different institutes almost impossible. Refer-
ing to the source of ECN Spray A experimental data [168], ignition delay experimen-

tally is determined by two different methods:

1) Pressure Rise based: Ignition delay is the time difference from SOI until high-
temperature (rather than first-stage) ignition and combustion (the premixed burn). Pres-
sure threshold must be selected for each condition to ensure that the pressure rise cor-

responds to the start of high-temperature combustion [174].

2) High-Temperature Chemiluminescence based: Ignition delay is the time dif-
ference from SOI until high-temperature (rather than first-stage) ignition and combus-
tion (the premixed burn). Defined as the time when luminosity reaches 50% of steady

high-temperature chemiluminescence (not soot luminosity) [175].

Both methods were discussed in detail in [174] and [175] from experimental point
of view. It is stated before in §2.12.2 that premixed phase of Diesel spray combustion
due to prepared partially homogeneous air-fuel mixture during the ignition delay time,
mimics the behavior of rapid heat and pressure rise. It is discussed in [174] that: "
The intense pressure rise of the premixed burn creates pressure waves that propagate
throughout the combustion vessel. The pressure waves are characterized by large oscil-
lations in measured pressure after the time of the premixed burn. These oscillations are
not experimental noise as the noise level of the pressure measurement prior to ignition
is much smaller than the oscillation level. The frequency of these oscillations matches
the resonant frequency of the combustion vessel. Typically, these pressure oscillations
are smoothed in engine experiments by filtering of the signal in post-processing." On
the other hand, for the second approach of quantification for ignition delay time, as dis-
cussed in detail in [175] the onset of high-temperature heat release in the spray can be
characterized by high-speed chemiluminescence imaging to directly measure the loca-
tion and timing of ignition where care must be taken to avoid the soot luminosity region

downstream of the spray.
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In numerical modeling and for ignition time quantification, this is author’s view
that for the sake of consistency and generating comparable results, a global parameter
such as pressure rise (or apparent heat release rate in IC engine case) is better to be
used. Numerically, OH* chemistry pathways and its transport in CFD domain can be
considered to make comparisons with experimental data, however, using pressure rise
which is related to both chemical and physical aspects of reactive fluid flow seems to

be a better choice for ignition quantification than chemical specie based thresholds.

Flame lift-off as discussed in [176] was experimentally measured as the distance
from injector orifice up to the first axial locations above and below the spray center-
line with an intensity greater than approximately 50% of the leveling-off value for O H
or OH* chemiluminescence [168]. Numerically, it is suggested to consider flame lift-
off as the first axial location of Favre-average O H mass fraction reaching 5% of its

maximum in the domain [168].

Simulation results for ignition delay (as suggested by [168] for pressure rise of high
temperature combustion), flame lift-off (based on 5% of maximum OH in the CFD
domain) were extracted from the simulation and compared with the experiment data in
Table 5.2. Ignition delay is slightly over-predicted in both MZWM and MRIF models.
Flame lift-off length is well predicted by MRIF model, whereas for MZWM model it
is noticeably over-predicted. This can be due to embeded TCI in the MRIF model and

accounting for sub-grid scale turbulent mixing.

Table 5.2: Spray A baseline case comparison of ignition delay and flame lift-off results of Lou
mechanism [173] with ECN experiment [168].

Simulation MZWM  Simulation MRIF  Experiment
Ignition delay [ms] 0.46 0.49 0.43
Flame lift-off [mm] 26.2 17.1 16.7

It should also be considered that ignition delay and flame lift-off are the parametriza-
tion of two different phases of non-premixed spray flame combustion. This was also
discussed in §2.12. Ignition delay is the time delay between start of liquid fuel in-
jection and start of self-sustaining and exothermic chemical reactions (which occur in
premixed phase of Diesel spray combustion), whereas flame lift-off happens for fully
established diffusive flame during injection of the liquid fuel or little time after end

of injection. Nevertheless, to the author’s knowledge, definition of the ignition se-
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quence and premixed combustion phase was not well-introduced and applied in ECN
guidelines. Combustion phasing which is theoretically represented in §2.12, will be

discussed next by numerical simulation results.

5.2.5 Combustion Phasing and Flame Structure Analysis

Combustion phasing as discussed in initial Chapters is inseparable part of spray flames
and its comprehensive understanding is inevitable for IC engine optimization perspec-
tives. In this section combustion phasing and flame structure for the applied MZWM
and MRIF combustion models will be presented. Eliminating dependency of the re-
active spray results on chemical kinetics mechanism, only Lou’s n-dodecane mecha-
nism [173] was used in this section and effects of chemical mechanism will be dis-

cussed in the next section.

Combustion Phasing

The effort now is on linking the conceptual representation of combustion phases of the
reacting sprays, Fig.2.11 to the numerical results of the Spray A configuration. PRR
result of MZWM model is depicted in Fig.5.3 together with temperature contours in
Fig.5.4 to show reaction zone (temperatures higher than 900K of ambient temperature

and scaled to the maximum value in each time-step).
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Figure 5.3: Pressure rise rate of baseline Spray A case for MZWM combustion model using Lou

n-dodecane chemical mechanism [173] with marked time-steps.
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Time: 0.00025 s Time: 0.00031 s

Time: 0.00044 s

Time: 0.0006 s

Time: 0.0007 s Time: 0.001 s

Figure 5.4: Temperature contours for the marked time-steps in the Fig.5.3 (MZWM model) scaled to
minimum of 900K (baseline Spray A ambient temperature) and to the maximum value within each

time-steps. White curve: Zgy = 0.045, red curve: Z = 2 X Zgy, cyan curve: Z = 0.5 X Zg;
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All times in both Fig.5.3 and Fig.5.4 are after SOI. Analysis below is based on
results of both figures. Marked time steps can be considered to represent: : no
reactions occur, , and : premixed combustion phase which also coincides with
cool flame region of n-dodecane ignition, | 5 | and @: transition to diffusive combustion,
and : diffusive combustion phase (established high temperature diffusive flame).
In Fig.5.4 white curve is stoichiometric mixture faction, Zg; = 0.045, red curve is two

times richer than Zg; and cyan curve is two times leaner than Zg;.

It can be seen that self-sustaining reactions occur in |2 | and reaction zone is formed
with temperature of 915K in leaner mixture fractions than Zg,. This time (0.31ms after
SOI) is the first rise of the PRR curve in Fig.5.3. Reaction zone then moves from
lean mixtures to stoichiometric and rich mixture fractions in |3 | and , respectively.
Shifting of reaction zone from ignited lean to the rich mixture fractions can also be
considered as cool flame region of n-dodecane ignition. However, this is happening for
baseline Spray A condition as its ambient temperature is in cool flame region of ignition
delay times [173]. After burning the rich mixture fractions (located in spray center line),
reaction zone in a transient process moves back from rich mixture fractions to the Zg;
in times | 5| and @ by significant increase in the temperature. This temperature rise
(1340K to 1880K) coincides with noticeable second rise of PRR in Fig.5.3. In times
and |8 | flame is in almost established diffusive flame conditions as reaction zone with
near adiabatic flame temperature is located on Zg;,. It can be noted that temperature rise
from |7 |to|8|is not significant. This numerical results agree with conceptual definition

of combustion in non/partially premixed conditions by Peters [25].

Comparison of the results for PRR of the applied combustion models, MZWM and
MRIF, is shown in Fig.5.5. It can be observed that MRIF model (with TCI) was igniting
faster and premixed phase was started earlier than MZWM model. It should be noted
that this observation may contradict with already presented results of ignition delay in
Table 5.2 where it is represented that MZWM model ignites faster. As discussed before,
to be consistent with the definition of ignition delay in ECN guidelines, results of the
Table 5.2 for ignition delay is extracted based on second rise (start of high temperature
diffusive flame) of PRR in Fig.5.5. This happens earlier in MZWM model.

The reason why in Fig.5.5 MRIF model ignites earlier than NZWM model can be
ascribed to the TCI. This is true that TCI through effects of scalar dissipation rate has

important role on diffusive phase of non/partially premixed combustion, but at the same

81



Chapter 5. Spray A: Study of Reacting Diesel Sprays in Constant Volume Vessel
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Figure 5.5: Pressure rise rate of MZWM and MRIF combustion models for the spray A baseline case:
15% Os, 1500bar injection pressure, 900K ambient temperature, and 1.5ms of injection duration

using Lou chemical mechanism [173].

time sub-grid scale mixing of MRIF model accelerates smoothing of mixture fraction
field even before ignition. This can be seen in Fig.5.6 which is the diagram for mixture

fraction distribution of the models versus distance from the injector orifice.
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Figure 5.6: Mixture fraction distribution versus distance from the injecroe orifice for MRIF and

MZWM models at time 0.18ms after SOI

Fig.5.6 represents values of mixture fraction for MZWM model (red squares) and
MRIF model (green squares) for the time of 0.18ms which due to PRR diagram of

Fig.5.5 for this time there is no pressure rise in both models. It is interesting to note
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that, by keeping totally identical injection and spray modeling properties between ap-
plied models, mixture fraction spans larger distances for MRIF model than MZWM.
Although mixture fraction is a conserved scalar and independent of combustion, its
transport can be altered by heat release. This is because heat release causes flow dilata-
tion to occur within the thin mixing layers between fuel and oxidizer [108, 115]. Em-
bedded TCI then causes in lower gradients of mixture fraction in the jet periphery and
enhances mixing. Now if any ignitable mixture fraction magnitude is exposed to high
temperature ambient gas, local ignition can take place and mixture fraction transport
will be altered. This can be correlated to the earlier ignition of MRIF model compar-
ing to MZWM model. More mathematical reasoning of this discussion can be found
in in §6.2.4. Such behavior of earlier ignition for the combustion models with TCI

comparing to well-mixed models was also observed by other researchers [101, 171].

It can also be seen from the Fig.5.5 that after burning the premixed phase of the
combustion, shifting from premixed to the diffusive flame (semi plateau levels of PRR,
approximately after 0.64ms) takes longer times for MRIF model. This can be attributed
to the nature of well-mixed model as due to the assumption of fully mixed reactants,
applied chemical kinetics mechanism rates provide equilibrium thermodynamic state
resulting in high reactivity of the ignited mixture fractions. In other words, TCI decel-
erates return of the reaction zone from rich mixture fractions (latest times in premixed
combustion phase, time |7 |in Fig.5.4) to the Zg; due to embedded sub-grid scale mixing
effects. Model-to-model comparisons and reasoning will be more discussed in detail

for larger number of operating conditions for Spray B configuration in §6.2.4.

Transient Flame Structure

Flame structure analysis by using graphs of temperature versus mixture fraction, can
provide useful sort of information for the different times (starting from ) of transient
flame evolution and model-to-model comparisons. Fig. 5.7 shows both flame structure
and O H contours of the applied combustion models in the corresponding time. For the
times of | 7| and |8 | (established diffusive flame discussed in the Fig.5.5) cyan curves
are also shown for the 5% of maximum OH as diffusive flame indicator on the white
curves of Zg;.

