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Abstract

HCCI engines potentially offer an efficient and low emissions alternative to conventional

Spark Ignition (SI) and Compression Ignition (CI) engines.Though significantly more ho-

mogeneous than conventional CI engines, HCCI engines ofteninclude thermal and mixture

composition inhomogeneities. Two combustion limits can beidentified for HCCI; the ho-

mogeneous reactor regime and the propagating diffusive fronts regime. An enthalpy and

mixture fraction-based auto-ignition model that is valid for both limits was developed. En-

thalpy and mixture fraction were chosen as the phase-space variables because they are the

main parameters that affect local changes in auto-ignitionbehavior. Since these two vari-

ables are not statistically independent, a new modified enthalpy variable was defined to

remove the mixture fraction dependence, resulting in a model with two independent phase-

space variables. Closure models for application of the model in CFD engine simulations

were also developed.

The combustion model was validated in three steps. First, a one-dimensional enthalpy-

based combustion model, which is a special limit of the general model, was validated using

DNS data for leanH2 auto-ignition with temperature inhomogeneities. The second step of

the model validation was the application of the mathematical model together with closure

models for transport equations solved in three-dimensional CFD simulations of a Rapid

Compression Machine (RCM) experiment. The RCM was operatedwith a spatially ho-

mogeneous mixture composition and was compressed at a rate typical of HCCI engines.

The final validation step was to apply the full two-dimensional model to an HCLI engine

experiment. The model was validated using six experimentalcases, comparing simulation

results to pressure traces and CO and UHC emissions measurements. The model was in

excellent agreement with the experimental pressure traces. A detailed investigation into the
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source of individual UHC species was performed.

In order to analyze the relative importance of auto-ignition versus flames in HCCI en-

gines, a criterion was developed based on the ratio of the time scales associated with ig-

nition fronts and deflagration fronts. The results indicatethat some HCCI engines are

operated in the propagating diffusive fronts regime, and therefore an appropriate approach

must consider both diffusive mixing and chemical kinetics.The model presented in this

work takes these affects into account and is capable of modeling combustion across the

different combustion regimes observed in HCCI.

iv



Acknowledgement

Funding for this research was provided by Robert Bosch LLC’sResearch and Technol-

ogy Center (RTC) located in Palo Alto, CA. I would like to acknowledge the support of

the research staff at RTC, especially Dr. Aleksandar Kojic,Dr. Godehard Nentwig, Dr.

Sungbae Park, Dr. Jasim Ahmed, and Dr. Jean-Pierre Hathout.Dr. Godehard Nentwig

was especially helpful setting up the spray model for the HCLI similutation. His advice

and guidancde was valuable to my research. Additionally, experimental support was pro-

vided by Dr. Roderich Otte and Mr. Jochen Müller from RobertBosch, GmbH’s corporate

research in Schwieberdingen, Germany.

Dr. Jacqueline H. Chen and Dr. Evatt R. Hawkes of the Combustion Research Facility

at Sandia National Lab in Livermore, CA provided access to their DNS data and assisted

in validating some modeling assumptions against their DNS.

Mrs. Perrine Pepiot-Desjardins provided much support finding appropriate chemical

mechanisms for my RCM and HCLI simulations.

A special thanks to my advisor Professor Heinz Pitsch for guidence and support during

my Ph.D. studies.

v



Contents

Abstract iii

Acknowledgement v

1 Combustion in HCCI Engines 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Ignition vs. Deflagration Fronts Criteria . . . . . . . . . . . .. . . . . . . 4

1.2.1 Laminar Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.2 Turbulent Systems . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Multi-scale Modeling Approach to Turbulent Combustion. . . . . . . . . . 15

1.4 Onward . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2 Mathematical Model 22

2.1 1D Enthalpy-Based Auto-Ignition Model . . . . . . . . . . . . . .. . . . 22

2.1.1 Model Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1.2 Asymptotic Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.1.3 Transformation to Normalized Space . . . . . . . . . . . . . . .. 28

2.2 2D Enthalpy & Mixture Fraction-Based Auto-Ignition Model . . . . . . . . 29

2.2.1 Model Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.2.2 Asymptotic Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.2.3 Transformation to Normalized Space . . . . . . . . . . . . . . .. 37

3 Closure Model 40

3.1 Reynolds Averaged Transport Equations . . . . . . . . . . . . . .. . . . . 40

vi



3.1.1 1D Enthalpy-Based Auto-Ignition Model . . . . . . . . . . . .. . 41

3.1.2 2D Enthalpy & Mixture Fraction-Based Auto-Ignition Model . . . 42

3.2 Numerical Implementation . . . . . . . . . . . . . . . . . . . . . . . . .. 46

3.2.1 One-Dimensional Enthalpy-Space . . . . . . . . . . . . . . . . .. 47

3.2.2 Two-Dimensional Enthalpy and Mixture Fraction-Space . . . . . . 49

4 Validation of One-Dimensional Combustion Model 53

4.1 Model Validation using Direct Numerical Simulation of LeanH2 Auto-

Ignition with Temperature Inhomogeneities . . . . . . . . . . . . .. . . . 54

4.1.1 Direct Numerical Simulations . . . . . . . . . . . . . . . . . . . .54

4.1.2 Model Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.1.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2 Model Validation for Rapid Compression Machine Experiments . . . . . . 65

4.2.1 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.2.2 Chemical Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.2.3 Modeling Approach . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5 Homogeneous-Charge Late-Injection Diesel Engine 72

5.1 Experimental Configuration . . . . . . . . . . . . . . . . . . . . . . . .. . 73

5.2 Modeling Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2.1 Spray Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.2.2 Chemical Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.2.3 Combustion Model . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6 Analysis of Auto-Ignition vs. Flame Propagation 104

7 Summary & Conclusion 111

Bibliography 115

vii



List of Tables

4.1 Summary of conditions for all DNS cases. . . . . . . . . . . . . . .. . . . 54

4.2 Ignition timing for two initial temperatures (atΦ = 0.4) from experi-

ments [1], simulations with enthalpy-based combustion Eqs. 2.25 and 2.26,

and simulations without the diffusion term,χ
ξ

= 0. . . . . . . . . . . . . . 67

5.1 Summary of engine data. . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2 Summary of conditions for all engine cases. Start of Energization of fuel

injector given in CAD before TDC, measured external EGR percentage in

intake given in mass percentage, Injector rail pressure,Prail, in bar, IMEP

in bar, CO in exhaust given in molar percentage, unburnt hydrocarbons and

NOx given in ppm, and average equivalence ratio,Φ. . . . . . . . . . . . . 75

5.3 Spray parameter set. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .80

5.4 Calculated initial species mass fractions for the air and EGR stream. The

remaining mass is nitrogen. . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.1 Summary of four combustion regime limits. . . . . . . . . . . . .. . . . . 107

viii



List of Figures

1.1 Cut planes through cylinder center-line of an HCLI engine simulation de-

scribed in Chapter 5. Top contour plane is colored by the Kolmogorov

length-scale,η. Bottom contour plane is colored by the length-scale of the

energy containing eddies,L. . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.1 Flowchart of coupling between combustion code and CFD code for the

one-dimensional enthalpy-space combustion model. . . . . . .. . . . . . 47

3.2 Flowchart of coupling between combustion code and CFD code for the

two-dimensional enthalpy and mixture fraction-space combustion model. . 50

4.1 DNS contours of normalized heat release rate for cases 1-4. Top left:T
′

=

3.75 K. Top right: T
′

= 7.5 K. Bottom left: T
′

= 15 K. Bottom right:

T
′

= 30 K. The heat release is normalized by the maximum heat release

rate of a homogeneous mixture at 1070 K. Figures are taken from Hawkes

et al. [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.2 DNS analysis of budget terms for DNS cases 3. Top: Heat release rate

contours (rainbow color scale - red denotes maximum heat release rate),

H2 mass fraction iso-contour lines (white lines: front speed more than10 %

larger than laminar burning velocity, black lines: front speed less than10 %

larger than laminar burning velocity), and location of representative front

structures A: ignition front, B and C: deflagrations. Bottom: Structure for

H2 species mass fraction budget terms. Dashed line: chemical source term.

Solid line: Diffusion term. Both figures are taken from Hawkeset al. [2] . . 57

ix



4.3 DNS results for cases 1-4. Top: PDFs of the magnitude of diffusion tan-

gential to enthalpy iso-surfaces in the H2 mass fraction equation normal-

ized with the chemical source term. Bottom: PDFs of the magnitude of

diffusion in enthalpy-gradient direction in the H2 mass fraction equation

normalized with the chemical source term. . . . . . . . . . . . . . . .. . 59

4.4 Heat release rate versus time for cases 1, 2, 3, and 4 are shown from the

DNS, the enthalpy-based combustion model (H-combustion),the multi-

zone model (multi-zone), and the enthalpy-based multi-zone model (H-MZ). 61

4.5 Budget terms for H2 mass fraction combustion equation from the simula-

tion. The sum of these two terms plus the velocity term in enthalpy-space

gives the rate of change. . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.6 Normalized heat release versus time for various times for case 5, T’ = 15

K, unity Lewis numbers. Explanation of the legend, see Fig. 4.4. . . . . . . 64

4.7 Computational domain at TDC. . . . . . . . . . . . . . . . . . . . . . . .. 66

4.8 Model solution of temperature as a function of normalized total enthalpy,

ξ, for various times for simulation with initial temperatureof 333 K. . . . . 67

4.9 Rate of pressure rise vs. time [MPa/ms] for case 1,To = 333 K, for both

experiment and simulations. . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.10 Convection, diffusion, pressure, and chemical sourceterms in model equa-

tion for temperature (Eq. 2.26). These terms are normalizedby total time

rate of change in temperature as a function of normalized enthalpy, during

ignition, 57.5 ms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.11 Contours of Favre averaged enthalpy, temperature, normalized enthalpy,

and velocity fields for the case with an initial temperature of 333 K. The

top plots are just before ignition while the bottom plots arejust after ignition. 71

5.1 HCLI experimental set up. Sketch by Roderich Otte of Robert Bosch GmbH. 75

5.2 Bosch common rail injector 2.1 nozzle geometry. The spray hole, labeled

DSP, is 0.136 mm in diameter. Nozzel drawing by Robert Bosch GmbH. . . 76

5.3 Numerical mesh used for gas exchange simulations. . . . . .. . . . . . . 77

x



5.4 Left: cylinder pressure for motored engine without combustion. Right:

cylinder pressure for the first revolution of the gas exchange simulation

where a curve fit heat release was used. Solid lines: experiment, dashed

lines: simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.5 Numerical mesh used for reactive simulations. . . . . . . . .. . . . . . . 79

5.6 Needle lift and mass flow rate per hole. . . . . . . . . . . . . . . . .. . . 80

5.7 Comparison of spray simulation to experiments in a spraychamber. left:

liquid penetration length. right: droplet size distribution on the center-line

40 mm downstream of nozzle. . . . . . . . . . . . . . . . . . . . . . . . . 81

5.8 HCLI cycle-to-cycle variation in experiment, pressurefor cases 1 and 3. . . 83

5.9 HCLI pressure as a function of CAD, model vs. experiment for case 3. . . 85

5.10 HCLI pressure as a function of CAD, model vs. experimentfor cases 1, 2,

and 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.11 HCLI pressure as a function of CAD, model vs. experimentfor cases 5 and

6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.12 Contours of temperature for case 3 plotted in phase-space: ξ1, ξ2, whereξ1

andξ2 are the normalized enthalpy and mixture fraction respectively. A: 1

CAD bTDC, B: 2 CAD aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC. . . . . 88

5.13 Contours of temperature for case 3 plotted in physical space. The top plane

is a vertical slice through the cylinder center-line, and the bottom plane is

a horizontal slice halfway between the wall deck and the top of the piston.

A: 1 CAD bTDC, B: 2 CAD aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC. . 89

5.14 Contours of mixture fraction for case 3 plotted in physical space. The top

plane is a vertical slice through the cylinder center-line,the bottom plane is

a horizontal slice halfway between the wall deck and the top of the piston.

A: 1 CAD bTDC, B: 2 CAD aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC. . 90

5.15 Contours of modified enthalpy for case 3 plotted in physical space. The top

plane is a vertical slice through the cylinder center-line,the bottom plane is

a horizontal slice halfway between the wall deck and the top of the piston.

A: 1 CAD bTDC, B: 2 CAD aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC. . 91

xi



5.16 Engine-out CO emissions as a function of SOE. Model model vs. experi-

ment for cases 1, 2, 3, and 4, with SOE of 32, 28, 24 and 20 CAD bTDC

respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.17 Contours of mixture fraction for case 1 plotted in physical space. The top

plane is a vertical slice through the cylinder center-line,the bottom plane is

a horizontal slice halfway between the wall deck and the top of the piston.

A: 21 CAD bTDC, B: 16 CAD bTDC, C: 7 CAD bTDC, D: 11 CAD aTDC. 93

5.18 Probability density function of mixture fraction for cases 1 and 3, taken

just before ignition. case 1: 7 CAD bTDC, case 3: 1 CAD bTDC. . .. . . 94

5.19 Engine-out CO emissions as a function of SOE. Model model vs. experi-

ment for cases 1, 2, 3, and 4. . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.20 HCLI experimentally measured mass flow rates of UHC emissions for dif-

ferent engine average equivalence ratios. left: engine-out emissions. right:

tailpipe-out emissions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.21 Contours of species mass fractions for case 3 plotted inphysical space at

14 CAD aTDC. The top plane is a vertical slice through the cylinder center-

line, the bottom plane is a horizontal slice halfway betweenthe wall deck

and the top of the piston. A: CO, B: total UHC, C: methane (CH4), D:

ethylene (C2H4). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.22 Conditional species mass fraction weighted by the PDF of mixture fraction

for cases 1, 2, 3, and 4 at 20 CAD aTDC. left: CO right: UHC. . . . .. . . 98

5.23 Conditional species mass fraction weighted by the PDF of mixture frac-

tion for cases 1, 2, 3, and 4 at 20 CAD aTDC. left: methane,CH4, right:

ethylene,C2H4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.24 Conditional species mass fraction weighted by the PDF of mixture fraction

for cases 3 at various times: 12 and 4 CAD bTDC and 2, 4, and 14 CAD

aTDC. left: methane,CH4, right: ethylene,C2H4. . . . . . . . . . . . . . . 100

xii



5.25 Contours of species mass fraction of methane and ethylene for case 3 at

20 CAD aTDC plotted in phase-space:ξ1, ξ2, whereξ1 and ξ2 are the

normalized enthalpy and mixture fraction respectively. Top row of plots

are contours of species mass fractions and bottom row of plots are contours

of species mass fraction weighted by the joint PDF. A:YCH4
(ξ1, ξ2), B:

YC2H4
(ξ1, ξ2), C: YCH4

(ξ1, ξ2) P̂ (ξ1) P̂ (ξ2), D: YC2H4
(ξ1, ξ2) P̂ (ξ1) P̂ (ξ2). 101

5.26 Species mass fraction temporal evolution from a zero-dimensional auto-

ignition simulation of a lean (Z = 0.02) and rich (Z = 0.75) mixture.

Left: lean case, ignites at 3.2 ms. Center: Rich case ignitesat 0.71 ms.