It can be seen that for , MRIF model has already started the premixed phase

combustion and higher temperatures (reaction zone) is shifting toward richer mixture
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fractions reaching to SOK higher than ambient temperature, whereas premixed phase of
MZWM model is just started from leaner mixture fractions. Alongside these observa-
tions, OH contours show the correlated behavior. At time |2 | there is a high amount
of OH mass fractions in the fuel rich tip of the spray for the MRIF model, however,
higher magnitudes of O H are started to appear from leaner mixture fractions (not from
Zsi). After this time MZWM model has noticeably higher shifting speed to the dif-
fusive combustion phase where at times | 7| and |8 | fully established diffusive flame is
formed. This can be related to the assumption of this model which ignited mixture
fractions which experience local thermodynamic equilibrium. For all the flame struc-
ture diagrams in the Fig. 5.7, MRIF model resulted in more scattered Z-Temperature
distributions between mixing line and thermodynamic equilibrium lines. This is due to
embedded mixing effect of this model which predicts intermediate thermodynamic con-
ditions rather than equilibrium. Reaction zone in both models moves to richer mixture
fractions (approximately Z=0.175) and returns to Zg; on times |7 | and . It also burns
with higher rates (generating higher peak temperatures) for MZWM than MRIF model.
For model-to-model comparison, attention is given to the times |7| and |8 | in case of
OH contours and limits of the diffusive flame. It can be seen that magnitudes of the
O H mass fractions are higher for MZWM model in all represented times. This again
can be attributed to the well-mixed model assumption and included mixing effects in
MRIF model. On the other hand, MRIF model shows more reactive flame brush which
can be seen in the times | 7| and |8 | for the cyan curves for the flame lift-off threshold.
This is because mixing-effects through scalar dissipation rate generate smaller gradi-
ents of mixture fraction variance and smooth down the mixture fraction field more than
MZWM model. Fig.5.8 shows OH mass fraction versus scalar dissipation rate below
the flame extinction scalar dissipation rates for MZWM and MRIF models at 1ms after
SOL. It can be noted that larger number of scalar dissipation rates have O H mass frac-
tions more than zero (x<30 as ignited mixture fractions) for the MRIF model, whereas
MZWM model spans narrower ignited scalar dissipation rates (y<5) but with higher
magnitudes of O H mass fractions. This is why lift-off length is shorter in MRIF model
for the represented results in the Fig.5.7.
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Figure 5.7: Flame structure, Z-Temperature diagrams, based on times in Fig.5.3 for the applied
combustion models. White curve: Zg; = 0.045, cyan curve: 5% of maximum OH as diffusive flame

indicator.
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Figure 5.8: OH mass fraction versus scalar dissipation rate for MZWM and MRIF model at the time of
fully established diffusive flame (1ms after SOI).

5.2.6 Effect of Chemical Kinetics Mechanism

Attention is then given to the effect of choice of n-dodecane chemical kinetics mecha-
nism only using the MRIF combustion model. Lou’s mechanism [173] result for PRR

is compared to Yao [177] and PoliMi [178] mechanisms. It can be seen that Yao and
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PoliMi mechanisms ignite earlier than Lou mechanism, however, magnitudes of PRR
for the premixed combustion phase is different for all mechanisms. Shifting to dif-
fusive combustion phase (second rise of PRR diagram) is happening earlier for Yao

mechanism and then for PoliMi and Lou mechanisms, respectively.
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Figure 5.9: PRR results of MRIF model for Lou [173], Yao [177], and PoliMi [ 178] mechanisms.

For the flame structure, differences between mechanisms can be found in the Z-
temperature diagrams of Fig.5.10 and spatial representation of diffusive flame limits in
the Fig.5.11. It can be seen that for the time of 1ms after SOI (already established dif-
fusive flame), Lou and PoliMi mechanisms predict pretty similar flame structure. Yao
mechanism is more reactive in richer mixture fractions (£>0.1). Another observation is
that maximum temperature for Lou mechanism, 1900K, is lower than peak temperature
of 2100K for the both Yao and PoliMi mechanisms. Effects of these observations can
be seen in the Fig.5.11. Flame brush of the Yao mechanism (red curve) is noticeably
wider than Lou (green curve) and PoliMi (blue curve) mechanisms. As explained this
behavior is because of higher reactivity of this mechanism. It can be also seen that
Yao and PoliMi mechanisms predict very similar flame lift-off length. This can be as-
cribed to Z-temperature diagrams of these mechanisms and having very similar peak

temperature in vicinity of Zg;.
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Figure 5.10: Flame structure results of MRIF model for Lou [173], Yao [177], and PoliMi [178]

n-dodecane mechanisms at time 1ms after SOL.
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Figure 5.11: Diffusive flame limit for the applied chemistry mechanisms marked by 5% of maximum
OH for the established diffusive flame at Ims after SOL

5.3 Conclusions

Non-reacting and reacting baseline n-dodecane experiment of ECN, so-called Spray A,
was numerically investigated in this chapter. It was discussed that Spray A configu-
ration can provide useful insights on combustion characteristics of CI Diesel engines.
The most important advantage of ECN Spray A experiments is in their quality of data
and careful control on boundary conditions. The latter advantage highly enhances nu-
merical model selection and accuracy of the simulation results. Initially, non-reacting
simulation was performed to ensure reliable predictions on liquid and vapor penetration
lengths.

After achieving to reliable non-reacting results, reacting simulations were performed

using well-mixed chemistry and flamelet based combustion models. Main attention in
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this chapter was given to the combustion phasing analysis of the liquid spray flames
and mechanism of diffusive flame establishment. It was tried to make clear connection
between conceptual representation of Diesel engine combustion phases with numerical
results. It is concluded a global parameter such as apparent heat release rate or pressure
rise rate can better depict Diesel combustion phases and combustion characteristics
such as ignition sequence. Pressure rise rate results were used to identify ignition time
and comparisons were made between models with and without embedded TCI. It has
been found that including TCI will alter the transport of mixture fraction although itis a
conserved scalar. This occurs due to enhanced turbulent mixing through applying TCI
and later flow dilatation and was resulted in earlier ignition of the flamelet combustion
model.

In case of combustion phasing and moving of the reaction zone within mixture frac-
tion space, it has been shown that in both models reaction zone starts from lean mixtures
(for spray A baseline condition) and moves to richer mixture fractions and later stabi-
lizes on stoichiometric mixture fraction. However, this movement was seen to be faster
for well-mixed model. It also concluded that although TCI will promote the local con-
dition to trigger the main ignition, it will limit the reaction rate in the transition of the
main ignition to the diffusive combustion phase. It is also found that combustion phas-
ing is highly depended on the applied chemical kinetics mechanism. By eliminating the
dependency on the combustion model, it was illustrated that the results of the different
chemical kinetics mechanisms can be noticeably different for predictions of ignition,
combustion phasing, and flame lift-off length.

In case of flame structure, tangible differences was depicted for the applied combus-
tion models. It was shown that TCI reduces the maximum temperature of the ignited
mixture fractions while well-mixed model assumes majority of the ignited mixture frac-
tions in thermodynamic equilibrium. Flame structure was also affected by the choice of
chemical kinetics mechanism selection where reaction zone and diffusive flame brush

can be altered by applying different mechanisms.
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CHAPTER

Spray B in Engines: Study of Reactive Diesel

Sprays within Real Engine Operating Conditions

Driven by the need to reduce pollutant emissions (NO, and soot) while simultane-
ously maintaining high efficiencies, detailed experimental results and accurate numer-
ical methods are of great importance for the development of the next generation of
Diesel engines. In particular, the combustion process is influenced by the complex
interplay of spray evolution, in-cylinder flow, turbulence and chemical kinetics. Repro-
ducible test results are required to compare different techniques enable a better under-
standing of the involved interacting physical phenomena. Within this context, attention
has mainly focused on the so-called Spray A configuration of ECN, where n-dodecane
fuel is delivered by an axial, single hole nozzle in a constant volume chamber at ambient
conditions (reacting and non-reacting) similar to those encountered in Diesel engines
at start of injection [171,173,179,180]. The experimental database includes conditions
at variable ambient temperature (450-1300K), density (7-30kg/m?), injection pressure
(50-150 MPa) and Oxygen concentration (0-21%) [181, 182].
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Comparison to experiments typically includes global fuel-air mixing and combus-
tion indicators (penetration, ignition delay time, flame lift-off length), but also correlat-
ing computed distributions of chemical species (formaldehyde, O H, soot, PAH) with
the ones measured with detailed optical techniques. The availability of detailed exper-
imental data and the possibility to compare simulation results achieved with different
numerical approaches, make it possible to identify which are the most suitable. How-
ever, both fuel-air mixing and combustion processes are affected by in-cylinder flow
(swirl, squish and jet-wall interaction) and heat transfer. For this reason, the quality
of the CFD simulation results needs to be evaluated to experiments in engines. This
Chapter extends prior art in the ECN by comparing experiments and simulations in
not just engine-relevant conditions in a constant volume vessel, but actually in engines.
With a proper choice of intake temperature and pressure, it is possible to achieve ther-
modynamic conditions at start of injections (SOI) similar to those encountered in the
constant-volume vessel. To date, numerous simulations of the Spray A experiment have
been carried out to evaluate different approaches to model combustion, fuel-air mixing,
and mesh management. This includes the comparisons of fixed grids with adaptive
local mesh refinement [172, 183], accounting for turbulence-chemistry interaction ver-
sus assuming every cell to be a homogeneous reactor [107,171,173]. Among these, the
spray is generally modeled with the Lagrangian approach, none-the-less the capabilities
of Eulerian-Eulerian appears to be very promising [184] when applied at simulation of
non-reacting conditions. Similar to Chapter 5, MZWM and MRIF combustion models
are considered. Using the same engine studied in this Chapter, Singh et al. [155] ap-
plied well-mixed and their flamelet based combustion model for Diesel Type 2 fuel with
different injector and injection amount under variety of engine operating modes. How-
ever, no comparisons were made with experiments on liquid and vapor penetrations and
no quantitative numerical ignition delay and flame lift-off studies were carried out. Al-
though Singh et al. [155] considered five different combustion modes (differences were
considered based on high/low temperature, long/short ignition delay, and early/late in-
jection criteria), the initial and boundary conditions of these modes were not consistent

and no comparative studies can be made.
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6.0.1 Specific Aims

Aim here is to assess two combustion methodologies and identify the most suitable
approach over a wide operating map in the real engine operating conditions. Para-
metric variation and comparison to the experiment is carried out at different operating
conditions including variation of ambient temperature of 800, 900 and 1000K, ambient
density of 15.2 and 22.8 kg/m?, oxygen concentrations of 13, 15 and 21%, and injection
pressure of 500, 1000 and 1500 bar. Initial and boundary conditions of these operating
points are well controlled, enabling comparative study between them on non-reacting

and reacting characteristics of Diesel engine spray and combustion.

6.1 Experimental Apparatus and Configuration

6.1.1 Optical Engine and Diagnostic Setup

The engine used for the experiments is a Sandia single cylinder 2.34L optical heavy-
duty Diesel, based on the Cummins N-series production line. The optical engine is
designed so that the upper cylinder liner separates and drops down from the head with-
out engine dis-assembly, for cleaning of in-cylinder optical surfaces!. Selected details
of the geometry for the engine appears in Table 6.1. The injector of interest is the ECN
Spray B #211199, a three hole injector. Details of the injector appear in Table 6.2.
In Fig 6.1, a schematic of the extended piston showing the optical path for the blue
LED illumination? and a monochrome Phantom v7.1 in a schlieren configuration for
the detection of vapor penetration. Two other optical setups, not shown in Fig 6.1, are
also used. The second included a Phantom v611 high-speed color camera for liquid
length computed from images of Mie-scattering of liquid under non-reacting (7.5%0O-
by volume) conditions. The third optical setup includes a beam splitter (R310 diachroic
@45°) and a second intensified monochrome Phantom 7.1 fitted with a bandpass filter
of width 10nm centered at 310nm for simultaneous intensified OH™ chemilumines-
cence and broadband luminosity ignition detection. These images are used to determine
ignition delay and lift-off length. Operating conditions and their parametric variations
are detailed next. Additional details of the operating conditions, boundary condition

monitoring, and imaging diagnostic setups for ignition delay, vapor penetration, liquid

!Experiments were conducted in Sandia National Labs. For more information regarding the experiments refer to [185]
21.5mm? Cree XPE LED in a custom assembly built at Sandia National Labs.
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and lift-off length are discussed in [185] and so are only briefly described below.
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Figure 6.1: Extended-piston optical imaging schematic with the schlieren setup. Inset: Example
instantaneous schlieren image at 364 CAD at ambient-gas conditions of 900K, 15.2kg/m® and
7.5%03, with 1500 bar rail pressure.

Table 6.1: Sandia optical engine specifications [186]

Intake valves 2
Exhaust valves 1
Swirl ratio 0.5

Bore x Stroke 13.97 x 15.24 [cm]
Bowl width x depth 9.78 x 1.55 [cm]

Displacement 2.34 [L]
Compression ratio 11.22:1
Connecting rod length 30.48 [cm]

6.1.2 Operating Conditions

A number of parametric variations are performed with Spray B in the optical engine.
Injection configurations such as timing, duration and profile were kept identical, but
injector rail pressure and ambient gas properties are changed. At each condition, a
minimum of 30 but up to 90 injections are performed and the resulting parameters
computed represent ensemble averages. Details of the experimental cases are listed in

Table 6.3. Cases are named based on the targeted TDC condition. A numeric case ID is

94



6.1. Experimental Apparatus and Configuration

Table 6.2: Sandia Spray B injector specifications. Orifice # was the orifice of interest in Spray B

experiments. Bottom: Schematic orientation of the orifices for Spray B [15]

Inj. type #211199 Bosch Spray B
Hole sizes, #',2,3  90.9um, 91.7um, 90.9um

Nominal included angle 145°
Nozzle shaping Smoothed
Discharge coefficient Cq=10.86

Hole angular position #' 36.4°, #2 -62.3°, #3 180°

0 A Fuel
4| Tube

also included and used for reference in the result section of this chapter. SprayB is the
baseline case; 900K, 15%0,, 22.8kg/ m? in-cylinder conditions, with an injection at
1500bar rail pressure. 800K and /000K are the targeted 800K and 1000K temperatures
at TDC, and can be achieved by variable intake charge heating. The /5.2 lower density
case is experimentally achieved by reducing the intake plenum mass-flow (and hence
pressure). /3% and 21% are the variations on oxygen percentage by volume in the
cylinder air composition produced by variable dilution of the intake charge with Nitro-
gen. Finally, 500b and 1000b are the cases for 500 and 1000 bar injector rail pressure,

controlled by the pressure set-point of the high-pressure fuel pump.

6.1.3 Liquid Length

The ECN recommended technique to measure liquid length is the Diffused Back Illumi-
nation (DBI) setup [187]. This technique has been selected among others [ 188] because
it is self-calibrated and therefore enables comparison between different facilities with-
out introducing differences based on threshold issues. However, the configuration of
the heavy-duty optical engine used in the experiments is not suited for the implemen-
tation of this DBI setup. Therefore, the more classical Mie scattering setup alluded to
above is used. The intensity profiles along the axis of the 3 sprays are collected, and the
threshold is defined as 3% of the maximum value, similar to what is described in [189].
The distance measured on the image is then converted into a distance along the spray

axes, since the image collected on the sensor only gives projected distances. The im-
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Table 6.3: Experimental initial conditions and properties of Spray B engine tests

Case name SprayB 800K 1000K 152 13% 21% 500b 1000b
Case ID 1 2 3 4 5 6 7 8
Temperature @ IVC [K] 380 340 454 400 392 396 397 390
Pressure @ IVC [bar] 2.25 2.01 2.61 1.54 227 226 2.28 2.28
Temperature @ TDC [K] 900 800 1000 900 900 900 900 900
Density @ TDC [kg/m?] 22.8 22.8 22.8 152 228 228 228 228
Non-reacting O [%] 7.5 7.5 7.5 7.5 7.5
Reacting O3 [%] 15 15 15 15 13 21 15 15
Injection pressure [bar] 1500 1500 1500 1500 1500 1500 500 1000
Injected mass [mg/cycle] 3.68 3.68 3.68 368 3.68 3.68 206 298
Engine Speed [rpm] 1200 1200 1200 1200 1200 1200 1200 1200
Inj. start [CAD ATDC] -2.5 -2.5 -2.5 25 25 25 25 -2.5
Inj. duration [CAD] 11 11 11 11 11 11 11 11

ages are acquired at 67.1kHz onto the red channel of a Phantom v611 complimentary
metal oxide semiconductor (CMOS) camera. The field of view is 40x40 mm? at an

image size of 128 x 128 pixels? (2.8 pixels/mm).

6.1.4 Vapor Penetration

Schlieren images are acquired of one penetrating Diesel jet passing between the cylin-
der head and piston window to determine vapor penetration under non-reacting condi-
tions. A collimated beam is directed through the engine’s upper viewport shown in Fig
6.1. A monochrome Phantom v7.1 CMOS camera is set to a frame rate of 25kHz and
an exposure duration of 40us (though the effective exposure duration is set by the LED
pulse duration of 5us), corresponding to 1 image each 0.29 CAD at 1200 revolutions
per minute (RPM). The average penetration data compared in the results are computed
from an ensemble average of thirty injections. The field of view is 26 x26mm? at an
image size of 256256 pixels? (9.9 pixels/mm).

Because the optical access only permits the visualization of the spray between about
26mm and 50mm from the nozzle orifice, the processing proposed in [190] cannot be
applied. Instead, the vapor penetration is defined as the furthest point of the spray bor-
der to the orifice. An example of a processed schlieren image is presented in Fig. 6.2.

The blue line is the border of the spray. The red circle represents the point of the border
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with the maximum distance to the orifice. Because the injector orifice is angled with
respect to the projected image plane, the vapor penetration reported in the results has
been adjusted (lengthened) to compensate. This compensation was computed assuming

that the spray penetration maximum follows a 17.5° down angle specified for Spray B.
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Figure 6.2: Example of a processed schlieren image, for an ambient density of 15.2kg/m? in
non-reacting conditions. The blue line defines the frontier on the spray. The red circle is the position

of the maximum vapor penetration.

6.1.5 Start of Combustion, Heat Release Rate

Cylinder pressure is digitized and recorded at 1/4 degrees crank-angle (CAD) resolu-
tion, simultaneously with the acquisition of the optical data. The apparent heat release
rate (AHRR) is calculated from filtered pressure data using an air-standard first-law
analysis (e.g. Heywood [191]). The pressure data are smoothed using a Fourier series
low-pass filter with a Gaussian roll-off function having a transmission of 100% from
0 to 800Hz and dropping to 1% at 3360Hz. These cut-off frequencies were selected
to remove acoustic ringing in the cylinder pressure data, while retaining the general
features of the AHRR. Using these filter parameters, the apparent start of combustion
(SOC), indicated by the first zero-crossing of AHRR, is typically advanced from that
for the unfiltered data up to 70us, depending on the AHRR magnitude occurring during
the premixed portion following SOC. Additionally, the peak of the premixed burn spike
in the filtered AHRR is reduced by about a factor of 2, while its width is increased by
a factor of 2. The apparent energy released during the premixed burn (area under the

AHRR curve), however, is virtually unchanged by this filtering technique.
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6.1.6 Length of Flame Lift-off

The OH" chemiluminescence images are processed following the methodology pro-
posed in [176, 192]. The axis of each spray is defined manually, and on each side of
the spray centerline two lines are arbitrary selected, forming an angle of +5° with the
spray axis. The lift-off is determined along those 2 lines and averaged. An example
of a processed image is presented in Fig. 6.3. Images are acquired at 7.2kHz with a
monochrome Phantom v7.1 CMOS camera. The field of view is 60x60 mm? at an

image size of 512x512 pixels? (8.5 pixels/mm).
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Figure 6.3: Example of a processed OH™ chemiluminescence image, for an ambient density of

22.8kg/m>, 15%05 and ambient temperature 1000K, 0.932ms after SOI.

6.2 Numerical Simulation

6.2.1 Engine Mesh Generation

An automatic mesh generation tool has been developed and incorporated into the Lib-
ICE code, which is based on the OpenFOAM® technology to create spray/flow-oriented
and fully hexahedral grids [193]. On the basis of combustion chamber details and/or
user specified parameters such as piston bowl points, injector direction, squish height,
and valve lift diagram; body fitted grids are automatically generated to perform full-
cycle or compression/combustion simulations. Spray-oriented grid assures less numer-
ical diffusion during the liquid fuel spray calculations if LDEF (Lagrangian Droplet
and Eulerian Flow) method is applied [44]. Due to the configuration of applied injector

in Spray B experiments, spray-oriented grid generation is performed for one-third of
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the Sandia optical engine. Grid details include 45,916 and 341,562 cells at TDC and
BDC and with 48.7 and 11.2 for maximum and average mesh non-orthogonality. The
average cell size is less than 1 mm and tests were previously performed to verify grid-
independent results [44]. Figure 6.4 shows the generated spray-oriented grid for Sandia

optical engine and Spray B simulations at TDC.
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Figure 6.4: Spray-oriented grid automatically generated for Sandia optical engine Spray B

experiments.

6.2.2 Initial and Boundary Conditions

Wall boundary layer treatment for heat transfer calculations is modeled by the Huh-
Chang wall function [194]. Spray sub-models employed in this work are the same as
in [44]: jet and droplet breakup were computed by the KHRT model, which accounts for
both Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT) instabilities [158]. Concerning
other sub-models used, droplet evaporation is computed on the basis of the D? law and
the Spalding mass number while the Ranz-Marshall correlation was used to model heat

transfer between liquid and gas phases.