Right: zoom in view of time near ignition for rich case. . . . . .. . . . . . 102

5.27 Conditional species mass fraction weighted by the PDF of mixture fraction

for cases 1, 2, 3, and 4 at 20 CAD aTDC. left: acetylene,C2H2, right:

major UHC species for case 3 only. . . . . . . . . . . . . . . . . . . . . . . 103

6.1 Ignition fronts versus deflagrations criteria evaluated for case 3 at 2 CAD

after TDC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.2 HCLI pressure as a function of CAD for four model combustion limits

and experiment. All simulations have same initial conditions including in-

cylinder mass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.3 HCLI pressure as a function of CAD for four model combustion limits and

experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

xiii



Chapter 1

Combustion in HCCI Engines

1.1 Introduction

Homogeneous-Charge Compression Ignition (HCCI) engines have received the attention

of many researchers, primarily due to the low NOx (oxides of nitrogen) and soot emissions

and higher thermal efficiencies in comparison with Spark Ignition (SI) engines. HCCI en-

gines, however, also produce high carbon monoxide (CO) and unburnt hydrocarbon (UHC)

emissions [3]. In addition, high heat release rates often occur in these engines, which some-

times leads to overly rapid pressure rises. Both the CO and UHC emissions and the heat

release rates are strongly influenced by the level of temperature and mixture composition

inhomogeneities in the cylinder.

Combustion in HCCI engines is typically characterized by anapproximately homoge-

neous charge in terms of mixture composition. However, large stratification in the charge’s

enthalpy field may exist, primarily due to wall heat transfereffects. This stratification typ-

ically causes regions in the center of the cylinder to ignitefirst, followed later by regions

closer to the cylinder walls. It also can lead to the occurrence of both volumetric and front-

like combustion modes [4]. While HCCI refers to combustion with a homogeneous charge,

many HCCI engines have been run with Direct Injection (DI) and other techniques which

lead to a stratification of the mixture composition from incomplete mixing of the Exhaust

Gas Recirculation (EGR), fresh air, and the fuel. Both enthalpy and mixture composition

stratification can directly affect the CO and UHC emissions that the engine produces.

1



CHAPTER 1. COMBUSTION IN HCCI ENGINES 2

The relatively high CO emissions in HCCI engines are a consequence of the strategy

used to reduce NOx emissions. Experimentally, it has been found that CO emissions orig-

inate in regions where the gas temperature does not exceed 1500 K [5]. Yet, in order to

limit NOx emissions, HCCI engines are run at low peak temperatures. These temperatures

are maintained by either operating the engines very lean or,more commonly, highly di-

luted with significant internal or external EGR. This often results in a maximum burnt gas

temperature that is below 1850 K, therefore leading to low NOx emissions. A maximum

burnt gas temperature below 1850 K in the cylinder implies that regions strongly affected

by wall heat loss conditions will be favorable for producinghigher CO emissions.

The two types of EGR used in HCCI are internal and external EGR. Internal EGR is

when the intake and exhaust valve opening aand closing timings are phased such that a

large portion of the products of combustion of one cycle are retained in the cylinder for

the next cycle. This can be achieved either through trapping, where in the Exhaust Valve

Closing (EVC) occurs significantly before Top Dead Center (TDC) or through reinduction,

where IVC is delayed until part way up the intake stroke. Strategies involving large degrees

of internal EGR result in significant cycle-to-cycle coupling. Additionally, both trapping

and reinduction require a method of adjusting the valve timings to achieve the desired level

of EGR. External EGR takes gas from the exhaust manifold and typically cools or heats

it to achieve desired temperatures, then mixes it upstream of the intake manifold with air.

This method has the advantage of eliminating much of the cycle-to-cycle coupling. While

it does not require variable valve actuation it requires temperature and flow rate controls.

Since EGR and air are mixing prior to intake, they are more homogeneous in the cylinder

than engines with internal EGR.

Unburnt hydrocarbon emissions originate in regions of the cylinder where auto-ignition

does not occur or where the mixture is fuel rich. Regions where auto-ignition does not

occur are typically either extremely dilute, as in the case of a partially stratified charge

from direct injection, strongly affected by wall heat loss,or both. Misfire represents a

special case of such a situation. Although misfire will likely become less significant with

future improvements in operation control, it still remainsan important phenomenon, since

it is often advantageous to operate an HCCI engine close to misfire conditions in order

to maximize efficiency and reduce noise. Therefore, misfire plays an important role in



CHAPTER 1. COMBUSTION IN HCCI ENGINES 3

properly designing new engines and developing novel control strategies.

The presence of thermal and mixture composition inhomogeneities tends to decrease

the maximum heat release rates in an engine because they spread the combustion process

over several crank angle degrees. Consequently, one strategy for suppressing overly rapid

pressure rises is to introduce inhomogeneities of temperature or mixture fraction. The em-

ployment of this method will produce the desired heat release rate and avoid overly large

rates of pressure rise that lead to engine damage [6]. A charge with non-negligible levels of

thermal inhomogeneities will have some hot and some cold regions, while mixture compo-

sition inhomogeneities will result in some regions being more diluted than others. Hotter

gases with more reactive chemical compositions will tend toignite first followed by cooler

and more diluted gases. The larger the level of inhomogeneity, the lower the maximum heat

release rates will be. All engines have some degree of large-scale thermal stratification be-

tween the thermal boundary layer and other gas in the cylinder due to wall heat losses.

Similarly, all engines experience some large-scale mixture composition inhomogeneities

resulting from DI of fuel and or incomplete mixing of intake gas with exhaust gas. Tur-

bulent mixing of these large-scale stratifications in an engine leads to inhomogeneities on

all turbulent scales. Therefore, turbulent mixing affectsthermal and mixture composition

inhomogeneities, which in turn affect the combustion emissions and heat release rates in

HCCI engines. As experimental data suggests that cylinder flow and turbulence play an

important role in HCCI combustion [7], a better understanding of the interaction of the

fluid mechanics/mixture formation with the chemical kinetics could be used to reduce CO

and UHC emissions and to control heat release rates.

The most common modeling approach for HCCI engines is the multi-zone model. In

this model multiple homogeneous zones are used to representthe different thermodynamic

states in the engine. Aceveset al. [8, 9, 10] used different temperatures in each zone to

represent the thermal gradients inside of heavy-duty truckHCCI engines operating with

natural gas and propane. Babjimopouloset al. [11, 12] split zones based on equivalence

ratio, temperature, and EGR. In the multi-zone modeling approach, zones are initialized

based on mixture formation results from a Computational Fluid Dynamics (CFD) simula-

tion of the flow up to a point just before ignition occurs. In these studies mixing between

zones was not modeled and therefore the zones represent homogeneous reactors. The first
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zone to ignite only interacts with other zones through increased pressure associated with

the volumetric expansion of the ignited gases. Barthset al. [13] extended this approach to

include mixing between zones. Their method requires the solution of a system of algebraic

equations equal to the number of zones, while keeping the phase variable and thermody-

namic state the same in both the multi-zone code and the CFD solver. While their approach

represents an extension of the state-of-the art for modeling HCCI combustion, it is unable

to capture small-scale subgrid mixing. Furthermore, large-scale mixing between zones in

the model is not based on an evaluation of convection and turbulent diffusion between in-

dividual zones in the CFD domain, and both adjacent and physically separated zones are

permitted to mix. In addition to multi-zone models, fully coupled CFD and chemistry

studies have been performed, in which chemical source termswere evaluated using mean

values and a low-order correction for the effects of turbulence [14]. Zhanget al. used a

transported PDF approach to simulate an HCCI engine and investigate the interaction be-

tween turbulence and chemistry on emissions and ignition timing. The main disadvantage

of the transported PDF approach is that the mixing term is unclosed. Furthermore, typi-

cal reduced chemical mechanisms for gasoline surrogates suitable for HCCI have typically

around 50 or more chemical species. The consideration of such a large number of species

for the transported PDF approach is computationally infeasible and has so far not been

demonstrated.

1.2 Ignition vs. Deflagration Fronts Criteria

Two different regimes of combustion in HCCI engines can be identified [3]. For the first,

chemical kinetics are the dominant process with mixing and heat transfer only influencing

initial conditions for ignition. Experimental support forthis viewpoint exists from 4-stroke

HCCI engines with low levels of stratification [15, 16, 17]. In the second regime, mixing

influences combustion on a microscopic level and under some circumstances, found mostly

in DI engines with high levels of stratification, combustionis limited by mixing [18, 19].

Recently there has been a move toward operating HCCI enginesunder more stratified con-

ditions in order to achieve desired engine operating characteristics, such as lower emissions

through direct injection, higher power from 2-stroke engines [20], and the suppression of
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overly rapid pressure rise as well as lower peak pressures through extended heat release

rates [6]. Since there is some evidence that HCCI engines with large degrees of stratifica-

tion experience both volumetric and front-like combustionmodes [4] and that in-cylinder

flow and turbulence play a significant role in HCCI [7], it is useful to have a criterion to

assess the importance of mixing in a particular HCCI engine.Hence, in this section a cri-

terion is developed to evaluate which of the two combustion regimes a particular engine

is operating in: volumetric combustion or flame propagation. Considering that all of the

HCCI modeling approaches to date either have no mixing or low-order mixing models,

they are not appropriate for simulating HCCI engines with flames. If the criterion shows

that flames exist in an HCCI engine, then it will serve as a motivation for the development

of a combustion model for HCCI combustion that is valid in both combustion regimes.

In both regimes, combustion starts with auto-ignition of the most reactive mixture. In

the chemical kinetics dominated limit, the less reactive mixtures will ignite based on their

ignition delay times, which are determined according to thethermal and chemical state.

The successive ignition of less reactive mixtures will takethe form of a spontaneous ig-

nition front. Zel’dovich [21] studied the ignition of non-uniform mixtures under different

combustion regimes, including deflagrations and spontaneous ignition front propagation.

He showed theoretically that an ignition front propagates with a velocity inversely propor-

tional to the temperature gradient. This can be expressed as,

Sig ∼ [|∇To|]
−1 , (1.1)

whereTo is the temperature of the unburnt mixture andSig is the ignition front velocity.

Eq. (1.1) is a special case, where the non-uniformities are in the temperature of the unburnt

mixture. Since the ignition delay time of the mixture is often strongly dependent upon

the unburnt temperature, this relation holds for a wide range of mixtures. A more general

description states that the ignition front velocity can be directly related to the ignition delay

time by

Sig = [|∇τig|]
−1 , (1.2)

where τig is the ignition delay time of the mixture. Applying Eq. (1.2)to ignition of
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mixtures with completely homogeneous mixture compositions, but with thermal inhomo-

geneities and expanding this forTo, results in the expression

Sig =

[∣∣∣∣
dτig

dTo
∇To

∣∣∣∣
]−1

, (1.3)

which is consistent with Zel’dovich’s theoretical scalinggiven in Eq. (1.1). Since ignition

delay times also depend on the chemical composition of the mixture, a similar expansion

can be carried out for mixtures with constant unburnt temperature, but with initial mixture

concentration inhomogeneities. For a scalar,Z, proportional to chemical species relevant

to ignition timing (e.g.fuel or EGR concentrations), Eq. (1.2) becomes

Sig =

[∣∣∣∣
dτig

dZ
∇Z

∣∣∣∣
]−1

. (1.4)

In the case where thermal inhomogeneities are important, the enthalpy,H, which is the

sum of the chemical and sensible enthalpies, can be used in place ofTo, since the enthalpy

is not influenced by the transfer from chemical energy to thermal energy that occurs during

combustion. Therefore, in a system with both thermal and mixture inhomogeneities, the

ignition delay time can be expressed asτig = f(Z, H). Expandingτig for bothZ andH,

Eq. (1.2) becomes

Sig =

[∣∣∣∣
dτig

dZ
∇Z +

dτig

dH
∇H

∣∣∣∣
]−1

. (1.5)

For simplicity a system with inhomogeneities in only one scalar, φ, that affects the ignition

delay time will be considered. Therefore,τig = f(φ), whereφ represents the relevant

variable for a given system (e.g.H, Z, etc.). Expressing Eq. (1.3) in terms ofφ gives

Sig =

[∣∣∣∣
dτig

dφ
∇φ

∣∣∣∣
]−1

. (1.6)

Using the theoretical arguments of Zel’dovich to distinguish between deflagrations and

ignition front propagation regimes, a criterion for deflagrations versus ignition fronts can
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be expressed in terms of time-scales

β =
tig
td

, (1.7)

wheretig is the time-scale for ignition fronts andtd is the time-scale for deflagrations. This

criterion can be expressed in terms of velocities

β =Cβ
Sd

Sig

, (1.8)

whereCβ is a order unity constant,Sd andSig are the deflagration and ignition front ve-

locities, respectively, which can be expressed as either laminar or turbulent quantities. The

cut-off is given byβ = 1, with deflagrations forβ > 1 and spontaneous ignition fronts for

β < 1. Eq. (1.8) is a laminar criterion where the deflagration and ignition front velocities

are defined in a laminar framework.

1.2.1 Laminar Systems

In laminar systems, the diffusive front velocity is the laminar burning velocity,i.e. Sd = SL,

and Eq. (1.6) can be directly substituted into Eq. (1.8) resulting in the following combustion

regime criteria

β =CβSL

∣∣∣∣
dτig

dφ
∇φ

∣∣∣∣ . (1.9)

The ignition delay time,τig, can be evaluated using zero-dimensional homogeneous reactor

computations with detailed chemical kinetics. However, since HCCI engines are not lami-

nar systems, a similar criterion must be developed for turbulent systems relevant to HCCI

engines.

1.2.2 Turbulent Systems

Turbulent systems consist of random fluctuations over a range of scales of motion. The

large scales of motion, the energy containing eddies, contain most of the kinetic energy in
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the system, while the smallest scales of motion, the Kolmogorov eddies, are responsible

for viscous energy dissipation. In an HCCI engine, as in all turbulent systems, the entire

range of scales is present. Combustion inside of a Kolmogorov eddy is laminar, as there

are no smaller eddies to cause fluctuations to the flow field. Burning on this small scale

represents how combustion progresses locally on the smallest scales of turbulent motion,

η. In Fig. 1.1 this length scale is illustrated in the top contour plot along a center-line plane

of a Homogeneous-Charge Late-Injection (HCLI) engine, described in Chapter 5. This

figure shows that, in this engine, the order of magnitude of the Kolmogorov length scale is

about 5 micrometers. The larger scales of the energy containing eddies,L, represents how

combustion progresses across large physical scales, whichis greatly influenced by turbulent

transport. This scale is illustrated in the bottom contour plot of Fig. 1.1. This length-scale

is of order 1 millimeter, which is approximately one order ofmagnitude smaller than the

largest geometric scale in the system at TDC, the piston bowlradius. In inhomogeneous

turbulent systems, the combustion regimes of both scales are of interest. Therefore, in

this section, scaling laws from Kolmogorov theory [22] are used to develop criteria for

deflagrations versus ignition front for burning within boththe Kolmogorov and the energy

containing eddies.

Fig. 1.1: Cut planes through cylinder center-line of an HCLIengine simulation described
in Chapter 5. Top contour plane is colored by the Kolmogorov length-scale,η. Bottom
contour plane is colored by the length-scale of the energy containing eddies,L.
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Kolmogorov Eddies

From Kolmogorov’s second similarity hypothesis, the turbulent dissipation rate,ǫφ, of a

scalar,φ, at length scale,l, is equal to

ǫφ =Cφ
u

′

lφ
′2
l

l
, (1.10)

whereu
′

l andφ
′

l are fluctuations of velocity and the scalar associated with eddies of the

length scale,l, andCφ is a constant. The subscript,L, will be dropped for fluctuations

of this length scale since their magnitude is roughly equal to that of the total fluctuations.

Thereby,ǫφ, becomes the link between the different scales of turbulentmotion. From

Eq. (1.10), the fluctuations on the Kolmogorov length scale,η, can be related to those of

the energy containing eddies,L, as

u
′

Lφ
′2
L

L
=

u
′

ηφ
′2
η

η
. (1.11)

Rearranging this equation and also using Eq. (1.11), withφ taken to be the fluctuating

velocity (i.e. u′

η
3/η = u′3/L), scalar fluctuations of the energy containing eddies and the

Kolmogorov eddies can be expressed in terms of length scalesas

φ
′

η

η
=

(
L

η

)2/3
φ

′

L
. (1.12)

Introducing a turbulent Reynolds number, Ret, defined here as,

Ret ≡
u

′

L

ν
, (1.13)

the ratio of the two length scales can be expressed in terms ofthe turbulent Reynolds

number using the known relation,

L

η
= Re3/4

t . (1.14)
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From turbulence theory, the scalar gradients inside Kolmogorov eddies can be expressed in

terms of fluctuations on the Kolmogorov scales given as

|∇φ| =
φ

′

η

η
. (1.15)

As previously mentioned, combustion inside of Kolmogorov eddies is laminar, since there

are no smaller eddies to disturb the scalar fields. Therefore, we can apply the relations

in Eqs. (1.12), (1.14), and (1.15) to Eq. (1.9) to get the formof the criterion inside of

Kolmogorov eddies, given as

β = CβRe1/2
t SL

φ
′

L

∣∣∣∣
dτig

dφ

∣∣∣∣ . (1.16)

Energy Containing Eddies

Combustion on scales associated with energy containing eddies, represents how combus-

tion progresses across the large physical length scales of the system. In an HCCI engine,

this would represent how burning progresses from the first point where ignition occurs to

other mixtures throughout the cylinder. Combustion on these large scales is greatly in-

fluenced by turbulent transport. Therefore Eq. (1.8) must beformulated using turbulent

velocities,Sd = ST andSig = SI , which can be written as

β = Cβ
ST

SI

. (1.17)

Gradients of large-scale fluctuations in the scalar field canbe expressed as

|∇φ |L| =
φ

′

L
. (1.18)

Using this relation, Eq. (1.6) can be expressed in terms of a turbulent spontaneous ignition

front velocity across large scales of turbulent motion as

SI =

[
φ

′

L

∣∣∣∣
dτig

dφ

∣∣∣∣
]−1

. (1.19)
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The turbulent burning velocity,ST, does not have a single universal scaling relation. Rather,

its scaling depends on the turbulent premixed combustion regime. Peters [23] identifies four

turbulent premixed combustion regimes: wrinkled flamelets, corrugated flamelets, thin re-

action zones, and broken reaction zones. Premixed flames which enter the broken reactions

zones regime experience sufficient perturbation by turbulent eddies to disrupt the chemical

reactions and transport thermal energy away from the reaction zone into the preheat zone,

thus extinguishing the flame. The wrinkled flamelet regime isof little interest in HCCI

engines since it is characterized as having larger laminar burning velocities than turbulent

fluctuating velocities,SL > u
′

, which is very rarely, if ever, the case in HCCI engines.

Therefore, only the thin reaction zones regime and the corrugated flamelets regime are of

interest. These regimes will be investigated independently using Damköhler’s [24] theoret-

ical expressions for the turbulent burning velocity for these two regimes.

Thin Reaction Zones Regime

Damköhler argued that in thin reaction zones, which he called small scale turbulence, tur-

bulence only modifies the transport between the reaction zone and the unburnt gas. This

theory can easily be applied to give the following relation between laminar and turbulent

burning velocities,

ST ∼ SL

[
DT

D

]1/2

, (1.20)

whereD is the diffusivity andDT is the turbulent diffusivity, which is proportional tou
′

L.

Assuming unity Schmidt number, Eq. (1.20) can be expressed in terms of the turbulent

Reynolds number, Eq. (1.13), as

ST ∼ SLRe1/2
t . (1.21)

Substituting Eqs. (1.19) and (1.21) into Eq. (1.17) gives a criterion for the thin reactions

zones regime,

βTRZ = Cβ,TRZRe1/2
t SL

φ
′

L

∣∣∣∣
dτig

dφ

∣∣∣∣ , (1.22)
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which coincidentally has the same form as the criterion inside of Kolmogorov eddies,

Eq. (1.16).

Corrugated Flamelets Regime

Damköhler assumed that in the corrugated flamelets regime,which he called large scale

turbulence, the interaction between the wrinkled flame front and the turbulence field is

purely kinematic. From this assumption he showed the following relation for the limit of

largeu
′

/SL,

ST ∼ u
′

. (1.23)

Peters [23] further suggested

ST = b1u
′

, (1.24)

whereb1 = 2.0 is taken from experimental data. Substituting this relation and Eq. (1.19)

into Eq. (1.17) gives the criterion for the corrugated flamelets regime as

βCR = Cβ,CRb1u
′ φ

′

L

∣∣∣∣
dτig

dφ

∣∣∣∣ . (1.25)

The Karlovitz number [23] is introducing as

Ka =
u2

η

S2
L

=
l2F
η2

, (1.26)

wherelF is the flame thickness, which is here defined as,

lF ≡
D

SL

. (1.27)

Using Eq. (1.26),lF can be expressed as,

lF = ηKa1/2 . (1.28)
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Substituting Eqs. (1.14), (1.27) and (1.28) into Eq. (1.13), assuming unity Schmidt number,

and rearranging for the fluctuating velocity gives

u
′

= SLRe1/4
t Ka1/2 . (1.29)

Substituting Eq. (1.29) into Eq. (1.25) gives the final form of the criterion in the corrugated

flamelets regime,

βCR =Cβ,CRb1Re1/4
t Ka1/2SL

φ
′

L

∣∣∣∣
dτig

dφ

∣∣∣∣ . (1.30)

Transformed Model Space

Cooket al.[25] developed a model for auto-ignition and combustion of HCCI with thermal

inhomogeneities using a transformation into enthalpy space, defined as(t, x1, x2, x3) →

(τ, H, H2, H3). Details of this model are presented in Chapter 2. The model solves the

species mass fraction and temperature equations in enthalpy space. In order to determine

whether this model captures the correct transition from spontaneous ignition front prop-

agation to deflagrations, a criterion must be developed for this model in the transformed

enthalpy space. For consistency,φ is used to represent any scalar, since the choice of en-

thalpy is not universal. The ignition front and deflagrationvelocities in scalar space,SI,φ

andSD,φ respectively, easily are shown to be,

SI,φ =

[∣∣∣∣
dτig

dφ

∣∣∣∣
]−1

(1.31)

SD,φ = |∇φ|SL . (1.32)

Constructing a criterion from the ratio of these two velocities gives,

βφ = Cβ,φSL

∣∣∣∣∇φ
dτig

dφ

∣∣∣∣ . (1.33)

This criterion for the model space is exactly the same as the criterion for laminar systems,

Eq. (1.9), and therefore it can also be shown to reproduce thecriterion for the thin reaction

zones regime. The implication of this result is that, for an engine operated in the thin
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reaction zones regime, a model formulated for that engine’srelevantφ, will capture the

correct scaling for the competition between ignition fronts and flames on both the small

and large scales of turbulent motion.
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1.3 Multi-scale Modeling Approach to Turbulent Combus-

tion

In-cylinder flow in IC engines is almost entirely turbulent by nature. Therefore, com-

bustion characteristics in engines are greatly influenced by properties of turbulent flow. As

discussed in Section 1.2.2, turbulence is made up of a range of scales. The large-scale turbu-

lent motions are strongly influenced by the system geometry and are therefore anisotropic.

These large energy containing eddies are responsible for turbulent energy production and

they govern large-scale turbulent transport and mixing. For high Reynolds number flows,

a link between the large and small scales of turbulence is made using the so-called tur-

bulence cascade hypothesis. This hypothesis states that there is a transfer of energy from

large anisotropic turbulent scales to ever smaller scales until viscous forces dominate at the

small scales and dissipate the turbulent fluctuations. In the inertial subrange, between the

large and small scales of turbulence, turbulent motion is isotropic and inertial forces are

much larger than viscous forces. The turbulence cascade hypothesis states that the energy

transfer rate from the large energy containing eddies is equal to the dissipation of energy at

the small scales, and therefore the energy transfer in the inertial subrange of turbulence is

scale invariant. This hypothesis thereby becomes the link between turbulent production at

large scales and dissipation at small scales. Through this energy cascade, small scale tur-

bulent motions are governed by the rate at which they receiveenergy from the large scales

and by the viscosity which dissipates their small scale motions.

In engines, combustion often takes place in thin layers across which molecular diffusion

is important. In Section 1.2.2, both ignition fronts and diffusive propagating fronts were

identified as combustion regimes for HCCI engines. For the diffusive propagating fronts

regime, the interaction of the flame and the turbulence is important. In typical engine

applications, premixed turbulent combustion is describedby the theory of the thin reaction

zones regime. In this regime, the reaction zone thickness issmaller than the smallest scales

of the turbulence. The transport in the chemically inert preheat region is governed by

turbulence. The relavent mixing length scale can be determined by the turbulence cascade

hypothesis [26]. The regime where the small turbulent scales become even smaller than

the reaction zone is typically avoided in engines, because combustion becomes unstable
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because of local flame extinction.

A fundamental characteristic of turbulent flow is that it is random by nature. Turbulent

variables are therefore random variables that are inherently unpredictable. The aim of

turbulent combustion modeling is therefore not to accurately predict a single realization of a

system, but rather to characterize the random turbulent fields by determining the probability

of events in that system. A one-point, one-time joint PDF,P (φ;x, t), fully characterizes all

moments of a random field at each point and time, but it does notcontain joint information

at two or more times or positions. Joint information is necessary to fully characterize a

random field since, different repetitions of an experiment can give radically different paths

or histories for a random field. For example, the probabilityof a point in a random field at

a given time being greater than a threshold value,φ(x, t) > φo, is strongly dependent on

the history of the entire field. In order to completely characterize a random field, the joint

PDF for all instances of time and position in space must be known, which is impossible.

Practically, a complete characterization of a turbulent field in an engine is not necessary for

most engineering applications. For example, some engine experiments collect data for as

few as 200 cycles since statistics of measured quantities converge by then. However, 200

cycles, only covers a fraction of the entire range of possible realizations of the random fields

in an engine. Unfortunately, due to the large range of temporal and spatial scales observed

in an engine, a Direct Numerical Simulation (DNS) for even one cycle is computationally

impossible. Therefore, the goal of turbulent combustion modeling for IC engines is to

obtain a partial characterization of the turbulent fields that retains the governing physics

that control combustion across the range of scales observedin the engine.

The classical approach to modeling turbulent flows is to use single-point ensemble

averages of the Navier-Stokes equations. This approach is commonly referred to as the

Reynolds Averaged Navier-Stokes (RANS) model. One advantage of RANS simulations

is that they are computationally relatively affordable. Additionally, since a RANS solution

represents an ensemble average of all possible realizations of the flow, only one compu-

tation is needed to obtain the mean. Solution of mean velocities in a RANS approach is

non-trivial since the so-called Reynolds stress tensor appears in the transport equation. This

tensor includes a correlation of fluctuating velocities, which are unknown and represent the

first closure problem in turbulence modeling. One approach is to solve transport equations
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for all six components of the Reynolds stress tensor. However, several terms in these equa-

tions are unclosed and most closure models result in a systemof stiff equations which are

difficult to converge in engine simulations. Due to these drawbacks, most engine codes

rely on a two-equation model, such as thek − ε model. Closure of these two-equation

models relies on the turbulent viscosity hypothesis, whichintroduces the assumption of

isotropy. While turbulence is isotropic at the small scales, large scale turbulent quantities

are anisotropic. The transport equation for turbulent dissipation,ε, is a purely empirical

model based on scaling laws. The turbulence cascade hypothesis gives theoretical basis for

solving dissipation, which is active on the small scales, with an equation using quantities

only defined on the large scales. While thek − ε model represents the most practical com-

promise for IC engine simulations at this time, its predictive capabilities are disappointing

except for simple shear flows.

The main goals of RANS based engine simulations is to predictglobal quantities, local

ensemble averages, identify underlying physics associated with global quantities, and to

improve engine design and operation strategies. As a first step, average species mass frac-

tions must be known in order to to calculate the density, which is needed for the solution

of the average flow field. Often in IC engines, the species massfractions have a strong

functional dependence on one or more combustion parameters, such as enthalpy or mixture

composition. If the species mass fractions can exactly be described by a set of combus-

tion parameters,φ, and the joint PDF of these parameters is known, then the local average

species mass fractions are given by

〈Yi〉 =

∫ φmax

φmin

P (φ)Yi (φ) dφ , (1.34)

whereYi is the mass fraction of speciesi andP (φ) is the joint PDF of the set of parameters

φ. Both Yi (φ) andP (φ) must be modeled. In Chapters 2 and 3, models for predicting

Yi (φ) andP (φ) will be developed respectively.

The modeling approach begins in Chapter 2 with the continuous species transport equa-

tions. These equations are transformed into a new coordinate space representing the main
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parameters influencing local auto-ignition characteristics. The transformed species trans-

port equations are initially exact. After the transformation an asymptotic analysis is ap-

plied to the transformed equation for the two regimes in HCCIand higher order terms are

neglected. The resulting model equations include diffusion in the phase-space direction,

while neglecting it in the tangential direction. These equations describe the microstruc-

ture of the flow field, which is essentially determined by the balance of local diffusion and

chemical production and consumption rates. The scalar dissipation rate appears as a param-

eter in these equations, representing the local gradient information, which is important for

diffusion processes. The fact that local gradient information is described by the scalar dissi-

pation rate is common to essentially all combustion models,such as the flamelet model, the

conditional moment closure model, or the transported probability density function model.

Similar to turbulent dissipation,ε, the scalar dissipation rate acts on the small scales, but is

calculated using quantities only defined on the large scales. The scalar dissipation rate is a

random field with a distribution of values. Similarly, the species mass fraction distribution

are characterized by random fields which cannot be uniquely defined by one realization

of the combustion equations in phase-space. A complete description of the species mass

fraction fields would require solving a large number of sets of transformed equations for

the entire distribution of the random field of scalar dissipation rates. Even then, since vari-

ations normal to the phase space have been neglected, a complete description is not only

prohibitively computationally expensive, but also impossible. Therefore, the mean scalar

dissipation rate as a function of phase-space is used. Whilethis approach is computation-

ally efficient, some of the variation of the local spatial structures is lost. However, once the

equations are derived that describe the local flame structures, only the distribution of such

flame structures in terms of the pertinent parameters has to be modeled. Hence, the second

step of modeling Eq. (1.34) is to provide closure for the PDF of the phase-space variables,

φ. A presumed PDF approach is developed in Chapter 3 for this purpose. This approach

requires presuming a function form of the joint PDF of all phase space varibles, and the

solution of transport equations for some of the moments of the phase space variables used

to parameterize the presumed PDF shapes. The solution in thephase-space together with

the presumed PDF complete the right hand side of Eq. (1.34) and allow the CFD solver to

calculate the density and therefore also the flow.
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While this approach provides only ensemble averages of the random fields of species

mass fractions, the small scale structure of the flame-flow interaction is preserved in the

phase-space of the combustion model through the scalar dissipation rate. Thereby the ap-

proach developed in Chapters 2 and 3 and validated in Chapters 4 and 5 represents a multi-

scale approach. Large-scale mixing of the phase-space variables is calculated through a

turbulent viscosity, while the small scale gradients are calculated from large scale proper-

ties of the flow using the turbulence cascade hypothesis.
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1.4 Onward

The objective of this thesis is to develop and validate a combustion model for both regimes

of auto-ignition observed in HCCI engines with inhomogeneities in enthalpy and mixture

fraction. In Chapter 2, a new enthalpy-based combustion model is derived for HCCI-like

combustion. First, a one-dimensional enthalpy-space model is presented for classic HCCI

conditions where inhomogeneities in the unburnt mixture composition are assumed to be

negligible. Then the model is extended to two-dimensions toaccount for mixture frac-

tion inhomogeneities. Since mixture fraction and enthalpyare not independent variables,

a new modified enthalpy variable is defined to remove mixture fraction dependence, re-

sulting in a model with two independent phase-space variables. In Chapter 3, the closure

model for application to an engine simulation is presented.First, the Reynolds averaged

turbulent transport equations are presented for both the one and two-dimensional model

formulations. Transport equations for modified enthalpy and modified enthalpy variance

are derived and the unclosed terms are modeled. Then, in Section 3.2, the numerical im-

plementation of the coupling and interaction of the combustion code to the CFD solver is

described.