6.2.3 Non-Reactive Engine Results and Experimental Validation

Experiments and numerical simulation results for the liquid and vapor penetration
length of the Spray B cases are depicted in Fig.6.5 using the threshold considered
in §4.1. Among the 8 cases, only the 1000K temperature liquid length falls outside
one standard deviation from the mean liquid length. Although within the measurement
standard deviation, liquid penetration is systematically over-predicted, except at the
highest oxygen concentration. Vapor penetration mainly depends on the exchange of
mass and momentum between liquid and gas phase and is enhanced slightly by turbu-

lent diffusivity. Fig. 6.6 also compares spatial fuel vapor distribution and penetration
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values of the 0.001 mixture fraction contour in the numerical simulations compared to

the experimental schlieren images at 1.5, 2.5, 3.5, and 4.5 CAD ATDC. These engine

crank angles are also marked as A, B, C, and D in the Fig. 6.5. From both Fig. 6.6 and

Fig. 6.5 it can be seen that numerical simulations are capable or comparable predictions

of vapor penetration and evaporated spray morphology comparing to the experiments.
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Figure 6.5: Mean liquid and vapor penetration length comparisons of the cases for simulations and

experiments in Sandia optical engine.
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Figure 6.6: Spatial distribution of fuel vapor of the Case 4 compared to experimental schlieren images

for the times in Fig.6.5 .
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6.2.4 Reactive Engine Results, Model-to-Model and Model-to-Experiments Com-

parisons

n-dodecane oxidation is predicted in this work for both flamelet and well-mixed models
by using the reduced chemical mechanism proposed by Yao et al. [177] which considers
54 chemical species. The very limited number of species and its capability to properly
reproduce ignition delay and flame lift-off data at constant volume conditions makes it
very suitable for combustion simulations in CI engines. Cases represented in Table 6.3
are grouped in subsections to separately show how the combustion process is affected
by ambient temperature, ambient density, oxygen concentration and injection pressure.
Thresholds below are used for definition of ignition delay time and flame lift-off calcu-

lations;

e Ignition Delay: Similar to the experiments, AHRR results of simulations are cal-
culated using thermodynamic first-law analysis. The same approach used for the
experimental filtering of the AHRR is applied on numerical results with adjusted
frequencies due to lower CFD time-steps than experimental data intervals. Simi-
lar to the experiments, engine crank angle for the rise of AHRR form zero value
is considered as ignition time and time from SOI to ignition is considered as ig-
nition delay. This has to be mentioned that there is a need to define a unique
parameter/method to calculate ignition delay from simulations. As an instance,
maximum rate of rise of Favre-averaged temperature in [171] and rise of 400K in
a CFD cell from initial temperature in [101] were used to quantify ignition delay.
Both of these methods were used in the present work, however, significantly dif-
ferent ignition delay times were resulted. As it is mentioned, rise of AHRR form

zero value is considered as ignition time in this study.

e Length of Flame Lift-off: In this study, flame lift-off is based on 14% of maxi-
mum O H radical as suggested in [195] for the applied chemical kinetics mecha-

nism.

Ambient Temperature

Fig. 6.7 compares computed and experimental cylinder pressure and AHRR for the
Cases 2, 1 and 3 with targeted TDC temperature of 800K, 900K, and 1000K. In ex-
periments, the main effect of ambient temperature on combustion process seems to be

related to the amount of fuel which burns during the so-called premixed combustion
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phase. Case 2 having the lower TDC temperature presents the highest premixed peak
which is still present in Case 1 and it almost disappears in Case 3. For all the three
considered cases, simulations reproduce rather well the cylinder pressure trace, how-
ever a detailed analysis of AHRR traces allows to better compare the tested combustion
models. Table 6.4 compares the ignition delay calculations of the applied models to the

experiments.

AWM Case 1 |
MRIF 900K

(=)
=

%3
=
TR

Pressure [bar]
HRR [J/CAD]
Pressure [bar]
HRR [J/CAD]

Injection
TR 1 Lo

0 H‘SHHIO
CAD ATDC

Pressure [bar]
HRR [J/CAD]

Figure 6.7: Cylinder pressure and AHRR for MZWM and MRIF models compared to the experimental
data of the Case 2, 1, and 3 with targeted TDC temperature of 800K, 900K, and 1000K, respectively.

Table 6.4: Experimental ignition delay time [us] for different targeted TDC temperatures compared to
the simulation results of MZWM and MRIF models.

Case TDC Temp. Exp. Sim. MZWM  Sim. MRIF

800K 886 +£34 845 601
900K 354 £19 345 321
1000K 159 £69 192 151
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Several differences can be found between two models as stated below and then dis-

cussed, respectively:

1. Even if by a small amount, ignition delay time is always shorter in the MRIF

model compared to MZWM model.

2. Magnitudes of the premixed burn are generally better predicted by the MZWM

model.

3. Heat release during the diffusive combustion is better predicted by MRIF model
and MZWM model over-predicts the AHRR.

4. AHRR computed by the MZWM model decrease earlier than MRIF model after

end of injection.

Discussion 1. Ignition delay results of the models were shown in Table 6.4. Differ-
ences in ignition delay of the models can be mainly ascribed to the evolution of
mixture fraction and its variance in the applied models. In MRIF, the scalar dissi-
pation rate governing evolution of species and energy in the mixture fraction space
depends on the mixture fraction variance 7" and turbulent mixing time k/e. In
particular, 7" generation is proportional to the magnitude of the mixture fraction
gradient while destruction depends on the scalar dissipation rate. For the well-
mixed model, a transformation from spatial coordinates (Cartesian x, y, and z-t) to
the mixture fraction frame of reference (Z-t) shows that the corresponding scalar

dissipation rate value for the well-mixed model is:

X = 2551 vz|? 6.1)

Z//2
Compared to the x value as determined in Eqn. 3.6 used by the MRIF, this is
expected to have a different evolution during the injection phase and immediately

after its finishing.

Before ignition, the main effect of turbulence is reducing the mixture fraction vari-
ance at the jet periphery. This is responsible for y decreasing below the extinction
value and thus enhances ignition. However, when the y is reduced under the ex-
tinction limit, it is discussed that turbulence has less effects on ignition [196] and
ignition is initiated from a mixture fraction so-called Most Reactive mixture frac-

tion Zyrr with low scalar dissipation rate. Z,;r depends on: temperature of the
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fuel, temperature of the oxidizer, and activation energy required for ignition [196].
In other words, although TCI does not explicitly affect ignition of Z;,z, turbulent
sub-grid scale mixing helps reducing fuel rich spray periphery to the magnitude
of Zyr. As discussed in §5.2.5, embedded TCI through scalar dissipation rate
in the flamelet concept, enhances mixing in the spray periphery and smooths the

mixture fraction field faster than MZWM model even before ignition.

Discussion 2. After ignition, there is a premixed combustion phase (first peak in the

AHRR diagrams). The MRIF model is not able to predict the premixed peak
properly. During the premixed combustion phase when using multiple flamelets,
it can occur that several flamelets still have scalar dissipation above the extinc-
tion limit, which reduces the premixed peak. This suggests the need to introduce
suitable interaction models among flamelets. Premixed combustion phase is prop-
erly reproduced by the MZWM model due to its capability to account for spatial
convection and diffusion in physical space. In MRIF model, however, flamelet
equations are solved in the mixture fraction gradient direction and physical con-
vection and diffusion are implicitly taken into account by mixture fraction and its

variance transport in the CFD domain.

Discussion 3. There is a transient process after premixed combustion phase where the

reactivity of the mixture shifts from the ignited mixture fractions mainly to Zg;
(Stoichiometric Mixture Fraction) and then diffusive flame is going to be estab-
lished. When the diffusive flame is established the time-derivative term in Eq. 3.10
vanishes. Under such conditions, the burning rate only depends on the mixing and
scalar dissipation rate. If we again consider the transformation from spatial co-
ordinates to the mixture fraction frame of reference, MZWM model has higher
scalar dissipation rate due to not considering turbulence-chemistry interactions
(last term in the RHS of Eq. 3.5) resulting in higher mixture fraction gradient. As
in this stage (stoichiometric mixture fraction is ignited) discussed higher mixture
fraction gradients of MZWM model result in very thin flame with high reactiv-
ity gradients. This can be seen in Fig. 6.8 that MZWM model has higher peak
temperature as majority of mixture fractions are reacting in thermodynamic equi-
librium state comparing to the MRIF model. This is not the case for MRIF model
as reactivity is smoothed due to scalar dissipation rate as negative source term in

Eq. 3.5 and the flame modeled by MRIF model has wider reactive brush than a
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flame modeled by MZWM model. This is also can be seen by a mixture fraction-
temperature diagram in Fig. 6.8. For an already established diffusive flame for the
MRIF model there are more scattered ignited mixture fractions in between mixing
line and thermodynamic equilibrium lines compared to the MZWM model. These
intermediate thermodynamic states of the MRIF model were resulted in thickened

reactive flame brush.
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Figure 6.8: MRIF and MZWM models results of Mixture fraction-Temperature diagram for the
established diffusive flame of Case 3 at 6 CAD ATDC together with temperature contours
(Zst = 0.054).

Discussion 4. At the end of injection, there is a fast decay of turbulence in the compu-
tational domain and this phenomenon is immediately detected by the equivalent
scalar dissipation rate of the MZWM model. Hence, the burning rate decays im-
mediately after injection ends. Compared to MZWM, decay of the burning rate
is delayed by a couple of engine cranks when the MRIF model is used. This is
mainly due to the fact that the sub-grid mixing is taken into account the scalar
dissipation rate and this is responsible for its slower decay towards the end of

injection.

Experimental and numerical results of MZWM and MRIF combustion models for
the mean flame lift-off length of the Spray B experiments for different targeted TDC
temperatures are shown in Fig.6.9. Since lift-off length is mainly related to the model
capability to predict diffusion combustion. The flame lift-off length in the MZWM

shows much larger sensitivity to temperature, over-shooting at lower temperature and
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under-predicting at higher temperature. The MRIF model under-predicts the flame lift-
off at 800K, but the 900K and 1000K lift-off length predictions lie within one standard
deviation of the experimental result.

More representation of model-to-model comparison for lift-off length can be seen
from Fig.6.10 for the spatial flame images based on O H contour. A threshold of 14%
of maximum OH are used to locate the flame lift-off length. At 9 CAD ATDC (estab-
lished diffusive flame) in the Fig.6.10 flame lift-off of the MRIF model is closer to the

experimental value, whereas the MZWM model over-estimates.
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Figure 6.9: Mean Flame lift-off length comparisons of MZWM and MRIF combustion models for Spray

B experiments in different targeted TDC temperatures.
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Figure 6.10: Top view of the combustion chamber. Limits of diffusive flame at 9 CAD ATDC for Case 2

(origin in this figures is the location of the injector orifice).
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Ambient Density

Here, two different density values at SOI were considered: 22.8kg/m? for Case 1
and 15.2kg/m? for Case 4. Effects of density change will be dominated by differ-
ences in the fuel-air mixing process and momentum exchange. Fig. 6.5 shows an in-
crease of 3 mm for the liquid penetration for the condition with lower ambient density.
Fig. 6.11 plots the comparison between computed and experimental values of AHRR

for Cases 1 and 4. Tab. 6.5 has the computed ignition delay times.