In Chapter 4, the one-dimensional enthalpy-based combustion model will be validated

in two steps. First, it will be validated against Direct Numerical Simulation (DNS) data of

the auto-ignition of H2-air mixtures with varying levels of initial thermal inhomogeneities

under HCCI relevant conditions [2]. The DNS data spans the combustion regimes in HCCI

ranging from volumetric combustion to deflagrations and to mixed modes that experience

both types of combustion simultaneously. Then, in Section 4.2, a second validation of this

1D combustion model against experiments of a Rapid Compression Machine (RCM) op-

erated under classic HCCI-type combustion conditions is presented. The mixture is com-

pletely homogeneous prior to compression. However some thermal stratification occurs

during compression due to wall heat losses. Then, in Chapter5, the two-dimensional en-

thalpy and mixture fraction based combustion model is validated using experimental data

from a DI Diesel-fueled HCLI engine. UHC and CO emissions area major issue for this

engine, therefore this model is used to point out potential causes of such high emissions.

Chapter 6 includes an evaluation of the combustion regime criterion derived in Section 1.2
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with the HCLI engine.

Finally Chapter 7 will summarize the work and draw some conclusions.



Chapter 2

Mathematical Model

In this chapter, the mathematical formulation of the combustion model will be developed

for enthalpy and mixture composition inhomogeneities in HCCI-type combustion. These

two types of inhomogeneities have been chosen since they arethe main parameters that

affect local changes in auto-ignition behavior. Species mass fraction and temperature trans-

port equations will be transformed into a phase space representing these inhomogeneities.

Then an asymptotic analysis using appropriate scales for the two combustion regimes in

HCCI combustion, ignition fronts and deflagrations, will beapplied to the transformed

equations. Higher order terms will be dropped for both limits, then terms remaining in ei-

ther limit are collected into the final model, which is valid for both limits. First this process

is applied to a one-dimensional enthalpy-based model, thento a two-dimensional enthalpy

and mixture fraction-based model.

2.1 1D Enthalpy-Based Auto-Ignition Model

2.1.1 Model Formulation

In this section, a derivation of the enthalpy-based flameletequations will be given. The low

Mach number, unity Lewis number transport equations for species mass-fractions and total

22
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enthalpy are as follows

ρ
∂Yi

∂t
+ ρvj

∂Yi

∂xj
=

∂

∂xj

[
ρD

∂Yi

∂xj

]
+ ρω̇i , (2.1)

ρ
∂H

∂t
+ ρvj

∂H

∂xj
=

∂

∂xj

[
ρD

∂H

∂xj

]
+ ρṠ, (2.2)

whereYi is the mass fraction of speciesi, H is the total enthalpy,ρ is the density,D is the

molecular diffusivity,ω̇i is the chemical source term for speciesi, vj is the velocity in the

xj-direction, andṠ is the source term in the total enthalpy equation. The sourceterm is

given as,

Ṡ =
1

ρ

(
∂p

∂t
− q̇∆h

)
, (2.3)

wherep is the pressure anḋq∆h is the volumetric heat loss, such as from radiation. Total

enthalpy is here defined as

H =
N∑

i

Yihi , (2.4)

wherehi are the species enthalpies, which are defined to include the heats of formation.

Assuming ideal gas, the enthalpy equation, Eq. (2.2), can beexpressed in terms of temper-

ature as follows

ρ
∂T

∂t
+ ρvj

∂T

∂xj

=
∂

∂xj

[
ρD

∂T

∂xj

]
+

ρD

Cp

∂T

∂xj

[
∂Cp

∂xj

+
N∑

i

cp,i
∂Yi

∂xj

]

+ρω̇T +
ρ

Cp
Ṡ , (2.5)

whereCp is the mixture specific heat,cp,i is the species specific heat,T is temperature,N

is the number of species in the mixture, andω̇T is the chemical source term defined as

ω̇T ≡ −
1

Cp

N∑

i

hiω̇i . (2.6)

Since the enthalpy is the main parameter leading to local changes in the auto-ignition

behavior, the(x1, x2, x3)-coordinate system will be transformed into a system which locally

aligns with the enthalpy gradients. In the following analysis of this transformation, the
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x1-coordinate is assumed to be normal, and thex2 andx3-coordinates are assumed to be

tangential to an iso-enthalpy surface. This transformation is made such that

(t, x1, x2, x3) → (τ, H, H2, H3), (2.7)

where enthalpy is introduced as a new independent coordinate. This implies that the new

independent coordinate,H, is attached to and travels with an iso-surface of enthalpy and

that the new coordinatesH2 andH3 lie within this surface. Hence the transformation leads

to

∂

∂t
=

∂

∂τ
+

∂H

∂t

∂

∂H
, (2.8)

∇=∇H
∂

∂H
+ ∇H⊥,

with ∇H⊥ =

(
0

∂/∂H2

∂/∂H3

)
. (2.9)

Applying Eqs. (2.8) & (2.9) to Eq. (2.1) and making use of Eq. (2.2) to cancel terms results

in the transformed form of the equations,

ρ
∂Yi

∂τ
=−ρṠ

∂Yi

∂H
− ρvj∇H⊥Yi +

ρχ
H

2

∂2Yi

∂H2
+ ∇H⊥ [ρD∇H⊥Yi]

+∇H
∂

∂H
[ρD∇H⊥Yi] + ρD∇H∇H⊥

[
∂Yi

∂H

]
+ ρω̇i , (2.10)

where the scalar dissipation rate in enthalpy-space was introduced as,

χ
H
≡ 2D

∂H

∂xj

∂H

∂xj

. (2.11)

The first term on the right hand side of Eq. (2.10) represents aconvection term in enthalpy

space. Although the present transformation is similar to the mixture fraction transformation

in the derivation of the flamelet equations [27], it is interesting to point out that this term is

not present in the mixture fraction formulation of the flamelet equations as mixture fraction

is a conserved scalar, while enthalpy is not. The temperature equation can similarly be
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expressed in enthalpy space as

ρ
∂T

∂τ
=−ρṠ

∂T

∂H
− ρvj∇H⊥T +

ρχ
H

2

∂2T

∂H2
+

ρχ
H

2Cp

∂T

∂H

[
∂Cp

∂H
+

N∑

i

cp,i
∂Yi

∂H

]

+∇H⊥ [ρD∇H⊥T ] + ∇H
∂

∂H
[ρD∇H⊥T ] + ρD∇H∇H⊥

[
∂T

∂H

]

+
ρD

Cp

∇H∇H⊥T

[
∂Cp

∂H
+

N∑

i

cp,i
∂Yi

∂H

]

+
ρD

Cp
∇H

∂T

∂H

[
∇H⊥Cp +

N∑

i

cp,i∇H⊥Yi

]

+
ρD

Cp
∇H∇H⊥T

[
∇H⊥Cp +

N∑

i

cp,i∇H⊥Yi

]

+
ρ

Cp
Ṡ + ρω̇T . (2.12)

2.1.2 Asymptotic Analysis

As discussed in Section 1.2, two combustion regimes are possible in HCCI engines, the

ignition fronts and the deflagrations regime. The goal of this asymptotic analysis is to

develop a model that is valid for both combustion limits. Hence, we will consider these

regimes first independently and afterward simultaneously.

Homogeneous Reactor Regime

For all HCCI engines, some level of either thermal or charge stratification exists. Heat

losses at the cylinder walls create thermal stratification between the boundary layers and

the hot gases in the center of the cylinder. For sufficiently low levels of stratification or

sufficiently long stratification length-scales, molecularmixing effects are small [21, 28].

In this limit, combustion is dominated by chemical kinetics, and different locations in the

cylinder can be reasonably approximated as homogeneous reactors, which only interact by

pressure work. While it is uncertain if an HCCI engine ever operates in this limit, this

modeling strategy has been successfully advanced and widely used in the form of multi-

zone models [8, 9, 10]. In this section, an asymptotic analysis of this limit will be performed
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for Eq. (2.10).

For flows dominated by chemical kinetics, spatial changes are small. Introducing a nor-

malized coordinatex = ǫx, the coordinate transformation, Eq. (2.7), becomest, x1, x2, x3

−→ τ, H, H2, H3 with H2,3 = ǫH2,3. Thus, from Eq. (2.9) follows

∇ = ǫ∇
∂

∂H
+ ǫ∇H⊥

, (2.13)

and the transformation yields

ρ
∂Yi

∂τ
=−ρṠ

∂Yi

∂H
+ ρω̇i − ǫρvj∇H⊥

Yi + ǫ2ρD∇
2 ∂2Yi

∂H2
+ ǫ2∇H⊥

[ρD∇H⊥
Yi]

+ǫ2ρD∇∇H⊥

[
∂Yi

∂H

]
+ ǫ2∇

∂

∂H
[ρD∇H⊥

Yi] . (2.14)

Since in the limit of auto-ignition without spatial enthalpy variations, implyingǫ −→ 0,

both the accumulation term and the chemical source term haveto remain, the scaling for

these terms has been chosen appropriately. Keeping only theleading order terms leads to

ρ
∂Yi

∂τ
+ ρṠ

∂Yi

∂H
= ρω̇i . (2.15)

The solution of Eq. (2.15) over a range of enthalpies representative of an HCCI engine

would represent a multi-zone type modeling approach in enthalpy space. Note that Eq. (2.15)

differs from simply neglecting the diffusion term in Eq. (2.1) and also from the conven-

tional multi-zone model, because of the different coordinate system that it is attached to

iso-enthalpy surfaces. It is also interesting to note that the convection term along iso-

enthalpy surfaces appearing in Eq. (2.14) isO(ǫ), and hence more important than the dif-

fusive transport terms, which areO(ǫ2). If the velocity fluctuations occur on a scale larger

than an ignition kernel, this convection term could be considered in a Lagrangian descrip-

tion. Otherwise, this term is responsible for turbulent mixing within the ignition kernel.
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Propagating Diffusive Front Regime

For the limit of large spatial enthalpy gradients, spatial variations in the direction of the en-

thalpy gradient are large compared to changes along iso-enthalpy surfaces. Then, an anal-

ysis very similar to the flamelet analysis of Refs. [29, 27] can be carried out. A stretched

enthalpy-coordinate can be introduced such that

ζ = ε−1 (H − Href) (2.16)

ζ2,3 = H2,3 . (2.17)

Then, from Eq. (2.9) follows

∇ = ε−1∇H
∂

∂ζ
+ ∇ζ⊥ , (2.18)

Introducing this into Eq. (2.10) yields

ε−2ρ
∂Yi

∂τ ∗
= −ε−2 ∂Yi

∂ζ
ρṠ∗ + ε−2ρχH

2

∂2Yi

∂ζ2
+ ε−2ρ ω̇∗

i + ε−1∇H
∂

∂ζ
[ρD∇ζ⊥Yi]

−ε−1ρvj∇ζ⊥Yi + ∇ζ⊥ [ρD∇ζ⊥Yi] + ε−1ρD∇H∇ζ⊥

[
∂Yi

∂ζ

]
. (2.19)

The scalings for the accumulation term, the chemical sourceterm, and the pressure term

have been chosen such that these terms are of leading order. The former two have to remain

for an auto-ignition problem, the latter to ensure energy conservation. Retaining only the

leading order terms in Eq. (2.19), results in flamelet-type equations in enthalpy space given

by

ρ
∂Yi

∂τ
+ ρṠ

∂Yi

∂H
=

ρχ
H

2

∂2Yi

∂H2
+ ρω̇i . (2.20)

The difference between Eq. (2.20) and Eq. (2.15) is that the former includes diffusive trans-

port in the enthalpy direction. However, Eq. (2.20) reducesto Eq. (2.15) in the limit of low

levels of thermal stratification. It is hence appropriate tocombine these two equations to

describe both limits.
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2.1.3 Transformation to Normalized Space

In order to simplify the numeric solution of the these equations, the enthalpy coordinate

will be normalized by defining a new coordinateξ as

ξ =
H − Θ0(τ)

Θ1(τ) − Θ0(τ)
=

H − Θ0(τ)

∆Θ(τ)
. (2.21)

Θ0(τ) and Θ1(τ) represent the minimum and maximum enthalpies in the system such

that 0 ≤ ξ ≤ 1. Now a simple coordinate transformation is performed to transform the

enthalpy-based flamelet equations fromH andτ space intoξ andτ ⋆ space. The transfor-

mation rules are as follows,

∂

∂τ
=

∂

∂τ ⋆
+

∂ξ

∂τ

∂

∂ξ
(2.22)

∂

∂H
=

∂ξ

∂H

∂

∂ξ
. (2.23)

In order to simplify this transformation, a new variable representing a convective velocity

in ξ-space is introduced as

vξ =
1

∆Θ
Ṡ −

(1 − ξ)

∆Θ

∂Θ0

∂τ
−

ξ

∆Θ

∂Θ1

∂τ
. (2.24)

Applying the transformation rules in Eqs. (2.22) & (2.23) tothe enthalpy space flamelet

equations given by Eq. (2.10) results in the normalized enthalpy-based flamelet equations

in final form as given by

ρ
∂Yi

∂τ ⋆
=−ρvξ

∂Yi

∂ξ
+

ρχξ

2

∂2Yi

∂ξ2
+ ρω̇i . (2.25)



CHAPTER 2. MATHEMATICAL MODEL 29

Applying the same asymptotic analysis and non-dimensionalization to the temperature

equation results in the following equation

ρ
∂T

∂τ ⋆
=−ρvξ

∂T

∂ξ
+

ρχ
ξ

2

∂2T

∂ξ2
+ ρω̇T +

ρ

Cp

Ṡ

+
ρχ

ξ

2Cp

∂T

∂ξ

[
∂Cp

∂ξ
+

N∑

i

cp,i
∂Yi

∂ξ

]
. (2.26)

Note that in the application of the model, the temperature equation in Eq. (2.25) can be

replaced by the definition of the enthalpy, Eq. (2.4).

2.2 2D Enthalpy & Mixture Fraction-Based Auto-Ignition

Model

2.2.1 Model Formulation

The objective of this section is to derive a combustion modelthat is valid for application

to HCCI engines with significantly large degrees of inhomogeneity in both mixture frac-

tion and enthalpy. The model takes the form of a two-dimensional enthalpy and mixture

fraction-based combustion model similar to the one-dimensional model presented in Sec-

tion 2.1. Examples of HCCI engines with mixture fraction inhomogeneities include late

phase DI, such as is common in Diesel fueled HCCI (HCLI), or incomplete mixing of

trapped EGR with fresh charge. The low Mach number transportequation for mixture

fraction is

ρ
∂Z

∂t
+ ρvj

∂Z

∂xj
=

∂

∂xj

[
ρD

∂Z

∂xj

]
. (2.27)

In order to avoid additional terms in the model equations, the two model coordinates should

be independent. However, in an engine, a strong correlationbetween enthalpy and mixture

fraction exists as the two mixture streams typically have significantly different average

chemical and thermal states.
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The mixing of passive scalar fields takes place primarily in sheets where regions of in-

tense scalar gradients exist [30, 31]. This behavior occurs, because on large scales, passive

scalar gradients align with the most compressive strain. Conversely, on the small scales,

passive scalars do not preferentially align. Thus, two passive scalars will tend to be locally

statistically independent. However, in the case of enthalpy and mixture fraction, enthalpy

is not a conserved scalar and therefore will be affected by its source term,Ṡ, as well as

by mixing. Therefore, it is assumed that if a source term of a scalar is independent of

a second conserved scalar, the two scalars will remain statistically independent. The de-

parture from statistical independence occurs due to the treatment of the heat flux at the

boundaries. As a first approximation, this influence will be assumed to be negligible, ex-

cept within the boundary layers. For this reason, enthalpy is split into two components;

one which contains a functional dependence on mixture fraction, and a second which is

statistically independent of mixture fraction,ζ , which will be termed a modified enthalpy.

The functional dependence of the enthalpy, Eq. (2.2), on themixture fraction is removed

by separating the enthalpy into two terms at the point of injection or intake.

H = ζ + Ψ(Z) (2.28)

ζ = H − Ψ(Z) . (2.29)

The functional dependence of the source term on the mixture fraction can be repre-

sented by,

ς̇(Z) =
〈
Ṡ|Z

〉
. (2.30)

When the enthalpy is split intoζ andΨ parts, this functional dependency will be added to

theΨ equation and subtracted from theζ equation.

ρ
∂ζ

∂t
+ ρvj

∂ζ

∂xj

=
∂

∂xj

(
ρD

∂ζ

∂xj

)
+ ρσ̇ , (2.31)

ρ
∂Ψ

∂t
+ ρvj

∂Ψ

∂xj

=
∂

∂xj

(
ρD

∂Ψ

∂xj

)
+ ρς̇ , (2.32)
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where

σ̇ = Ṡ −
〈
Ṡ|Z

〉
. (2.33)

The sum of Eq. (2.31) and Eq. (2.32) gives the transport equation for total enthalpy, Eq. (2.2).

If the functional dependence ofΨ on mixture fraction is known, then it can be directly ap-

plied. Otherwise, either an equation forΨ or an equation for total enthalpy must be solved

in addition to the equation forζ . Having removed the functional dependence of enthalpy on

mixture fraction, the species mass fraction and temperature equations can be transformed

into ζ andZ space. Since mixture fraction and modified enthalpy are the main param-

eters leading to local changes in the auto-ignition behavior for many HCCI engines, the

(x1, x2, x3)-coordinate system will be transformed into a system which locally aligns with

the mixture fraction and modified enthalpy gradients. In thefollowing analysis of this

transformation, thex1-coordinate is assumed to be normal to an iso-modified enthalpy sur-

face, thex2-coordinates is assumed to be normal to an iso-mixture fraction surface, andx3

is tangential to both surfaces. This transformation is madesuch that

(t, x1, x2, x3) → (τ, ζ, Z, η), (2.34)

where modified enthalpy and mixture fraction are introducedas new independent coordi-

nates. This implies that the new independent coordinate,ζ , is attached to an iso-surface

of modified enthalpy,Z is attached to an iso-surface of mixture fraction, and the third

coordinate,η, is normal to the surface formed by the other two coordinates. Hence the

transformation leads to the following rules,

∂

∂t
=

∂

∂τ
+

∂Z

∂t

∂

∂Z
+

∂ζ

∂t

∂

∂ζ
, (2.35)

∇ = ∇Z
∂

∂Z
+ ∇ζ

∂

∂ζ
+

∂

∂η
. (2.36)
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Applying these rules to Eq. (2.1) and making use of Eqs. (2.2)& (2.27) leads to the follow-

ing equation for species mass fraction

ρ
∂Yi

∂τ
=−ρσ̇

∂Yi

∂ζ
− ρvj

∂Yi

∂η
+

ρχ
ζ

2

∂2Yi

∂ζ2
+

ρχ
Z

2

∂2Yi

∂Z2
+ ρχ

ζZ

∂2Yi

∂ζ∂Z

+∇ζ
∂

∂ζ

[
ρD

∂Yi

∂η

]
+ ∇Z

∂

∂Z

[
ρD

∂Yi

∂η

]
+

∂

∂η

[
ρD

∂Yi

∂η

]

+ρD∇ζ
∂2Yi

∂η∂ζ
+ ρD∇Z

∂2Yi

∂η∂Z
+ ρω̇i , (2.37)

where the scalar dissipation rates are defined as

χ
Z

≡ 2D
∂Z

∂xj

∂Z

∂xj
, (2.38)

χ
Zζ

≡ 2D
∂Z

∂xj

∂ζ

∂xj
, (2.39)

χ
ζ

≡ 2D
∂ζ

∂xj

∂ζ

∂xj
. (2.40)
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Similarly the temperature equation, Eq. (2.5), can be transformed into this coordinate sys-

tem as follows

ρ
∂T

∂τ
=−ρσ̇

∂T

∂ζ
− ρvj

∂T

∂η
+

ρχ
ζ

2

∂2T

∂ζ2
+

ρχ
Z

2

∂2T

∂Z2
+ ρχ

ζZ

∂2T

∂ζ∂Z

+∇ζ
∂

∂ζ

[
ρD

∂T

∂η

]
+ ∇Z

∂

∂Z

[
ρD

∂T

∂η

]
+

∂

∂η

[
ρD

∂T

∂η

]

+ρD∇ζ
∂2T

∂η∂ζ
+ ρD∇Z

∂2T

∂η∂Z
+ ρω̇T +

ρ

Cp

Ṡ

+
ρχZ

2Cp

∂T

∂Z

[
∂Cp

∂Z
+

N∑

i

cp,i
∂Yi

∂Z

]
+

ρχζ

2Cp

∂T

∂ζ

[
∂Cp

∂ζ
+

N∑

i

cp,i
∂Yi

∂ζ

]

+
ρχζZ

2Cp

∂T

∂Z

[
∂Cp

∂ζ
+

N∑

i

cp,i
∂Yi

∂ζ

]
+

ρD

Cp
∇Z

∂T

∂Z

[
∂Cp

∂η
+

N∑

i

cp,i
∂Yi

∂η

]

+
ρχζZ

2Cp

∂T

∂ζ

[
∂Cp

∂Z
+

N∑

i

cp,i
∂Yi

∂Z

]
+

ρD

Cp

∇ζ
∂T

∂ζ

[
∂Cp

∂η
+

N∑

i

cp,i
∂Yi

∂η

]

+
ρD

Cp
∇Z

∂T

∂η

[
∂Cp

∂Z
+

N∑

i

cp,i
∂Yi

∂Z

]
+

ρD

Cp
∇ζ

∂T

∂η

[
∂Cp

∂ζ
+

N∑

i

cp,i
∂Yi

∂ζ

]

+
ρD

Cp

∂T

∂η

[
∂Cp

∂η
+

N∑

i

cp,i
∂Yi

∂η

]
. (2.41)

2.2.2 Asymptotic Analysis

In this section, an asymptotic analysis similar to that of Section 2.1.2 will be performed for

the two different regimes of auto-ignition found in HCCI engines, the homogeneous reactor

regime, and the propagating diffusive front regime. For these two limits, the asymptotic

analysis will be applied to the transformed species mass fraction equation, Eq. (2.37). A

similar analysis of the temperature equation, Eq. (2.41), would follow this same procedure.

Homogeneous Reactor Regime

In this regime, combustion is dominated by chemical kinetics and different locations in the

cylinder can be reasonably approximated as homogeneous reactors which only interact by

pressure work. As mentioned in Section 2.1.2, it is uncertain if any HCCI engines operate
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in this limit. However, multi-zone models, which representchemical kinetics dominated

combustion, have been used to model HCCI engines [8, 9, 10].

In this regime, spatial changes and spatial gradients are small. Introducing a normalized

coordinatex = ǫx, the coordinate transformation, Eq. (2.34), becomest, x1, x2, x3 −→

τ, ζ, Z, η with η = ǫη. Then, for Eq. (2.9) follows

∇ = ǫ∇
∂

∂ζ
+ ǫ∇

∂

∂Z
+ ǫ

∂

∂η
, (2.42)

and the transformation yields

ρ
∂Yi

∂τ
=−ρσ̇

∂Yi

∂ζ
− ǫρvj

∂Yi

∂η
+ ǫ2

ρχ
ζ

2

∂2Yi

∂ζ2
+ ǫ2ρχ

Z

2

∂2Yi

∂Z2
+ ǫ2ρχ

ζZ

∂2Yi

∂ζ∂Z

+ǫ2∇ζ
∂

∂ζ

[
ρD

∂Yi

∂η

]
+ ǫ2∇Z

∂

∂Z

[
ρD

∂Yi

∂η

]
+ ǫ2 ∂

∂η

[
ρD

∂Yi

∂η

]

+ǫ2ρD∇ζ
∂2Yi

∂η∂ζ
+ ǫ2ρD∇Z

∂2Yi

∂η∂Z
+ ρω̇i . (2.43)

Since in the limit of auto-ignition without spatial enthalpy variations, implyingǫ −→ 0,

both the accumulation term and the chemical source term mustremain, the scaling for these

terms has been chosen appropriately. Keeping only the leading order terms, Eq. (2.43)

becomes

ρ
∂Yi

∂τ
+ ρσ̇

∂Yi

∂ζ
= ρω̇i . (2.44)

Similar to Eq. (2.15), the solution of Eq. (2.44) over the range of enthalpies and mixture

fractions representative of an HCCI engine would representa multi-zone type modeling

approach in phase space.
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Propagating Diffusive Front Regime

In this section the limit of large spatial enthalpy and mixture fraction gradients will be

investigated. Following the approach of Section 2.1.2, a stretched modified enthalpy-

coordinate and a stretched mixture fraction-coordinate can be introduced such that

ζ∗ = ε−1
1 (ζ − ζref) (2.45)

Z∗ = ε−1
2 (Z − Zref) (2.46)

η∗ = η . (2.47)

For convenience the asymptotic expansion parameters for modified enthalpy,ε1, and mix-

ture fraction,ε2, are assumed to be equal,ε = ε1 = ε2 Then, from Eq. (2.36) follows

∇ = ε−1∇ζ∗
∂

∂ζ∗
+ ε−1∇Z∗

∂

∂Z∗
+

∂

∂η∗
. (2.48)

Introducing this into Eq. (2.37) yields

ε−2ρ
∂Yi

∂τ ∗
=−ε−2ρσ̇∗

∂Yi

∂ζ
− ρvj

∂Yi

∂η
+ ε−2

ρχ
ζ

2

∂2Yi

∂ζ2
+ ε−2ρχ

Z

2

∂2Yi

∂Z2
+ ε−2ρχ

ζZ

∂2Yi

∂ζ∂Z

+ε−1∇ζ
∂

∂ζ

[
ρD

∂Yi

∂η

]
+ ε−1∇Z

∂

∂Z

[
ρD

∂Yi

∂η

]
+

∂

∂η

[
ρD

∂Yi

∂η

]

+ε−1ρD∇ζ
∂2Yi

∂η∂ζ
+ ε−1ρD∇Z

∂2Yi

∂η∂Z
+ ε−2ρω̇∗

i . (2.49)

Similar to the 1D case, Eq. (2.19), scalings for the accumulation term, the chemical source

term, and the convection term in theζ-direction have been chosen such that these terms are

of leading order. The former two must remain for an auto-ignition problem, the latter to

ensure energy conservation.

Retaining only the leading order terms in Eq. (2.19) resultsin flamelet-type equations

in enthalpy space given by,

ρ
∂Yi

∂τ
=−ρσ̇

∂Yi

∂ζ
+

ρχ
ζ

2

∂2Yi

∂ζ2
+

ρχ
Z

2

∂2Yi

∂Z2
+ ρχ

ζZ

∂2Yi

∂ζ∂Z
+ ρω̇i . (2.50)

In this equation a further simplification can be made by assumingχ
ζZ

= 0. In the beginning
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of Section 2.2 physical arguments were given for assuming that ζ andZ are statistically

independent. Therefore, gradients of these scalars will not on average tend to preferentially

align and the representative or averageχ
ζZ

value will be zero. This simplification results

in the final form of the species mass fraction equation for this model, given as

ρ
∂Yi

∂τ
=−ρσ̇

∂Yi

∂ζ
+

ρχ
ζ

2

∂2Yi

∂ζ2
+

ρχ
Z

2

∂2Yi

∂Z2
+ ρω̇i . (2.51)

The difference between Eq. (2.20) and Eq. (2.51) is that the former includes diffusive trans-

port in the enthalpy direction. However, Eq. (2.20) reducesto Eq. (2.15) in the limit of low

levels of thermal stratification. Applying the asymptotic analysis for this limit to the tem-

perature equation, Eq. (2.41) results in a model temperature equation given as

ρ
∂T

∂τ
=−ρσ̇

∂T

∂ζ
+

ρχ
ζ

2

∂2T

∂ζ2
+

ρχ
Z

2

∂2T

∂Z2
+ ρω̇T +

ρ

Cp
Ṡ

+
ρχZ

2Cp

∂T

∂Z

[
∂Cp

∂Z
+

N∑

i

cp,i
∂Yi

∂Z

]
+

ρχζ

2Cp

∂T

∂ζ

[
∂Cp

∂ζ
+

N∑

i

cp,i
∂Yi

∂ζ

]

+
ρχζZ

2Cp

∂T

∂Z

[
∂Cp

∂ζ
+

N∑

i

cp,i
∂Yi

∂ζ

]
+

ρχζZ

2Cp

∂T

∂ζ

[
∂Cp

∂Z
+

N∑

i

cp,i
∂Yi

∂Z

]
. (2.52)

In an HCCI engine, transport in either theζ or Z directions might be dominant at differ-

ent times. For example, shortly after direct fuel injection, gradients of fuel mixture fraction

are large and, for some HCCI engines, will result inχ
Z
≫ χ

ζ
for a certain period. The mix-

ture fraction scalar dissipation rate tends to experience arapid power law decay after fuel

injection, while gradients of modified enthalpy are increased by greater wall heat transfer

and the shrinking of physical length-scales near TDC. Consequently, as time passes after

injection,χ
Z

becomes less dominant overχ
ζ
, and eventually, in some engines,χ

ζ
becomes

the dominant transport term during post-combustion pollutant emission production and ox-

idation. Since it is possible for diffusive transport to be dominated by only one of the two

model coordinates, the assumption of equal asymptotic expansion parameters,ε = ε1 = ε2,

will be relaxed. Forε1 ≫ ε2 Eq. (2.37) becomes

ρ
∂Yi

∂τ
=−ρσ̇

∂Yi

∂ζ
+

ρχ
Z

2

∂2Yi

∂Z2
+ ρω̇i , (2.53)
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while for ε2 ≫ ε1, Eq. (2.37) becomes

ρ
∂Yi

∂τ
=−ρσ̇

∂Yi

∂ζ
+

ρχ
ζ

2

∂2Yi

∂ζ2
+ ρω̇i . (2.54)

By inspection, it can be seen that the final form of our model, Eq. (2.51) simply reduces to

these two equations in the limits of zeroχ
ζ

(ε1 ≫ ε2) and zeroχ
Z

(ε2 ≫ ε1). Since

Eq. (2.51) reduces to the appropriate equation for each of the four combustion limits,

Eqs. (2.44), (2.51), (2.53), (2.54), this single equation along with Eq. (2.52) is capable

of representing the full range of combustion regimes found in HCCI engines.

2.2.3 Transformation to Normalized Space

A convenient coordinate transformation is needed for the efficient numerical solution of the

flamelet equations. This transformation is given by

τ ⋆ = τ (2.55)

ξ1 =
Z − Zmin(τ)

Zmax(τ) − Zmin(τ)
=

Z − Zmin(τ)

∆Z(τ)
, (2.56)

ξ2 =
ζ − ζmin(τ)

ζmax(τ) − ζmin(τ)
=

ζ − ζmin(τ)

∆ζ(τ)
, (2.57)

whereZmin andZmax represent the minimum and maximum values of mixture fraction in

the system, andζmin and ζmax represent the minimum and maximum values ofζ in the

system.