Table 6.5: Experimental ignition delay time [us] for low density and baseline case compared to the

simulation results of MZWM and MRIF models

Case Density Exp. Sim. MZWM  Sim. MRIF
152 Kg/m3 612422 571 383
22.8 Kg/m3 354 £19 345 321

Ignition delay both in experiments and simulations are reduced by increasing am-
bient gas density. This is due to higher evaporation and mixing taking place when
liquid spray faced denser ambient gas and reduction of mixture fraction to the value
of most reactive mixture fraction, Z,,g, is accelerated. At the lower density, ignition
delay is under-predicted by both models. The sensitivity of MRIF to density is exagger-
ated, while ignition delay time from MZWM is in better agreement with experimental
data. Both models predict a small positive AHRR almost immediately after SOI, while
the experiment has a similar magnitude, it is phased about 2 CAD later. Considering
that both liquid and vapor penetration are rather well predicted for Case 4, the under-
estimation of the ignition delay time by MRIF model such as the discussion in Ambient
Temperature sub-section is mainly due to higher level of smoothing of mixture fraction
variance in this model compared to the MZWM model. Fig. 6.12 compares predic-
tions for the effect of ambient density on flame lift-off length. Based on the chosen
threshold, the MZWM model under-predicts the lift off length at high-density and over-
predicts the length at low density. The MRIF model is within one standard deviation at
22.8 K g/m? and slightly under-predicts the length for 15.2Kg/m3 .
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Figure 6.11: Cylinder pressure and AHRR for MZWM and MRIF models compared to the experimental
data of the Case 4 and 1 with targeted TDC density of 15.2K g/m? and 22.8K g/m3, respectively.
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Figure 6.12: Mean Flame lift-off length comparisons of MZWM and MRIF combustion models for

Spray B experiments for lower density and baseline case.

Flame Brush Comparison

Figure 6.13 represents the MRIF and MZWM model results of OH contours for
Case 1 and Case 4 and scaled to the maximum and the applied threshold of 14% of
maximum OH at 6 CAD ATDC. Liquid fuel particles are shown in white points and
Exp. LL is the mean experimental liquid penetration length. Stoichiometric mixture
fraction is shown by a solid black iso-line and Exp. LOL is the mean experimental
flame lift-off length. It can be seen that MRIF model can comparably predict mean
experimental lift-off length located on the iso-line of stoichiometric mixture fraction
(solid black line). From O H contours it can be seen in low ambient density case larger

liquid penetration length result in distant stabilization of the diffusive flame. Before
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the ignition and due to Sandia optical engine bowl geometry, fuel vapor in low ambi-
ent density case is more accumulated on the radial direction of the spray axis. This is
resulted in wider flame brush comparing to the high ambient density case. In case of
model-to-model comparison, for both cases MZWM model predicts thinner and more
reactive flame brush than MRIF model. The reason for this was discussed in the Am-
bient Temperature sub-section as MRIF resulted (due to considering TCI) in wider re-
active mixture fraction span which is more consistent with what is expected for highly

turbulent non-premixed flames observed in the experiments [101].

Case 4

] Case 4 MRIF
15.2 Kg/nr

3
15.2 Kg/m %4 OF_ i

Case 1

Case 1 MRIF
22.8 Kg/nr 22.8 Kg/m?

14% OH I

Figure 6.13: OH contour of the Case 1 and Case 4 for MRIF and MZWM models at 6 CAD ATDC.

Ambient O, Level

Figure 6.14 shows that AHRR is a little elevated by moving to 21%0,. High over-
prediction of the premixed burn for the highest O, level in MZWM model can be due to
homogeneous reactor assumption in the well-mixed model and chemical heat release
was intensified due to higher availability of O;. During the mixing-controlled com-
bustion phase, MRIF model better estimates the AHRR profile compared to MZWM .
Increasing of the oxidizer level advances combustion as shown in ignition delay results
in Table 6.6 where almost half of the time is needed for a mixture in Case 6 to ignite
comparing to the baseline case. Due to the different flame structure assumption from
the two models and consistently with what was found in previous sections, ignition

delay time computed by MRIF is lower than the one estimated by the MZWM model.
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Table 6.6: Experimental ignition delay time [us] for different Oy levels compared to the simulation
results of MZWM and MRIF models

Case Os level Exp. Sim. MZWM  Sim. MRIF

13% 441 £12 465 355
15% 354 +19 345 321
21% 153 +21 21 115
Case 5 | MZWM Case 1
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Figure 6.14: Cylinder pressure and AHRR for MZWM and MRIF models for different O5 levels

compared to the experimental data.

Flame lift-off for different O, levels in Fig. 6.15 show that both in experiments
and simulations lower lift-off lengths result from increasing the Oy level. MZWM
model systematically under-predicts the lift-off length at all %O conditions. Without
the influence of strain and extinction on the combustion progress, the MZWM model

predicts more reactive mixtures and shortened flame lift-off length.
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Figure 6.15: Mean Flame lift-off length comparisons of different Os level for MZWM and MRIF

combustion models for Spray B experiments.

Injector Rail Pressure

Injection pressure affects the fuel-air mixing process and influences both ignition
delay and flame lift-off values [171]. D’Errico et al. [197] were shown for constant vol-
ume chamber calculations that when increasing injection pressure, temporal evolution
of the scalar dissipation rate reduces the ignition delay but, at the same time, the length
at which flame stabilizes grows. In the early stages of the injection process, the region
of where scalar dissipation rate is higher than the extinction value is larger for the low
pressure conditions while the opposite happens during the quasi steady part of the in-

jection process. Ignition delay data reported in Table. 6.7 confirms such experimental

trend.

Table 6.7: Experimental ignition delay time [us] of different injector rail pressure compared to the
simulation results of MZWM and MRIF models

Case Inj. rail pres. Exp. Sim. MZWM  Sim. MRIF

500 bar 457 £32 310 251
1000 bar 384 £14 335 256
1500 bar 354 £19 345 321

In simulations, neither MZWM nor MRIF can properly reproduce experimental
data. A possible reason for such discrepancy is the mesh size close to the nozzle,
which is not fine enough to reproduce the scalar dissipation rate distribution in the near
nozzle region. The use of a more refined grid will probably improve ignition delay
prediction as function of injection pressure. During the mixing-controlled combustion

phase, Fig. 6.16 illustrates that AHRR 1is always better predicted by the MRIF model.

111



Chapter 6. Spray B in Engines: Study of Reactive Diesel Sprays within Real Engine
Operating Conditions

The largest differences between MZWM and MRIF are mainly for Case 1 where injec-
tion pressure is the highest and, consequently, effects of turbulence on combustion will
be more significant.
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Figure 6.16: Cylinder pressure and AHRR of different injector rail pressure for MZWM and MRIF

models compared to the experimental data.
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Figure 6.17: Mean Flame lift-off length comparisons of different injector rail pressure for MZWM and
MRIF combustion models for Spray B experiments.

112



6.3. Conclusions

Concerning the flame lift-off length, Fig. 6.17, the MRIF model always predicts
within the standard deviation of the experimental measurement. The lift-off is system-
atically under-predicted by the MZWM model, which also shows a stronger sensitivity

to the lowest rail pressure than in either the experiment or MRIF model.

6.3 Conclusions

The availability of the large set of experimental data for ECN Spray B in Engines
made it possible to compare simulations across a wide engine map with well controlled
boundary conditions. The comparisons used identical approaches for mesh generation,
and turbulence modeling. Attention was first dedicated to non-reacting conditions,
where the dependency of steady-state liquid penetration as function of ambient tem-
perature, density and injection pressure. Vapor penetration was also compared for the
considered cases. These assessments indicated that the proposed turbulence modeling
approach, a k-¢ model, including the proposed correction on the C; based on vessel
simulations and applying spray-oriented grid, can reasonably reproduce the liquid and
vapor penetrations.

The aim of this chapter was the assessment of the well-mixed reactor and flamelet
modeling approaches for combustion process in Diesel engines. The trends in the re-
sults agree well a previous numerical study in this engine with a different injector and
fuel, comparing predictions of combustion characteristics of ignition delay and AHRR
using either well-mixed or flamelet based combustion models [155]. In both studies
flamelet based models predict earlier ignition and more accurate flame lift-off predic-
tions due to embedded turbulence-chemistry interactions.

This work extends the prior art through additional comparisons of liquid length, va-
por penetration, in-cylinder pressure, AHRR, and quantification of the ignition delay
and flame lift-off length. Flamelet method generally predicted shorter than measured
ignition delays, but estimated flame lift-off length within the experimental uncertainty.
The well-mixed model more accurately, though still slightly under-predicted, ignition
delay relative to the measurements. During injection, the well-mixed model also pre-
dicted shorter flame lift-off lengths and a thin flame brush compared to MRIF model,
which has implications for different prediction of soot and NO, levels with this mod-
eling approaches. Both combustion models reasonably estimated premixed burn mag-

nitude and mean AHRR, with the flamelet model typically lower than the well-mixed
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model between 0 and 15 CAD ATDC. However, both models fell well within the ex-
perimental uncertainty when considering the filtering applied.

Improvements in the prediction of the ignition delay, in particular on predicting ef-
fects of injection pressure, may be improved by increasing mesh resolution employed
close to the nozzle. Results achieved in this Chapter were based on expert judgment of
the correct thresholds to evaluate ignition delay and the flame lift-off. Further refine-
ment of these choices, perhaps in conjunction with multiple simultaneous experimental
diagnostics, such as heat release rate and optical imaging of ignition is a subject of

prospective future studies.
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CHAPTER

Low Temperature Combustion

In order to reduce greenhouse gas emissions and reliance on increasing fossil fuel de-
mand, there is a need for strong drivers for increasing the fuel efficiency of passenger
cars and power generation units utilizing combustion. Using Diesel engines in the ve-
hicles is a cost-effective, easily implemented strategy for reducing fuel consumption
and attendant C'O, emissions. However, relatively high NOx and particulate matter
emitted by Diesel engines increases their cost and raises environmental barriers that
prevent their widespread market penetration. Consequently, research into automotive-
class Diesel engines is focused on Low Temperature Combustion (LTC) techniques
that can reduce emissions in-cylinder, without sacrificing engine efficiency and fuel

consumption.

7.1 Low Temperature Combustion Approaches

Since introduction of Diesel engine emission standards that have forced applying after-
treatment systems for NOx and Diesel Particulate Matter (PM), evolution of the Diesel

combustion process has been significant. Advanced combustion strategies have at-
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tempted to find an in-cylinder approach to either meet these emission standards and
thus avoiding the need to use after-treatment or at the very least, to lower the per-
formance demands required from after-treatment systems and thus reducing their cost
and complexity. While the main focus of combustion system development has been to
lower emissions of NOx, there is also significant interest to lower PM emissions. Many
of these advanced combustion systems carry numerous handles such as Homogeneous
Charge Compression Ignition (HCCI) [198-200], Premixed Charge Compression Igni-
tion (PCCI) [201-203], and Partially Premixed Compression Ignition (PPCI) [204-207]
engines that can meet strengthened emission regulations. HCCI was one of the early
Diesel combustion concepts that differed from the conventional Diesel process to at-
tract attention. As the name implies, the goal of early HCCI work was to achieve
as homogeneous air-fuel mixture as possible before ignition similar to a conventional
spark ignition engine. This can be achieved either by injecting fuel into the intake port
or directly into the cylinder and allowing sufficient time between injection and ignition
to allow complete mixing of air and fuel. The charge then ignites as it is heated by the
compressed gases where no spark or other means of forced ignition is used. In order to
address many of the challenges such as limited load range, controllability and knock-
ing posed by HCCI, a number of other concepts have evolved from this homogeneous
charge approach and in many cases, charge stratification was introduced. Since the
term HCCI may no longer accurately describe many of these systems, the term LTC
can be used as a general term to refer to these and other advanced combustion concepts
because the overall goal is to lower combustion temperatures to advantageously alter
the chemistry of NOx and/or soot formation. HCCI Diesel combustion using Diesel
fumigation in the intake port was first described in 1958 [208]. Further work in the
late 1970s [209,210] reported stable spontaneous ignition in a two stroke gasoline en-
gine with port fuelling that was attributed to the presence of active radicals. While the
focus of many of these early publications was on light fuels (gasoline) in two stroke en-
gines, later work described the same type of combustion with Diesel fuel in four stroke
engines [198,211].