The transformation rules are

∂

∂τ
=

∂τ ⋆

∂τ

∂

∂τ ⋆
+

∂ξ1

∂τ

∂

∂ξ1

+
∂ξ2

∂τ

∂

∂ξ2

=
∂

∂τ ⋆
+

∂ξ1

∂τ

∂

∂ξ1

+
∂ξ2

∂τ

∂

∂ξ2

, (2.58)

∂

∂Z
=

∂τ ⋆

∂Z

∂

∂τ ⋆
+

∂ξ1

∂Z

∂

∂ξ1

+
∂ξ2

∂Z

∂

∂ξ2

=
1

∆Z

∂

∂ξ1

, (2.59)

∂

∂ζ
=

∂τ ⋆

∂ζ

∂

∂τ ⋆
+

∂ξ1

∂ζ

∂

∂ξ1

+
∂ξ2

∂ζ

∂

∂ξ2

=
1

∆ζ

∂

∂ξ2

. (2.60)
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Using these expressions, the transformed second derivatives are

∂2

∂Z2
=

(
1

∆Z

)2
∂2

∂ξ2
1

, (2.61)

∂2

∂ζ2
=

(
1

∆ζ

)2
∂2

∂ξ2
2

. (2.62)

The transformation rule for the temporal derivative is

∂

∂τ
=

∂

∂τ ⋆
−

1

∆Z

(
∂Zmin

∂τ
+ ξ1

∂∆Z

∂τ

)
∂

∂ξ1

−
1

∆ζ

(
∂ζmin

∂τ
+ ξ2

∂∆ζ

∂τ

)
∂

∂ξ2

. (2.63)

Applying these transformation rules to Eq. (2.51), the species mass fraction equation be-

comes

ρ
∂Yi

∂τ ⋆
+ ρv1

∂Yi

∂ξ1

+ ρv2

∂Yi

∂ξ2

=
ρχ

1

2

∂2Yi

∂ξ2
1

+
ρχ

2

2

∂2Yi

∂ξ2
2

+ ρω̇i , (2.64)

where the following variables have been introduced,

χ
1

=
1

(∆Z)2
χ

Z
, (2.65)

χ
2

=
1

(∆ζ)2
χ

ζ
, (2.66)

v1 = −
1

∆Z

(
∂Zmin

∂τ
+ ξ1

∂∆Z

∂τ

)
, (2.67)

v2 =
1

∆ζ

[
σ̇ −

(
∂ζmin

∂τ
+ ξ2

∂∆ζ

∂τ

)]
. (2.68)
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Similarly, an equation for temperature can be derived as

ρ
∂T

∂τ ⋆
+ ρv1

∂T

∂xi1
+ ρv2

∂T

∂ξ2

=
ρχ1

2

∂2T

∂ξ2
1

+
ρχ2

2

∂2T

∂ξ2
2

+ ρ ω̇T +
ρ

Cp

Ṡ

+
ρχ1

2Cp

∂T

∂ξ1

·

[
∂Cp

∂ξ1

+
N∑

i

cp,i
∂Yi

∂ξ1

]

+
ρχ2

2Cp

∂T

∂ξ2

·

[
∂Cp

∂ξ2

+

N∑

i

cp,i
∂Yi

∂ξ2

]
. (2.69)

The combustion model for inhomogeneities in both enthalpy and mixture fraction has

now been derived. The next step is to provide closure models for application in a CFD

simulation of an HCCI engine. The closure models and numerical implementation are

presented in Chapter 3.



Chapter 3

Closure Model

3.1 Reynolds Averaged Transport Equations

This section presents closure for the one-dimensional and two-dimensional auto-ignition

models of Chapter 2. Common to both models is the solution of the continuity equation,

momentum equations, energy equation, and potentially equations for a turbulence model.

These equations are solved in three-dimensional physical-space using a CFD solver. Addi-

tionally, a Favre averaged enthalpy equation is solved according to

ρ
∂H̃

∂t
+ ρṽj

∂H̃

∂xj
=

∂

∂xj

[
ρDt

∂H̃

∂xj

]
+ ρ˜̇S , (3.1)

whereDt is the turbulent diffusivity, and the source term,Ṡ, is defined in Eq. (2.3). The

Favre averaged value of a scalar,φ, is defined as

φ = φ̃ + φ
′′

where, φ̃ ≡
ρφ

ρ
, (3.2)

where¯ indicates a Reynolds averaged value, which is the mean or expected value.

40
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3.1.1 1D Enthalpy-Based Auto-Ignition Model

In addition to the above mentioned variables, the model formulation requires solution of

an enthalpy variance transport equation to evaluate the enthalpy dissipation rate,̃χ
H

, and

the Probability Density Function (PDF) of H described in Section 3.2.1. A Favre enthalpy

variance equation can be derived by decomposing the enthalpy equation, Eq. (2.2), into a

Favre mean and variance, averaging, and after a number of steps gives,

ρ
∂H

′′2

∂t
+ ρṽj

∂H
′′2

∂xj
= −ρv

′′

j

∂H
′′2

∂xj
+ 2ρH

′′

v
′′

j

∂H̃

∂xj
+ 2ρH

′′ ∂ṽ
′′

j H ′′

∂xj

+2H
′′ ∂

∂xj

[
ρD

∂H̃

∂xj

]
+

∂

∂xj

[
ρD

∂H
′′2

∂xj

]
− 2ρD

∂H
′′

∂xj

∂H
′′

∂xj

−2ρH
′′ 1

ρ

∂

∂xj

[
ρD

∂H̃

∂xj

]
+ 2ρH

′′

Ṡ
′′

. (3.3)

Averaging this equation results in unclosed triple and double correlations between the ve-

locity and enthalpy fluctuations,̃v′′

j H ′′2 andṽ
′′

j H ′′ for the first two terms on the right side

of Eq. (3.3). These correlations are modeled using the gradient diffusion assumption. In

averaging the third, fourth, and seventh terms on the right side drop out. The fifth term rep-

resents molecular diffusion, and the sixth represents turbulent dissipation. In the limit of

large Reynolds numbersDt ≫ D and then the Favre averaged enthalpy variance equation

can be expressed as

ρ
∂H̃ ′′2

∂t
+ ρṽj

∂H̃ ′′2

∂xj
=

∂

∂xj

[
ρDt

∂H̃ ′′2

∂xj

]
+ 2Dt

∂H̃

∂xj

∂H̃

∂xj
− ρχ̃

H
+ H̃ ′′Ṡ , (3.4)

where the dissipation term,̃χ
H

, is modeled as a time-scale ratio give by

χ̃
H

= Cχ
ε̃

k̃
H̃ ′′2 , (3.5)

andCχ is assumed to be a constant, and for passive scalars is between one and three [32,

33, 34, 35], here taken to be 2 following Ref. [23]. The last term in Eq. (3.4) is closed

following the derivation for a similar term in the modified enthalpy variance equation.
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3.1.2 2D Enthalpy & Mixture Fraction-Based Auto-Ignition M odel

A CFD simulation of an HCCI engine with the proposed 2DZ andζ – based combustion

model (Section 2.2) requires solution of the flow and turbulence variables presented at

the beginning of this chapter. Additionally, equations must be solved for Favre averaged

mixture fraction,Z̃, mixture fraction variance,̃Z ′′2 , Favre averaged modified enthalpy,ζ̃,

and modified enthalpy variance,̃ζ ′′2. Equations for the first two of these variables are

commonly modeled as [23],

ρ
∂Z̃

∂t
+ ρṽj

∂Z̃

∂xj

=
∂

∂xj

[
ρDt

∂Z̃

∂xj

]
, (3.6)

ρ
∂Z̃ ′′2

∂t
+ ρṽj

∂Z̃ ′′2

∂xj
=

∂

∂xj

[
ρDt

∂Z̃ ′′2

∂xj

]
+ 2Dt

∂Z̃ ′′2

∂xj

∂Z̃ ′′2

∂xj
− ρχ̃

Z
, (3.7)

whereχ̃
Z

is the dissipation rate of mixture fraction, modeled as

χ̃
Z

= Cχ
ε̃

k̃
Z̃ ′′2 , (3.8)

andCχ is assumed to be a constant as in Eq. (3.5). As the modified enthalpy is a new

variable, modeled Favre mean and variance equations must bederived for it. In this section,

these models are developed.

Similarly to the one-dimensional model, which required thesolution of a mean enthalpy

variance transport equation, the two-dimensional formulation requires solution of a mean

modified enthalpy variance equation. Therefore a derivation of a mean transport equation

for the modified enthalpy is presented here. Following the definition of a Favre averaged

scalar variable in Eq. (3.2), the modified enthalpy can be expanded as

ζ = ζ̃ + ζ
′′

. (3.9)

Inserting Eq. (3.9) into Eq. (2.31) results in

ρ
∂ζ̃ + ζ

′′

∂t
+ ρ

(
ṽj + v

′′

j

) ∂ζ̃ + ζ
′′

∂xj
=

∂

∂xj

[
ρD

∂ζ̃ + ζ
′′

∂xj

]
+ ρ

(
˜̇σ + σ̇

′′

)
. (3.10)
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Averaging this equation leads to

ρ
∂ζ̃

∂t
+ ρṽj

∂ζ̃

∂xj
+ ρ

∂ṽ
′′

j ζ ′′

∂xj
=

∂

∂xj

[
ρD

∂ζ̃

∂xj

]
+ ρ˜̇σ . (3.11)

Dividing Eq. (3.10) byρ and subtracting Eq. (3.11) divided byρ results in

∂ζ
′′

∂t
+ ṽj

∂ζ
′′

∂xj

+ v
′′

j

∂ζ̃ + ζ
′′

∂xj

−
∂ṽ

′′

j ζ ′′

∂xj

=
1

ρ

∂

∂xj

[
ρD

∂ζ̃ + ζ
′′

∂xj

]

−
1

ρ

∂

∂xj

[
ρD

∂ζ̃

∂xj

]
+ σ̇

′′

. (3.12)

Using the relation

2ζ
′′ ∂

∂xj

[
φ

∂ζ
′′

∂xj

]
=

∂

∂xj

[
φ

∂ζ
′′2

∂xj

]
− 2φ

∂ζ
′′

∂xj

∂ζ
′′

∂xj

, (3.13)

and multiplying Eq. (3.12) by2ρζ
′′

gives,

ρ
∂ζ

′′2

∂t
+ ρṽj

∂ζ
′′2

∂xj
= −ρv

′′

j

∂ζ
′′2

∂xj
+ 2ρζ

′′

v
′′

j

∂ζ̃

∂xj
+ 2ρζ

′′ ∂ṽ
′′

j ζ ′′

∂xj

+2ζ
′′ ∂

∂xj

[
ρD

∂ζ̃

∂xj

]
+

∂

∂xj

[
ρD

∂ζ
′′2

∂xj

]
− 2ρD

∂ζ
′′

∂xj

∂ζ
′′

∂xj

−2ρζ
′′ 1

ρ

∂

∂xj

[
ρD

∂ζ̃

∂xj

]
+ 2ρζ

′′

σ̇
′′

. (3.14)

The average modified enthalpy dissipation rate is given by

χ̃
ζ

= 2D
˜∂ζ ′′

∂xj

∂ζ ′′

∂xj

. (3.15)
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Averaging Eq. (3.14) and using Eq. (3.15) gives,

ρ
∂ζ̃ ′′2

∂t
+ ρṽj

∂ζ̃ ′′2

∂xj
= −

∂ρṽ
′′

j ζ ′′2

∂xj
+ 2ρζ̃ ′′v

′′

j

∂ζ̃

∂xj
+

∂

∂xj

[
ρD

∂ζ̃ ′′2

∂xj

]

−ρχ̃ζ + 2ρζ̃ ′′σ̇′′ . (3.16)

Several terms remain unclosed in Eq. (3.16) and so must be modeled. First, the Favre

average scalar dissipation rate is often modeled as [23],

χ̃
ζ

= Cχ
ǫ̃

k̃
ζ̃ ′′2 , (3.17)

whereCχ is assumed to be a constant as in Eq. (3.5). Application of thegradient diffusion

assumption results in the the following relations,

ṽ
′′

j ζ ′′ = −Dt

∂ζ̃

∂xj
, (3.18)

ṽ
′′

j ζ ′′2 = −Dt

∂ζ̃ ′′2

∂xj
. (3.19)

Substituting Eqs. (3.17)-(3.19) into Eq. (3.16) results in

ρ
∂ζ̃ ′′2

∂t
+ ρṽj

∂ζ̃ ′′2

∂xj

=
∂

∂xj

[
ρDeff

∂ζ̃ ′′2

∂xj

]
− 2ρDt

∂ζ̃

∂xj

∂ζ̃

∂xj

−2ρCχ
ǫ̃

k̃
ζ̃ ′′2 + 2ρζ̃ ′′σ̇′′ , (3.20)

whereDeff is the effective diffusivity and is equal to the sum of the molecular and turbulent

diffusivities. The last term in Eq. (3.20) must also be modeled. The source term in theζ

equation is given by

σ̇ = Ṡ −
〈
Ṡ|Z

〉
, where Ṡ =

1

ρ

(
∂p

∂t
− q̇∆h

)
, (3.21)

The pressure in this term is the thermodynamic pressure and is therefore not a function

of space. It will be denoted witĥ to indicate a cylinder mass average value. Using an
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ideal gas equation of state and neglecting volumetric heat losses, which are not important

in HCCI applications, results in the following approximation of the source term,

σ̇ ≈
R

W̃ p̂

∂p̂

∂t

[
T −

〈
Ṫ |Z

〉]
, (3.22)

˜̇σ ≈
R

W̃

1

p̂

∂p̂

∂t

[
T̃ −

〈̃
Ṫ |Z

〉]
, (3.23)

σ̇
′′

≈
R

W̃

1

p̂

∂p̂

∂t

[
T

′′

−
〈
Ṫ |Z

〉′′
]

, (3.24)

whereR is the universal gas constant. In the absence of a flame front,fluctuations ofζ

produce fluctuations ofT approximately equal to the specific heat,Cp, of the mixture.

T
′′

ζ ≈
1

Cp
ζ

′′

, (3.25)

whereT
′′

ζ is the fluctuation in temperature associated with a fluctuation in modified en-

thalpy. Other fluctuations in temperature are possible, though they are assumed to not be

correlated to the modified enthalpy and therefore,̃ζ ′′T ′′ = ζ̃ ′′T
′′

ζ . Since the last term in

Eq. (3.24) is statistically independent of fluctuations inζ , from Eq. (3.25) it can be found

that

ζ̃ ′′σ̇′′ ≈ ζ̃ ′′T ′′
R

W̃

1

p̂

∂p̂

∂t
≈ ζ̃ ′′ζ ′′

R̃

C̃p

1

p̂

∂p̂

∂t
≈ ζ̃ ′′2

γ̃ − 1

γ̃

1

p̂

∂p̂

∂t
, (3.26)

whereγ is the ratio of specific heats andR is the gas constant,R/W . Substituting Eq. (3.26)

into Eq. (3.20) leads to the final form of the variance equation given as

ρ
∂ζ̃ ′′2

∂t
+ ρṽj

∂ζ̃ ′′2

∂xj
=

∂

∂xj

[
ρDt

∂ζ̃ ′′2

∂xj

]
− 2ρDt

∂ζ̃

∂xj

∂ζ̃

∂xj
− 2ρCχ

ǫ̃

k̃
ζ̃ ′′2

+2
γ − 1

γ

ρ

p̂

∂p̂

∂t
ζ̃ ′′2 , (3.27)

whereDeff ≈ Dt in the limit of large Reynolds numbers. Applying the gradient diffusion
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assumption in the meanζ equation, Eq. (3.11), leads to the modeled meanζ equation,

ρ
∂ζ̃

∂t
+ ρṽj

∂ζ̃

∂xj
=

∂

∂xj

(
ρDt

∂ζ̃

∂xj

)
+ ρ˜̇σ . (3.28)

Along with Eqs. (3.1), (3.6) and (3.7), Eqs. (3.27) and (3.28) provide all the necessary

modeled equations to be solved in the CFD code.

3.2 Numerical Implementation

The auto-ignition and combustion model for mixtures with inhomogeneities in enthalpy and

for mixtures with both enthalpy and mixture composition inhomogeneities is described in

Chapter 2. The Reynolds averaged transport equations for the flow variables and their clo-

sure is described in Section 3.1. While the combustion modelis formulated in a one or two-

dimensional transformed space, the flow equations are formulated in three-dimensional

physical space. These two sets of equations are solved together, but using separate codes

which are specifically optimized for the solution of each system of equations. The com-

bustion model is solved using a non-linear initial value problem solver (DASSL) and the

Reynolds averaged transport equations are solved using theCFD solver, Fluent. This sec-

tion describes the numerical implementation and coupling of these two solvers. Both the

implementation of the one-dimensional enthalpy-space combustion model formulation of

Section 2.1 and the two-dimensional enthalpy and mixture fraction-space formulation of

Section 2.2 are presented separately in this section. First, equations common to both mod-

els will be presented.

The main parameters of the combustion code are the background pressure,̂p, temporal

rate of pressure rise,dp̂/dt, and the scalar dissipation rates,χ̂
φ
. In the low-Mach number

formulation, there is one background pressure for the combustion model, which is calcu-

lated using a mass-weighted average over the CFD physical space give as

p̂ =

∫
V

p ρdV∫
V

ρdV
, (3.29)

wherê indicates a system mass average value. From the background pressure, p̂, the
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Fig. 3.1: Flowchart of coupling between combustion code andCFD code for the one-
dimensional enthalpy-space combustion model.

temporal rate of pressure rise,dp̂/dt, can be calculated using information from previous

time-steps. A second order Adams-Bashforth method is used to calculate the time rate of

change in the pressure.

3.2.1 One-Dimensional Enthalpy-Space

In this section, coupling specific to the one-dimensional enthalpy-space formulation is de-

scribed. This coupling between the CFD code and the combustion code is schematically

illustrated in Fig. 3.1. Along with the pressure and time rate of change in pressure, the

scalar dissipation rate is a combustion parameter. In the model formulation the scalar is

enthalpy, and the conditional enthalpy dissipation rate iscalculated following

χ̂
H

(H) =

∫
V

χ̃
H
ρP̃ (H) dV

∫
V

ρP̃ (H) dV
. (3.30)
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The enthalpy dissipation rate, along with the pressure and time rate of change of pressure,

provide all the parameters required by the combustion code.However, before the CFD code

can be advanced in time, the turbulent mean species mass fractions,Ỹi, must be updated in

each CFD cell using

Ỹi (x, t) =

∫ Hmax

Hmin

P̃ (H ;x, t)Yi (H, t) dH , (3.31)

where Hmin and Hmax are the minimum and maximum enthalpies in the system, and

P̃ (H ;x, t) is the Probability Density Function (PDF) of the enthalpy. There are two ap-

proaches to obtaining the enthalpy PDF; calculation of a PDFtransport equation for en-

thalpy or use a presumed PDF.

The first approach has two basic disadvantages in that it is more computationally ex-

pensive and the molecular diffusion term is not closed, thusrequiring further modeling.

Therefore, the approach used here is a presumed PDF.

The presumed PDF approach has been shown to be a good approximation for conserved

scalars in homogeneous isotropic turbulence [36, 37] and injet-diffusion flames [38]. The

β-function of scalarφ is defined as

P̃ (φ) =
Γ (β1β2)

Γ (β1) Γ (β2)
φβ1−1(1 − φ)β2−1 , (3.32)

where theΓ-function is defined as

Γ (β) =

∫
∞

0

xβ−1e−xdx . (3.33)

The parametersβ1 andβ2 are calculated from the mean and variance of the scalar,φ, by

β1 = φ̃




φ̃
(
1 − φ̃

)

φ̃′′2

− 1


 , (3.34)

β2 =
(
1 − φ̃

)



φ̃
(
1 − φ̃

)

φ̃′′2

− 1


 . (3.35)
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Therefore, the PDF of a scalar, which is defined in each CFD cell, can be written as

P̃ (φ;x, t) = P̃
(
φ; φ̃, φ̃′′2

)
. (3.36)

In the model formulation, enthalpy is the scalar, (φ ≡ H). SinceH̃ (x, t) andH̃ ′′2 (x, t)

are computed in each cell by the CFD solver, the PDF of enthalpy, P̃ (H), can be evaluated

directly, and the turbulent mean species mass fractions canbe calculated using Eq. (3.31).

Finally, before advancing the time-step, the CFD code must update the turbulent mean

temperature,̃T , using the mean species mass fractions,Ỹi, by iteratively solving the relation

for mean enthalpy given by

H̃ (x, t) =
Ns∑

i

Ỹi (x, t)hi

(
T̃ (x, t)

)
, (3.37)

wherehi are the species enthalpies computed using thermochemical polynomials [39].

3.2.2 Two-Dimensional Enthalpy and Mixture Fraction-Space

In this section, coupling of the two-dimensional enthalpy and mixture fraction-space for-

mulation is described. This coupling is illustrated schematically in Fig. 3.2. The pressure

and time rate of change of pressure are calculated in the samemanner as for the one-

dimensional model. This model requires two scalar dissipation rates, modified enthalpy

dissipation rate and a mixture fraction dissipation rate. These dissipation rates are com-

puted in the three-dimensional physical space of the CFD code using Eqs. (3.8) and (3.17).

The system averaged conditional scalar dissipation rates are calculated according to the

following,

χ̂
ζ
(ζ, Z) =

∫
V

χ̃
ζ
ρP̃ (ζ, Z)dV

∫
V

ρP̃ (ζ, Z) dV
, (3.38)

χ̂
Z

(ζ, Z) =

∫
V

χ̃
Z
ρP̃ (ζ, Z) dV

∫
V

ρP̃ (ζ, Z)dV
, (3.39)
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Fig. 3.2: Flowchart of coupling between combustion code andCFD code for the two-
dimensional enthalpy and mixture fraction-space combustion model.

whereP̃ (ζ, Z) is the joint PDF of modified enthalpy and mixture fraction [40, 41]. As

discussed in Chapter 2, these two variables are assumed to bestatistically independent. One

property of statistically independent variables,φ1 andφ2, is that the joint PDF,P (φ1, φ2),

is just the product of the marginal PDFs. Therefore, here it is assumed that

P (ζ, Z) = P (ζ)P (Z) , (3.40)
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whereP (ζ) andP (Z) are assumed to beβ-functions, as defined in Eq. (3.32). Using

Eq. (3.40), Eqs. (3.38) and (3.39) can be rewritten as

χ̂
ζ
(ζ, Z) =

∫
V

χ̃
ζ
ρP̃ (ζ) P̃ (Z) dV

∫
V

ρP̃ (ζ) P̃ (Z) dV
, (3.41)

χ̂
Z

(ζ, Z) =

∫
V

χ̃
Z
ρP̃ (ζ) P̃ (Z) dV

∫
V

ρP̃ (ζ) P̃ (Z) dV
, (3.42)

Similar to the one-dimensional model, before the CFD code can advance to the next

time-step, it must update the turbulent mean species mass fractions,Ỹi, in each CFD cell

using the following equation

Ỹi (x, t) =

∫ ζmax

ζmin

∫ Zmax

Zmin

P̃ (ζ ;x, t) P̃ (Z;x, t)Yi (ζ, Z, t)dζdZ . (3.43)

whereζmin, ζmax, Zmin, andZmax are the minimum and maximum modified enthalpies and

mixture fractions in the system. These are calculated by theCFD code using the mean and

variance of each scalar. For example,

Zmax = max
(
Z̃ (x, t)

)
+ CZ

√
Z̃ ′′2 (x, t) , (3.44)

whereCZ is a constant, here taken to be 2 [42]. The turbulent mean temperature is calcu-

lated using Eq. (3.37).

Since the modified enthalpy is not a conserved scalar, an additional term,σ̇, appears

in the convective velocity in the normalized modified enthalpy-space (̃v2 in Eq. (2.68) of

the combustion model equation). Recalling the equation forthe modified enthalpy source

term, Eq. (2.33), the mean enthalpy source term conditionedon mixture fraction,
〈
Ṡ|Z

〉
,

is used to calculatėσ. Here
〈
Ṡ|Z

〉
is calculated as follows

〈
Ṡ|Z

〉
(t) =

∫
V

∫ ζmax

ζmin

Ṡ (ζ, Z, t)ρP̃ (ζ) P̃ (Z) dζdV
∫

V

∫ ζmax

ζmin

ρP̃ (ζ) P̃ (Z) dζdV
. (3.45)

The parametersdζmin/dt, dζmax/dt, dZmin/dt, dZmax/dt are calculated by the CFD code
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using temporal differencing similar to that used fordp̂/dt, and when combined with Eq. (3.45),

the combustion code has all the parameters needed to advanceto the next time-step.



Chapter 4

Validation of One-Dimensional

Combustion Model

In this chapter the one-dimensional enthalpy-based combustion model of Section 2.1 will

be validated in two steps. First, the model will be validatedusing Direct Numerical Simula-

tion (DNS) data for leanH2 auto-ignition with temperature inhomogeneities. Validating the

model against DNS has two main advantages. First, experimental uncertainties in initial

and boundary conditions are not present in DNS. Second, since the combustion param-

eters, (i.e. χH , P (H), etc) are taken directly from the DNS, a validation using DNSis

able to test the mathematical model separately from the closure model. Another advan-

tage of DNS is that it allows the model to be tested under the two combustion regimes in

HCCI that were identified in Section 2.1.2. The second step ofthe model validation is to

apply the mathematical model together with the closure model to a Rapid Compression

Machine (RCM) experiment. The RCM is operated with a spatially homogeneous mixture

composition and is compressed at a rate typical of HCCI engines. While HCCI engines

are often assumed to have a homogeneous charge in terms of mixture composition, this

RCM experiment represents that limit of homogeneous mixture composition with thermal

inhomogeneities. Therefore, the RCM is used as an idealizedexperimental case for valida-

tion of the one-dimensional enthalpy-based combustion model including the closure model

and the method of coupling to a CFD solver. The final validation step is to apply the full

two-dimensional model to an HCLI engine experiment, will begiven in Chapter 5.

53
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4.1 Model Validation using Direct Numerical Simulation

of Lean H2 Auto-Ignition with Temperature Inhomo-

geneities

4.1.1 Direct Numerical Simulations

To validate the proposed modeling approach, DNS results of the auto-ignition of a lean

hydrogen-air mixture in a closed volume in the presence of aninhomogeneous initial tem-

perature field by Refs. [43, 44] are used. The initial conditions include a uniform mixture

composition field with an equivalence ratio of 0.1, an initial pressure of 41 atm, a mean

initial temperature of 1070 K, and a turbulent Reynolds number of 213.5. Further details

of the DNS code, the initialization, and the computational grid can be found in Ref. [43].

The DNS employed a detailed H2/air chemical mechanism by Muelleret al. [45] with 9

species and 42 reactions. Five different cases are studied here. The first four cases are

identical except for different levels of thermal stratification. The root-mean-square values

of the initial temperature fluctuations,T ′, were 3.75 K, 7.5 K, 15 K, and 30 K, respectively.

All these cases have been computed considering differential diffusion by using non-unity

Lewis numbers. A fifth case was computed at the conditions of case 3 (T ′ of 15 K), but us-

ing unity Lewis numbers for all species. A summary of all five cases is given in Table 4.1.

Although the DNS data used in the present study cannot exactly represent HCCI engine

CASE T ′ Differential Diffusion
1 3.75 K Yes
2 7.5 K Yes
3 15 K Yes
4 30 K Yes
5 15 K No

Table 4.1: Summary of conditions for all DNS cases.

conditions, it will be shown below that the data covers a broad range of conditions, rang-

ing from the homogeneous reactor regime to the deflagration dominated regime, and might

hence provide some insight. The temperature and pressures are relevant for HCCI, as they

were taken to correspond to an engine with a compression ratio of 15, and a temperature
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of 400 K and pressure of 1 atm before compression. Contours ofheat release rates in the

computational domain at the time of maximum heat release forthe four cases are shown in

Fig. 4.1. For all cases ignition begins in regions of highestenthalpy, followed by regions

of lower enthalpy. In case 1, with the smallest temperature fluctuations, ignition happens

almost everywhere simultaneously shown in the top left plotin Fig. 4.1. As the enthalpy

inhomogeneities are increased fromT
′

= 3.75 K to T
′

= 30 K combustion increasingly

occurs in thin fronts. A plot of the heat release shortly after ignition begins is show in

the top plot of Fig. 4.2 for case 3. Chenet al. [44] found that the location of the fronts

corresponded to an iso-level surface at a H2 mass fraction of ,YH2
= 0.00033. Along this

iso-level surface the front velocity was compared to the laminar burning velocity. Their

analysis found that front velocity more than 10% larger than the laminar burning veloc-

ity corresponded to ignition fronts, while slower fronts were deflagrations. In the top plot

of Fig. 4.2, the front iso-level surfaces are colored white for ignition fronts and black for

deflagrations. Three fronts were analyzed in detail, labeled A, B, and C. From the front

propagation speed analysis the front at location A was determined to be an ignition front

while fronts B and C were deflagration. A comparison of the chemical source term and the

diffusion terms at these three locations is shown in the bottom plot of Fig. 4.2. This plot

shows that the chemical source term was dominate in front A, while the chemical source

term and the diffusion term were of similar magnitude for thetwo deflagration fronts. As

the level of enthalpy inhomogeneities was increase from case 1 to case 4, a great percentage

of the fronts were determined to be deflagrations.

4.1.2 Model Simulations

A fully-implicit one-dimensional finite difference code was used to solve the combustion

model, as described in Eqs. (2.25) and (2.26). An equidistant grid of 101 points inξ-

space was used. The maximum and minimum enthalpies,Θ1 andΘ0, were taken from the

DNS. Additionally, the enthalpy dissipation rate,χH , as defined by Eq. (2.11), appears as a

parameter in the enthalpy-based combustion equations. Forthis study, it was taken from the

DNS data as the mean enthalpy dissipation rate conditioned on enthalpy. Furthermore, in

order to calculate the pressure, a Probability Density Function (PDF) of enthalpy is needed.
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Fig. 4.1: DNS contours of normalized heat release rate for cases 1-4. Top left:T
′

= 3.75
K. Top right: T

′

= 7.5 K. Bottom left: T
′

= 15 K. Bottom right: T
′

= 30 K. The heat
release is normalized by the maximum heat release rate of a homogeneous mixture at 1070
K. Figures are taken from Hawkeset al. [2]

This was also taken from the DNS data. Average species mass fractions and temperature
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Fig. 4.2: DNS analysis of budget terms for DNS cases 3. Top: Heat release rate con-
tours (rainbow color scale - red denotes maximum heat release rate), H2 mass fraction
iso-contour lines (white lines: front speed more than10 % larger than laminar burning ve-
locity, black lines: front speed less than10 % larger than laminar burning velocity), and
location of representative front structures A: ignition front, B and C: deflagrations. Bot-
tom: Structure for H2 species mass fraction budget terms. Dashed line: chemical source
term. Solid line: Diffusion term. Both figures are taken fromHawkeset al. [2]

were calculated by,

Ŷi =

∫ 1

0

Yi(ξ)P (ξ)dξ (4.1)

T̂ =

∫ 1

0

T (ξ)P (ξ)dξ , (4.2)
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whereP (ξ) is the PDF of normalized enthalpy taken from the DNS, and̂ indicates a mean

quantity for the system. An average molecular weight was then calculated using average

species mass fractions calculated with Eq. (4.1). The average pressure was calculated from

the mean quantities usinĝp = ρ̂RT̂ /Ŵ , whereR is the universal gas constant. The time

rate of change in average pressure was calculated using a second order Adams-Bashforth

method. With these quantities, all parameters used in the model are taken from the DNS

data. For an actual application of the model in an engine simulation, models must be

provided for the enthalpy dissipation rate and the enthalpyPDF. Each of the five cases

discussed below was calculated using the proposed model with the same initial conditions

and chemical mechanism as the DNS.