7.2 HCCI Engine Combustion Modeling

HCCI is a thermal ignition process that initiates simultaneously at numerous sites be-

fore rapidly spreading throughout the combustion chamber [212]. HCCI ignition con-
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trasts sharply with the turbulent flame propagation of SI engines and the mixing con-
trolled combustion of CI Diesel engines. Ignition begins in slightly hotter spots formed
due to non-uniformities in temperature or concentration [213]. Combustion then propa-
gates as a pressure wave from these initial ignition points. The expansion of hot reaction
products compresses and heats the unburned fuel and air that is adjacent to the initial
ignition points. In general, numerical simulation of HCCI combustion is mainly rely on
thermal load, ignition, and the applied chemistry [214]. Turbulence plays an indirect
role in HCCI combustion. The role of turbulence is limited to controlling heat transfer
to the cylinder walls, thereby establishing the temperature distribution in the cylinder.
Both thermodynamic and CFD formulations can be applied using multi-zone approach.
In thermodynamic models energy equation is the main governing conservation equa-
tion while in CFD all transport phenomena is taken into account. CFD methodology
and formulation of the multi-zone chemistry model is represented in §3.2.1. HCCI ex-
periments and simulations of Hessel et al. [212] is used in the following to reproduce

the results using MZWM combustion model.

7.2.1 Experimental Setup and Operating Conditions

Hessel et al. [212] conducted the experiments on a Sandia National Laboratories re-
search engine. The engine is based on the Cummins B-series, a typical medium-duty
Diesel engine with the specifications given in Table 7.1. For all cases the engine speed is
1200rpm with fully premixed iso-octane in HCCI mode. Equivalence ratio was swept
from 0.08 to 0.28 in steps of 0.02. For each case, intake temperature is adjusted to

maintain the 50% heat release point at TDC.

Table 7.1: Engine specifications and model inputs [212]

Fuelling mode Fully premixed
Bore x Stroke 102 x 120mm
IVC, EVO -160, 120 CAD ATDC
Compression ratio 13.5
Swirl ratio 0.9
Engine speed 1200rpm
Intake temperature 468K-478K
Intake pressure 1.35bar
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7.2.2 Mesh Generation and Boundary Conditions

To accelerate the HCCI simulations a two dimensional mesh is generated as it is shown

in Fig.7.1 at TDC. Piston crevice shape was reconstructed based on Hessel’s simula-
tions [212].

i

N Y |

Figure 7.1: 2D grid for iso-octane HCCI engine at TDC

To commence the simulations all engine variables such as compression ratio, engine
speed, and turbulence and wall functions were kept constant and only equivalence ratio
of the premixed iso-octane and air mixture was changed. Table 7.2 summarizes initial

conditions considered in HCCI simulations.

Table 7.2: Boundary and initial conditions for the HCCI Simulations

Case 0=014 ¢$=020 ¢=0.28
Internal Temp. ;v o [K] 476 474 468
Piston Temp. [K] 428 440 452
Liner Temp. [K] 382 383 385
Head Temp. [K] 401 406 412
Pry e [bar] 1.36 1.36 1.36

Fuel mass fraction 0.00884 0.01265 0.01774

7.2.3 HCCI Simulation Results

MZWM model applied to the HCCI simulations in the same way it is discussed in
in §3.2.1. Chemical kinetics mechanism of Wallesten and Golovitchev [215] with 82
chemical species and 413 reactions were used. Figure 7.2 shows the experimental and
numerical MZWM models pressure curves. It can be seen that MZWM has comparable
results to the experiments in case of ignition time and magnitudes of peak pressure. It
is also showing that by strengthening the air-fuel mixture (richer mixtures) cylinder
pressure rise and peak values are increasing. However, there is not a significant change

in the ignition time due to the applied intake temperature of the charge.
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Figure 7.2: In-cylinder experimental and numerical comparison of pressure for HCCI combustion for

¢ =0.14, ¢ = 0.2, and ¢ = 0.28.

Reliable simulation results under HCCI mode is highly necessary when later PPCI
simulations is going to be performed. It will be discussed that PPCI combustion occurs
in stratified mixture and its evolution is similar to the premixed combustion as scalar

dissipation rates within the computational domain are very low.

7.3 PPCI Engine Combustion Modeling

PPCI combustion is one of the LTC techniques is being actively investigated. LTC of
PPCI mode enables significant reductions of both soot and NOx emissions, however,
increases in unburned hydrocarbon (UHC) and CO emissions are often incurred. Com-
paring to HCCI mode, PPCI combustion provides better control on the ignition timing
and noise reduction due to lowered rate of heat release which is very common in kinet-
ically controlled HCCI combustion [16,26,206,207]. In order to get insights of PPCI
combustion, simulations of a light-duty Diesel engine operating under PPCI mode are

conducted and results will be discussed in the following sections.
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7.3.1 Experimental Setup and Operating Conditions

PPCI engine experiments were conducted in Eindhoven University of Technology on a
light-duty Volvo D5 Diesel engine [216]. The engine was modified for optical access
from cylinder side and bottom for investigating effects of the SOI on ignition sensitivity
of PPCI. As images were taken from the bottom of the cylinder a flat glassy piston
was used to provide optical access to the combustion chamber. Applied fuel for the
experiments was PRF70 which is less reactive than conventional Diesel fuel. This less-
reactive characteristic of the applied fuel extends the ignition delay at elevated loads
of PPCI combustion. Engine specifications and operating conditions were shown in
Table 7.3. The engine was motored at 1200 rpm by using a dynamometer. An artificial
EGR system was used to dilute the intake air by adding nitrogen. Intake pressure and
temperature were also controlled using a compressor and heater. Intake air temperature
was slightly changed for different injection timings to have similar engine time of the

second stage (main stage) ignition.

Table 7.3: Engine specifications operating under PPCI mode [216]

Bore x Stroke 81x93.2 mm
Connecting rod length 147 mm
Compression ratio 12.6:1
Swirl ratio 1.8
Speed 1200 rpm
Number of injector holes 7
Spray pattern included angle 140°
Intake pressure 1.2 bar
Intake temperature 350-380 K
Injected fuel mass 16 mg/cycle

To investigate effects of injection timing, SOI was swept from -100 to -20 CAD
ATDC for three different single-injection strategies of 640 bar (Case A), 500bar (Case
B), and 420bar (Case C) with injection duration of 5 CAD, 6 CAD, and 7 CAD, re-
spectively. Experimentally, the engine was operated in a skip-fire mode (once every
10" engine cycle) to reduce the required cleaning frequency of the optical piston and
liner, and the risk of liner failure due to thermal and mechanical stresses. To assess the
ignition sensitivity, SOI has been advanced and retarded for 2 CAD for each measure-
ment point (2x19 extra measurement points) and CAS0 variation has been measured

for this small SOI differential. Izadi et al. [216] then defined the ignition sensitivity as
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the ratio of CA50 (Crank Angle 50) differential to SOI differential and quantified it for
the different injection timing experiments as shown in Fig. 7.3.

At intermediate SOI from -60 to -25 CAD, ignition sensitivity acts unexpectedly,
particularly around -50 and -30 CAD where the combustion was advanced by retarding
the injection timing [216]. Considering a hypothesis of "later injection, later combus-
tion" for late injection timing, two unexpected regions were highlighted in Fig. 7.3.
Izadi et al. discussed that early injection timing (-100 CAD) causes liquid fuel to hit
the liner and by the end of injection, this liquid stain on the liner evaporates after some
crank angle degrees. Due to experimental limitations, the glass piston had a larger
crevice volume compared to the metal piston and this caused trapping of a considerable
amount of evaporated fuel in the piston crevice which cannot participate in combustion.
Spray-liner impinging reduces with further retarding the SOI due to elevated cylinder
pressure at late engine crank angles. For injection timing from -60 to -45 CAD ATDC,
there was the maximum amount of trapped fuel in the crevice volume due to piston
position and injection angle, causing poor combustion efficiency and low ignition sen-
sitivity. For injection later than -50 CAD ATDC, the liquid spray did not hit the liner.
However, for injection from -35 to -25 CAD, liquid spray hit the piston crown in rela-
tively cold thermal situations, causing poor mixing and low ignition sensitivity. These

unexpected regions were shown in yellow areas in the Fig. 7.3.
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Figure 7.3: Ignition sensitivity as a function of injection timing for different injection strategies of

PPCI combustion for Case A, B, and C reported by Izadi et al. [216]

Combustion stratification levels of the experimental cases for different start of in-

jection times were shown in Fig.7.4. The methodology to calculate these stratification

121



Chapter 7. Low Temperature Combustion

levels was based on angular stratification driven from O H* chemiluminescence images
analyzed in a cylindrical coordinate system [216]. The intensity was radially averaged
and plotted as a function of polar angle. Based on the minimum and maximum intensi-
ties combustion stratification was quantified for each operating conditions.

Experimental data shows that stratification of Case C was the highest among two
other cases and this case was used to perform numerical simulations because its larger
range of air-fuel stratification. In the numerical simulations no crevice flow model and
blow-by were considered, although large crevice volume can possibly create blow-by
and loss of mass. To minimize mentioned issues numerical simulations were conducted
for start of injection at -80 and -40 CAD ATDC. Based on represented experimental data
in Fig. 7.3, these injection timings were not in the highlighted zone with unexpected
ignition sensitivity behavior. Hence, numerical study can mainly focus on the level of
stratification of the cases.
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Figure 7.4: Stratification level of PPCI combustion of Case A, B, and C as a function of injection

timing reported in [216]

7.3.2 Mesh Generation and Boundary Conditions

Mesh generation was carried out for the engine with the specification in Table 7.3 and
it can be seen in Fig. 7.5 at TDC. A Spray Oriented sector grid was generated with con-
sidering the crevice volume (to match the engine compression ratio) and seven injector
nozzles. Mesh generation was performed based on automatic grid generation tool [193].

This method of grid generation keeps the grid fixed on top of the combustion chamber
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and aligned to the spray injection axis. Layers of the cells then can be added/removed
below these fixed grids during the piston movements. For the PPCI combustion with
very early injection timings, spray oriented grid will be very beneficial to have more ac-
curate air-fuel mixing predictions. Periodic boundary condition was considered on side
faces for the mesh. Cylinder head, piston, and liner wall temperatures were set to 420
K, 460 K, and 470 K, respectively. These temperature values were obtained by match-
ing the trapped air mass in the simulations with air flow rate of the experiments and
performing motoring simulations to accurately predict experimental motoring pressure

curves.

Figure 7.5: Spray oriented sector grid for the PPCI engine combustion simulations at TDC

7.3.3 Combustion Model

The Multi-Zone Well-Mixed combustion model (§3.2.1) was used as the combustion
model and Liu’s PRF mechanism [217] with 41 chemical species and 124 chemical
reactions was used as reaction mechanism. Although sub-grid turbulent mixing is not
considered in the MZWM model, when applied to PPCI combustion it was expected to
provide a reasonable estimation of auto-ignition time and burning rate. In other words,
comparing to the conventional Diesel combustion, as generally PPCI ignition occurs
much later than end of injection, scalar dissipation rate in the air-fuel mixture drops
to very low values and gets very close to well-mixed assumption. This is why many
researchers reported that results of the models with embedded sub-grid scale turbulent
mixing do not differ a lot when compared to the well-mixed combustion models [106,
218]. Nevertheless, for retarded PPCI injections, applying models such as MRIF with

embedded TCI effect is necessary and matter of future research.
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7.3.4 PPCI Simulation Results
Cylinder Pressure for Low and High Air-Fuel Mixture Stratification Level

Initially, in-cylinder pressure results of SOI -80 and -40 ATDC were compared with
experimental data in Fig. 7.6. These two cases represent low and high mixture strati-
fication levels as depicted in the experimental results of Fig.7.4. Figure 7.6 also shows
that MZWM model is capable of acceptable predictions for the PPCI combustion with
low and high level of air-fuel mixture stratification. It then would be worth studying the
mechanism of combustion initiation and progress with noticeably different stratification

levels.
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Figure 7.6: In-cylinder pressure comprason with experimental data for SOI of -80 and -40 ATDC.

O H* Chemiluminescence as the Marker of the First Stage Ignition

In the experiments, chemiluminescence was captured which corresponds to OH* as
good indicator of the ignition process under PPCI engine condition. OH* chemistry
pathways were added to the applied chemical kinetics mechanism enabling introduc-
tion of O H* mass fraction as a transportable scalar. Figure 7.7 represents images (top
view) of the D5 engine combustion chamber at the time of the first stage ignition: -16
CAD ATDC for SOI -80 and -12 CAD ATDC for SOI -40. Magnitudes of O H* were
normalized to the maximum value in the experiments in each image and in the CFD
simulations. MZWM model was able to predict spatial distribution of OH* and its

local peak compared to the experiments.
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Figure 7.7: Experimental and numerical O H* distributions (scalaed to the maximum values for each

image) at the sequence of the first stage ignition.

7.3.5 Effects of Air-Fuel Stratification

Numerical results of AHRR was compared for the considered cases in Fig. 7.8. It
can be noted that the time delay between first and second stage ignition was getting
shorter by further retarding the start of injection from -80 to -40 CAD ATDC. In other
words, it shows that combustion phases faster to the second and main stage heat release
in higher air-fuel stratification case. The reason for this behavior will be discussed in

flame structure, mixture fraction-temerature, diagrams.

Although it was not for the PPCI combustion, the behavior of inclination toward
single stage ignition was also reported by Pei et al. [219] for highly stratified air-fuel
charges, Spray A experiments [168], where almost no effects of double stage ignition
and negative temperature coefficient region was observed in the numerical simulations.
In PPCI combustion, observed differences of combustion phasing speeds toward second
stage heat release can be considered as a key parameter to provide a better control on
timing of the second stage heat release rate. Hence, the important task then would be
generating a desired mixture stratification for different engine operating conditions.

Although Z is a conserved scalar, its higher magnitudes represents the air-fuel mix-
ture strength. In the stratified mixtures availability of Zg;, due to its highest chemical

reactivity, can alter the ignition and combustion phasing. In case of PPCI combustion,
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Figure 7.8: AHRR comparison of SOI -80 and -40 as representators of low and high mixture

stratification levels, respectively.

flame structure diagrams can provide useful insights on ignition and combustion phas-
ing and how they are correlated to the level of mixture stratification. Simulation results
of mixture fraction versus temperature for SOI of -80 and -40 ATDC were shown in
Fig.7.9 and Fig.7.10, respectively. Initially, it should be noted that there are range of
mixture fractions (similar to a line) with temperature about 640K for SOI -80 and 700K
for SOI -40 in Fig.7.9 and Fig.7.10. These mixture fractions are the fuel trapped in the
piston crevice volume that will not participate in the combustion and discussions below
do not take these mixture fraction into account. Moreover, temperature difference of
these trapped mixture fractions in the crevice volume of the cases is due to the minor
differences of the intake air temperature as stated in Table 7.3 for different injection
timings.

For crank angle -20 ATDC, it can be seen that mixture fraction (not the ones in the
crevice volume) in the low stratification case of SOI -80 (Fig.7.9) spans a narrower
range compared to the high stratification case of SOI -40 (Fig.7.10). This is because
of a very early injection in SOI -80, air and fuel had enough time to mix and form
lean mixtures. For all shown engine times of SOI -80, mixture fractions are lower than

Z5:=0.0558.

SOI -80: At early crank angles, it can be seen that compared to SOI -40, having
more time for mixing, has caused a large amount of mixture fractions to have very sim-

ilar temperature (around 750K). Relatively wide range of mixture fractions (from 0 to
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0.035) simultaneously ignite and increase the temperature up to about 800K-900K as
for first stage ignition around -16 CAD ATDC. Interestingly this occurs earlier for SOI
-80 compared to SOI -40. Second stage ignition is around 5 CAD ATDC where temper-
ature of the richer mixture fractions (Z~ 0.035) suddenly elevates to above 2000K. And
then reaction zone also spreads for leaner mixture fractions at the later engine times. It
implies that engine time needed from first to second stage ignition is 21 engine crank

angles for the case of SOI -80.

SOI -40: It can be seen both in Fig.7.10 and Fig.7.8 that first stage ignition for
SOI -40 occurs later than SOI -80 around -12 CAD ATDC. The reason for this can be
attributed to the retarded injection timing of SOI -40 where cooling due to evaporation
affects SOI -40 more than than SOI -80. As mentioned, the range of ignitable mixture
fractions before ignition for SOI -40 is almost double the value in SOI -80 due to
lowered premixing. This has created mixtures richer than Z¢,=0.0558 which will result

in higher reaction rates if the needed activation energy can be provided by compression.

After the first stage ignition, availability of these richer mixture fractions with higher
reactivity, as it was also mentioned in the discussion of the Fig.7.8, noticeably shortens
the time from first stage to second stage ignition. This is also shown in Fig.7.11 for
C H50 mass fractions at 5 CAD ATDC as indicator for second stage ignition. It can
be seen that due to availability of richer mixture fractions, higher C'H5O is resulted for
SOI -40 which shortens the transition time from first stage to second stage ignition. It
represents that engine time needed from first to second stage ignition is 17 engine crank
angles for the case of SOI -40. This is an important outcome of applying stratified air-
fuel charges bringing in additional and effective controlling parameter which is not

available in the HCCI engines.

On the other hand, for SOI -80 a large number of mixture fractions at Z ~ 0.03
have higher C'H,O mass fractions than SOI -40. This is because larger amount of fuel
undergo the second stage ignition in SOI -80 which can be seen in the mixture fraction
contours of Fig.7.12. This also causes a higher heat release rate peak in Fig.7.8 for SOI
-80.

Explained second stage ignition characteristics of the cases can also shown in the

temperature and mixture fraction contours in Fig.7.12.
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Figure 7.9: Z-T diagram of flame structure for the low air-fuel mixture stratification case of SOI -80 for

shown engine times. Zg1=0.0558.
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Figure 7.10: Z-T diagram of flame structure for the high air-fuel mixture stratification case of SOI -40

for shown engine times. Zg;=0.0558.
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In Fig.7.12 a high temperature spot is formed in SOI -40 at 1 CAD ATDC, whereas
the temperature contour for the SOI -80 is almost uniform around 1000K after first
ignition stage. The reason for earlier formation of this hot spot in SOI -40 can be dis-
cussed by locally richer mixture fraction of this region in Fig.7.12 and higher reactivity
of these rich mixture fractions which increases the combustion phasing speed for SOI
-40. It can also be seen from the mixture fraction contours that due to spray angle and
early injection, evaporated fuel in SOI -80 had more time to mix and diffuse to the com-
bustion chamber than SOI -40 creating larger amount of ignitable fuel. As discussed.
this was the main reason on higher AHRR peak and C' H,O mass fractions for SOI -80

at second stage ignition.

7.4 Conclusions

At first, HCCI engine simulations were performed to make a transition to the PPCI
combustion as the main goal of this Chapter. PPCI engine experiments and simula-
tions of the LTC concept were then performed on a CI optical engine. Two cases of
the low and high air-fuel mixture stratification levels were considered. Low and high
air-fuel stratification levels were experimentally achieved by early (SOI -80 ATDC)
and late (SOI -40 ATDC) injection timings. Experimental results show that injection
around -80 CAD has less ignition sensitivity to SOI compared to injection around -40
CAD because of lower level of stratification which was confirmed by analysis of O H*
images. Numerical validation studies of the PPCI engine was then performed for the
considered cases. Well-Mixed combustion model is used as PPCI combustion occurs
in nearly homogeneous mixtures. After getting acceptable results for in-cylinder pres-
sure, and local distribution of O H* within the combustion chamber of the PPCI engine,
attention was given to evolution of the first and second stage ignitions and combustion
phasing speed. Firstly, it was found that with the assumption of similar timing for the
second stage ignition provided by intake air heating, first stage ignition occurs earlier
for lower air-fuel stratification case. Secondly, high air-fuel stratification will cause in
faster shift from the first stage ignition to second stage ignition of the PRF70 fuel. This
was discussed to be due to higher reactivity of the mixture in high air-fuel stratification
case. Combustion phasing from first to second stage ignition took 21 CAD for SOI -80,
whereas for SOI -40 this was 17 CAD. It was concluded that by generating more strat-

ified mixtures and providing needed activation energy by engine thermal load, it would
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possible to have control on timing of the second stage ignition and combustion phasing
speed of a PPCI engine. This study only considered low and high air-fuel stratification
levels and more extensive engine experiments and simulations are needed to define a
map of a PPCI engine based on injection timing (air-fuel stratification), engine IMEP or

emissions, and engine operating conditions. This was considered as a future research.
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CHAPTER

Final Conclusions and Future Work

8.1 Summary of the Conclusions

It was discussed in the introduction that Diesel combustion still is going to have a role
in transportation and power generation units due to its practical significance and su-
perior fuel consumption aspects. In this light, modeling tasks of Diesel combustion is
also ongoing research worldwide. This is due to the nature of Diesel combustion that
involves many thermo-physical phenomena and there is a need to enhance a large num-
ber of sub-models. Although simplified numerical studies can be conducted in constant
volume vessels such as ECN Spray A, real engine environment adds in additional dif-
ficulties and more interfering phenomena which cannot be neglected such as swirling
and squishing flows of the chamber, handling boundary conditions of fixed and moving
walls, complex heat transfer, spray and flame interactions with the piston wall, and etc.

This thesis is among the first attempts in case of combustion phasing analysis of the
Spray A configuration, real engine simulation of the Spray B configuration with wide
range of experimental validation, and detailed mathematical and physical reasoning of

the model-to-model differences in case of applying or neglecting contribution of the
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sub-grid scale turbulent mixing (Turbulence Chemistry Interactions) in non/partially-
premixed turbulent combustion.
Followings are the principal findings of this thesis for the research on reactive high

pressure liquid sprays:

e Identification and parametrization of the conceptual Diesel combustion phases is a
perquisite of any fundamental study under non/partially premixed turbulent com-
bustion of reacting sprays. This was discussed that the key elements of Diesel
combustion: Ignition Delay and Length of Flame Lift-off are characteristics of
Premixed Combustion and Diffusive Combustion phases, respectively. It is found
that pressure rise rate and apparent heat release rate can be used as a global param-
eters both in the experiments and in the numerical simulation to identify ignition
and separate phases of the Diesel combustion. This will help to comprehensively
explain transient Diesel spray flame from the sequence of start of liquid fuel injec-
tion till the time for established diffusive flame. Conceptual representation of the
ignition and combustion of non/partially-premixed turbulent combustion of the re-
acting sprays by Peters [25] were shown as the numerical results in the combustion
phasing analysis of the Chapter 5. It was concluded that there is a shift of reac-
tion zone from leaner mixture fractions (Z,,g, so-called Most Reactive mixture
fraction) of the baseline Spray A conditions in the Diesel spray periphery to the
rich mixture fractions in the tip of the spray. This will generate initial rise in the
pressure rise rate diagram. Pressure rise rate then reduces as reaction zone burns
the premixed fuel which is prepared during the ignition delay time but then again
increases as combustion phases from the premixed to the diffusive combustion. It
will then plateaus once the diffusive flame is fully established and progress of the
combustion is then depends on mixing of fuel and oxidizer. In such a condition,
as stoichiometric mixture fraction is already ignited, reactive zone then proceeds
in high temperature diffusive combustion manner. This is the place TCI plays a
significant role and the models that neglect TCI, are generally unable to provide

acceptable predictions for the heat release rate and flame structure and lift-off.

e Ignition of the liquid reactive sprays is the matter of intense research and still a lot
needed to be done as there is a complex interplay of turbulence, spray evaporation,
and chemistry pathways for the ignition to occur. Under non/partially-premixed

turbulent combustion, ignition starts from the Z;z which by definition does not
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affected by turbulence but by air and fuel temperatures and their oxidation activa-
tion energy. It is found that although this characteristics holds for the Z,,r, the
path to ignite the Z,,;r depends on sub-grid scale turbulent mixing. First obser-
vation for this finding is discussed in the comparative combustion model results
of ECN Spray A and Spray B configurations in Chapter 5 and Chapter 6, respec-
tively. It has been represented that for all operating conditions which generated by
varying the ambient temperature, density, oxidizer level, and injection pressure,
including TCI will result in earlier ignition compared to the well-mixed model.
To make mathematical comparisons between models with and without TCI there
is a need to transform the coordinated to one frame of reference and discuss the
model formulation differences there. In order to this, well-mixed model is trans-
formed from spatial coordinates (Cartesian x, y, and z-t) to the mixture fraction
frame of reference (Z-t) and it has been shown that corresponding scalar dissi-

pation rate value for the well-mixed model is x = 25— |VZ |* which is for-
Z

mulated in species mass fraction transport equation. Comlpl)zared to the x value as
determined in xy = CX%E/E and used by the MRIF model, this is expected to
have a different evolution during the injection and immediately after its finishing.
Embedded TCI in MRIF model in reaction space more rapidly reduces the scalar
dissipation rate below the extinction values and enables local ignitions in very
lean mixture fractions, but in flammability limits, in jet periphery and small heat
release of this local ignition will result in flow dilatation. It has been shown that
due to flow dilatation effect, transport of mixture fraction will be altered. It was
shown that mixture fraction field in the MRIF model with embedded TCI effects
was more smoothed or had locally lower variances compared to the transport of
mixture fraction in the well-mixed model. All these were happening even before

premixed rise of mean PRR and this is why ignition of the 7,y is implicitly rely

on turbulence and sub-grid scale turbulent mixing.

It has been found that in the case of combustion phasing from the sequence of the
ignition to the fully established diffusive flame, TCI again plays a significant role.
Model-to-model comparisons with including or neglecting TCI showed that once
the main ignition is triggered and mean PRR is undergone the premixed phase rise,
well-mixed model (without TCI) tends to have faster speeds to reach thermody-

namic equilibrium than MRIF model (with TCI). Ignited mixture fractions in the
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well-mixed model were experiencing higher chemistry rates than the MRIF. This
has been caused in faster transition of the ignition to the diffusive phase of Diesel
combustion in the well-mixed model. In other words, TCI of the MRIF model
promotes the conditions for initiation of the main ignition resulting in lower igni-
tion delay times, however, it limits the reaction rates and the temperature rise after

the main ignition and decelerates the speed of combustion phasing.

e It has been also represented that apart from physical models such as for turbulent
mixing and its interactions with chemical time scales, reaction rates determined
from the chemical kinetics mechanisms will alter the results for ignition delay
time and flame lift-off. It has been shown that the choice of chemical kinetics
mechanism can alter the sequence of ignition, combustion phasing, and reactive
flame brush of the spray flames. This is showing that due to application of dif-
ferent methodologies to reduce the mechanisms from a detailed reaction mech-
anism, large dependencies can be created if later these reduced reaction mecha-
nisms wanted to be applied in CFD simulations. In case of Spray A and Spray
B configurations, there is a need to develop and validate reaction mechanisms in
higher validity range of temperature and equivalence ratio and more importantly

in elevated pressures similar to IC engine applications.

e In the last part of the thesis attention was given to the HCCI and PPCI engine
simulations of the low temperature combustion concepts. It was highlighted that
HCCI combustion is difficult to control due to very intense pressure rise and heat
release rate. PPCI combustion can be more applicable in terms of controllability
and working under wide range of engine operating conditions. It was shown in the
numerical results that by getting more stratified mixtures, PPCI combustion can
results in lower heat release rates and more favorable combustion where a wide
range of air-fuel stratification was achieved by different start of injection timings.
Comparing to the conventional Diesel combustion, there was no stoichiometric
mixture fractions in the combustion chamber at time of first or second stage ig-
nitions. This would reduce the combustion peak temperature. However, it was
found that having larger range of lean mixture fractions in highly stratified air-
fuel chargers will reduce the PRR and heat release rate comparing to the lowered
stratified conditions. On the other hand, the amount of stratified mixture which is

prepared during the ignition delay can play a significant role on rate of heat release
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and peak pressure. It was also found that by further getting closer to mixtures with
higher air-fuel stratification levels, the time between first and second stage heat re-
lease shortens. This can also be accounted as a practical control parameter for the

PPCI engine optimization perspectives.

8.2 Future Work

Research on non/partially-premixed spray flames can be directed in many different as-

pects and some of them are listed as future work below.

e It would be worth study to see the speed of combustion phasing, starting from a
value of mixture fraction and stabilizing on stoichiometric mixture fraction, and
shifting of the reaction zone in mixture fraction space using the DNS studies and
then compare this shifting speed to the model with/without considering TCI. This
also can be resulted in very useful insights in the case of model development and

enhancing the way turbulent mixing interacts with chemistry.

e Unlike gaseous non-premixed combustion, liquid fuel non-premixed combustion
needs further research on the effect of droplet size reduction and heat reduction
due to evaporation. Cooling effect due to evaporation needed to be considered in
mixture fraction and its variance transport. Many studies tried to include these
effects in physical and reaction spaces of the flamelet models such as RIF. Still
there is demand to more comprehensive closures due to evaporation and liquid
particle or ligament diameter reduction effects on mixture fraction, its variance,

and scalar dissipation rate and subsequently on combustion.

e Although introduced TCI effects in the MRIF model has been resulted in large
enhancements of ignition and flame lift-off results, scalar dissipation rate intro-
duced by RIF model does not have an ultimate formulation for transient Diesel
spray combustion. Despite the fact that S-PDF can give better statistical repre-
sentation of the effect of scalar dissipation rate, its definition in the RIF model
considered to be uniform throughout the whole flame and no conditional and fluc-
tuating characteristics were applied. Conditional Moment Closure [220-222] or
Multiple Mapping Conditioning [223-225] methods can be very good mathemat-
ical framework to take into account effects of conditional variables in turbulent

non-premixed combustion modeling studies.
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Chapter 8. Final Conclusions and Future Work

e Engine optimization and control based studies and needed acceleration of the sim-
ulation time can be considered a very important motive factor for the ongoing re-
search. Large number of chemical species and reactions in the chemical kinetics
mechanisms and their integration in system of stiff ODE are still resulting in mas-
sive computational power/time over head. Application of the different tabulation
method such as FGM [112] and ILDM [117] to tabulate the chemical kinetics
output and later link it to CFD through definition of progress variable is foresee-
able future for IC engine computational studies. However, still large amount of
research is going on in this area as application of progress variable approach for
non/partially-premixed combustion needs further comprehensive study. The main

advantage of these methods is significantly reducing the engine simulation times.

e In case of Low Temperature Combustion of the PPCI engine, it is highly needed
to perform very accurate experiments with very good control over engine initial
and boundary conditions. This is because LTC modes are very sensitive to the en-
gine thermal load and injection strategies. Liquid wall film formation and trapped
fuel mass in the piston crevice volume should be highly avoided to make compa-
rable set of data. In case of numerical simulations, selection of the combustion
model for these operating conditions is the matter of debate. This is because PPCI
combustion in case of mixture strength and ranges of scalar dissipation rate is

somewhere between Diesel and HCCI modes.
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List of Acronyms

AHRR
BDC
CFD
DOI
EGR
HCCI
IC
LES
LTC
MZWM
PM
PRF
RANS
SOI
TDC
WM

Apparent Heat Release Rate
Bottom Dead Center
Computational Fluid Dynamics
Duration of Injection

Exhaust Gas Re-circulation
Homogeneous Charge Compression Ignition
Internal Combustion

Large Eddy Simulation

Low Temperature Combustion
Multi-Zone Well Mixed
Particulate Matter

Primary Reference Fuel

Reynolds Averaged Navier Stokes
Start of Injection

Top Dead Center

Well Mixed

ATDC
CAD
DNS
ECN
GDI
HRR
LDEF
LOL
MRIF
NO,
PPCI
PRR
RCCI
SOC
TCI
UHC

After Top Dead Center

Crank Angle Degree

Direct Numerical Simulation

Engine Combustion Network

Gasoline Direct Injection

Heat Release Rate

Lagrangian Droplet Eulerian Flow

Lift-off Length

Multiple Representative Interactive Flamelet
Oxides of Nitrogen

Partially Premixed Compression Ignition
Pressure Rise Rate

Reactivity Controlled Compression Ignition
Start of Combustion

Turbulence Chemistry Interactions

Unburnt Hydro-Carbons
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