4.1.3 Results

The main assumption in the derivation of the enthalpy-basedcombustion model is that

diffusion is either dominant in the enthalpy-gradient direction, or unimportant altogether.

To test the validity of this assumption in HCCI environments, the relative importance of

diffusion in enthalpy-gradient direction, diffusion tangential to enthalpy iso-surfaces, and

the chemical source term has been assessed from the DNS data.The magnitudes of the

enthalpy-gradient and the tangential component of the diffusion term in Eq. (2.1) normal-

ized by the magnitude of the chemical source term in that equation have been evaluated

locally from the DNS data for the H2 mass fraction. From this, the PDFs of these quantities

have been computed at the time of maximum heat release in the volume and the iso-level

surfaceYH2
= 0.00033, which corresponds to the location of the largest magnitudeof the

total diffusion term in Eq. (2.1).

The PDFs of these quantities are shown in Fig. 4.3. The chemical source term-normalized

tangential diffusion is shown in the upper, the normalized enthalpy-gradient diffusion in the

lower panel. It is observed that for all cases the tangentialcomponent of diffusion is small

compared to the chemical source term everywhere in the field.For cases 1 and 2, tangen-

tial diffusion is rarely larger than 5 % of the chemical source term. The PDF of enthalpy-

gradient diffusion shows that this process is small compared to the chemical source term

for case 1, but with increasing levels of inhomogeneity fromcase 1 to 4, this term becomes
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Fig. 4.3: DNS results for cases 1-4. Top: PDFs of the magnitude of diffusion tangential to
enthalpy iso-surfaces in the H2 mass fraction equation normalized with the chemical source
term. Bottom: PDFs of the magnitude of diffusion in enthalpy-gradient direction in the H2
mass fraction equation normalized with the chemical sourceterm.
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more significant and therefore cannot be neglected. For case4, there is a large probabil-

ity for enthalpy-gradient diffusion and the chemical source term to be of the same order of

magnitude, which is characteristic of deflagrative burning. The finding that either enthalpy-

gradient diffusion is dominant or the entire diffusion process is negligible compared with

the chemical source term is also supported from the joint PDFof both quantities, which is

not shown here.

Another interesting observation can be made from Fig. 4.3. This figure shows that case

3 apparently has regions where enthalpy-gradient diffusion is important, and other regions

where transport is negligible compared with the magnitude of the chemical source term.

This case is hence comprised of regions of homogeneous reactor type auto-ignition and

other regions of deflagrative burning. Previous authors have shown that for combustion in

HCCI engines operated with large levels of inhomogeneities, flow and mixing are leading

order effects [7, 18, 19]. The results shown here indicate that for such engines enthalpy-

gradient diffusion could be a significant effect while tangential diffusion is negligible.

Figure 4.4 shows the heat release rate results of the model for cases 1-4. The heat re-

lease rate is normalized by the maximum heat release rate of the homogeneous constant

volume combustion case (2.27E+09 J/kg/s), and is plotted asa function of time normalized

by the homogeneous ignition delay time (2.9 ms). The enthalpy-based combustion model

is in excellent agreement with the DNS data for all four caseswith combustion modes rang-

ing from homogeneous auto-ignition, over mixed modes, to deflagration-type combustion.

While the model was constructed to satisfy the limits associated with the homogeneous and

the deflagration regimes, the results show that the model is also valid in transition regimes

between these two limits.

In order to compare the enthalpy-based combustion model to astandard type model

used in HCCI simulations, results of a multi-zone model fromHawkeset al. [2] are also

plotted in Fig. 4.4. The multi-zone modeling approach uses aseries of homogeneous zones

to represent the different thermodynamic states in the engine. For example, Aceveset

al. [8, 9, 10] used different temperatures in each zone to represent the different thermal

states inside of heavy-duty truck HCCI engines. The zones were initialized based on mix-

ture formation results from a CFD simulation of the flow up to apoint just before ignition

occurs. The PDF of the zones was then not allowed to further evolve in time. The basic
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Fig. 4.4: Heat release rate versus time for cases 1, 2, 3, and 4are shown from the DNS,
the enthalpy-based combustion model (H-combustion), the multi-zone model (multi-zone),
and the enthalpy-based multi-zone model (H-MZ).

assumption of any multi-zone approach is that the combustion is governed by chemical

kinetics and that diffusive mixing is not important. The different zones interacted only

through pressure work since convection and diffusion between zones was considered in

the multi-zone approach. The multi-zone calculations of Hawkeset al. [2] were initial-

ized from the DNS data and each DNS grid point was representedas a zone. Since case 1

most closely approximates the homogeneous reactor limit, which corresponds to chemical

kinetics dominated combustion, the multi-zone model is capable of achieving reasonable

agreement for this case. However, as the level of inhomogeneity increases and mixing
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becomes increasingly important from case 1 to case 4, the multi-zone results become in-

creasingly worse while the enthalpy-based combustion model continues to correctly cap-

ture the physics. This is not surprising, given that it was not intended to perform well in

the presence of significant deflagrative burning. However, the comparison demonstrates

that the multi-zone model is not applicable in situations where diffusion controlled burn-

ing occurs. The results obtained from a different formulation of the multi-zone model in

enthalpy space according to Eq. (2.15) are also shown in Fig.4.4. In contrast to the MZ

model, this formulation considers the temporal evolution of the enthalpy PDF. The results

are improved compared with the MZ model, but the temporal development of heat release

is still predicted incorrectly for the cases with higher inhomogeneities.

Figure 4.5 shows the magnitude of the diffusion term and chemical source term in the

hydrogen mass fraction equation, Eq. (2.25), which are heredefined as,

DiffH2
=

ρχ
ξ

2

∂2YH2

∂ξ2
(4.3)

ChemH2
= ρω̇H2

. (4.4)

These are plotted at the time of maximum heat release for eachof the four cases. Consistent

with the DNS results for the PDFs shown in Fig. 4.3, as the level of enthalpy inhomogene-

ity increases, the relative importance of the modeled diffusion term increases. For case 1,

(T ′ = 3.75 K), the diffusion term is negligible compared to the chemistry term, while the

relative magnitude of the diffusion term for case 4 (T ′ = 30 K) is of the same order as the

chemistry term, indicating propagating flame fronts. Cases2 and 3 appear to be composed

of a mixture of the two combustion modes where diffusion is non-negligible. These ob-

servations agree with the analysis of this DNS by Hawkeset al. [43], which compared the

front propagation velocity with the laminar burning velocity. A comparison of the DNS

data in Fig. 4.3 and the model results in Fig. 4.5 shows that the model captures the general

trend of increased importance of diffusion in the enthalpy-gradient direction for increasing

levels of thermal inhomogeneity.

The bottom figure of Fig. 4.3 shows that for cases 2-4, there isa wide range of the

relative magnitude of the diffusion term compared with the reaction rate. Similarly, Hawkes

et al. [43] showed that in case 3, at a given time, the reacting fronts in different regions of
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Fig. 4.5: Budget terms for H2 mass fraction combustion equation from the simulation. The
sum of these two terms plus the velocity term in enthalpy-space gives the rate of change.

the flow exhibited varying levels of ignition-front and deflagration-type burning. For this

reason, it is interesting that a single averaged solution ofEqs. (2.25) and (2.26) using the

mean enthalpy dissipation rate is capable of producing thislevel of agreement with the heat

release rate of the DNS.

The enthalpy-based combustion model in the present form does not include differen-

tial diffusion effects. These effects could be incorporated in the equations similar to the

flamelet formulation of Pitsch and Peters, but this leads to aquite complex set of equa-

tions [46]. Here, to assess the effect caused by differential diffusion, a fifth DNS case (case

5) with the same conditions as case 3 (T ′ = 15K), but with unity Lewis numbers was also

investigated. The enthalpy-based combustion model and DNSheat release rates for case

5 are plotted in Fig. 4.6. The heat release rate plot shows almost indistinguishable results
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Fig. 4.6: Normalized heat release versus time for various times for case 5, T’ = 15 K, unity
Lewis numbers. Explanation of the legend, see Fig. 4.4.

from the DNS data, while the multi-zone model predicts a muchlower heat release rate.

This demonstrates that the slight discrepancies seen in Fig. 4.4 are mainly due to the unity

Lewis number assumption. However, this assumption could bemore appropriate for higher

Reynolds number cases typical of real engines, where molecular transport effects become

less important and mixing is governed by turbulent advection.
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4.2 Model Validation for Rapid Compression Machine Ex-

periments

4.2.1 Experiment

The second step of the validation procedure is the comparison of the model to experimental

results of auto-ignition in a Rapid Compression Machine (RCM) by Ref. [1]. The exper-

iment involved ann-butane/air mixture with an equivalence ratio of 0.4, a compression

ratio of 14.7, two different initial temperatures of 323 K and 333 K, and a pressure of

1 atm before compression. A fully premixed RCM experiment was chosen because the

charge is fully homogeneous in mixture composition while the charge has a stratified en-

thalpy field. Because of the contraction between the compression cylinder and combustion

chamber in the experimental configuration, the charge gasesexperience large levels of ther-

mal/enthalpy stratification. Therefore, this experiment is an example of a case where wall

heat loss effects are particularly important.

4.2.2 Chemical Mechanism

A skeletaln-butane/air mechanism consisting of 119 species and 678 reactions was used in

this study. The mechanism was based on a detailed chemical mechanism [47], which has

been extensively validated for C7 and C8 hydrocarbon ignition, in which all C5 and higher

species were eliminated. Additional species were reduced via a sensitivity analysis [48] for

zero-dimensional auto-ignition ofn-butane/air for equivalence ratios from 0.3 to 0.4 over a

temperature range of 650-950 K. Over this range, the reducedmechanism agrees to within

2 % with the ignition delay times given by the detailed chemical mechanism, and it agrees

well with experimental data by Ref. [49].

4.2.3 Modeling Approach

A fully-implicit one-dimensional finite difference code was used to solve the combustion

model, Eqs. 2.25 and 2.26. An equi-distant grid of 101 pointsin ξ-space was used.

Three-dimensional Navier-Stokes equations were solved using the commercial CFD
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software Fluent. The computational domain at Top-Dead-Center (TDC) is shown in Fig. 4.7.

A zero-dimensional model was used to model blow-by, which must be included so that

Fig. 4.7: Computational domain at TDC.

the maximum pressures will not be over predicted. Turbulence was modeled using the

Renormalization Group (RNG)k–ǫ model. Additionally, transport equations for the Favre

averaged mean and variance equations for total enthalpy were solved.

4.2.4 Results

Simulations were conducted in this study for the operating conditions of two experimental

cases of Murase and Hanada (2002). Both the experimental cases (To = 333 and323 K)

were simulated using the modeled combustion equations, Eqs. (2.25) and (2.26). In order to

quantify the effects of diffusion in enthalpy space, a thirdsimulation was conducted for the

case ofTo = 333 K, but with the scalar dissipation rate,χξ, set to zero. This third case has

therefore neglects diffusion in enthalpy-space, which represents a series of homogeneous

reactors and is equivalent to the H-MZ model described earlier. The ignition timing for

both the experiments [1] and the simulations as a function ofinitial gas temperature is

given in Table 4.2. The two main simulations under predict ignition timing by 0.4 and 0.9

ms forTo = 333 and323 K respectively, but correctly predict the general trend of decreased
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CASE To τexp,ign τsim,ign τsimnodif,ign

1 333 K 57.6 ms 57.2 ms 64.2 ms
2 323 K 60.4 ms 59.5 ms -

Table 4.2: Ignition timing for two initial temperatures (atΦ = 0.4) from experiments [1],
simulations with enthalpy-based combustion Eqs. 2.25 and 2.26, and simulations without
the diffusion term,χ

ξ
= 0.

ignition timing with increased initial temperature. Here the ignition timing is taken to be

the time of the maximum rate of pressure rise. The magnitude of this error is within the

2 % error tolerance prescribed by the reduction of the chemical mechanism.
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Fig. 4.8: Model solution of temperature as a function of normalized total enthalpy,ξ, for
various times for simulation with initial temperature of 333 K.

The solution of the temperature equation (Eq. 2.26) in normalized enthalpy space,ξ,

for theTo = 333 K simulation is plotted in Fig. 4.8. The region most affectedby wall heat

loss is located atξ = 0 while the mixture atξ = 1 is not affected by wall heat loss. The

simulation predicts that the regions not affected by the wall heat loss ignite first (ξ = 1) at

approximately 56 ms.
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ment and simulations.

An ignition front propagates inξ-space from large enthalpies,ξ = 1, to small en-

thalpies,ξ = 0, due to diffusion in enthalpy space. In this study, thermal diffusion in

enthalpy-space is represented by the second and third termsin Eq. (2.26),

Diff =
ρχ

ξ

2

∂2T

∂ξ2
+

ρχ
ξ

2Cp

∂T

∂ξ

(
∂Cp

∂ξ
+

N∑

i

cp,i
∂Yi

∂ξ

)
. (4.5)

Due to the large enthalpy gradients and exponential temperature dependence on reaction

rates this term cannot be neglected.

As given in Table 4.2, when the diffusion term is included in the model, the simulation

predicted for theTo = 333 K case an ignition timing of 57.2 ms as compared to 57.6 ms

found in the experiment. However, when this term is neglected, the simulation predicted

an ignition time of 64.2 ms. Figure 4.9 shows the rate of pressure rise for the experiment

(To = 333 K) and these two simulations as a function of time. The simulation with the

diffusion term predicts the magnitude of the maximum rate ofpressure rise, duration of
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Fig. 4.10: Convection, diffusion, pressure, and chemical source terms in model equation
for temperature (Eq. 2.26). These terms are normalized by total time rate of change in
temperature as a function of normalized enthalpy, during ignition, 57.5 ms.

combustion, and the timing of ignition reasonably well. Conversely, the simulation with-

out the diffusion term under-predicts the maximum rate of pressure rise, over predicts the

duration of combustion, and significantly over predicts thetiming of ignition.

In order to quantify the effects of the various terms in Eq. (2.26), convection, pressure,

and chemical source terms,

Conv =
∂Yi

∂H

(
ρ
∂H

∂t
+ ρvj

∂H

∂xj

)
, (4.6)

Pres =
1

Cp

(
∂p

∂t
− q̇∆h

)
, (4.7)

Chem = −
ρ

Cp

N∑

i

hiω̇i (4.8)

are normalized by the total rate of change in temperature andplotted (Fig. 4.10) as a

function of ξ during ignition (at 57.5 ms). As shown in the figure, at the ignition front
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(ξ ≈ 0.62), the chemical source term is largest. However, the diffusion term is the dom-

inant term in the unburnt gas just ahead of the front (0.50 < ξ < 0.55), increasing the

temperature. The effect of diffusion in enthalpy-space is to increase the propagation ve-

locity of the front, thereby advancing ignition timing and decreasing the total combustion

duration. However, diffusion is less important in regions far from the front. The coupling

between these unburnt gases (0.0 < ξ < 0.4) and the front is realized through the pres-

sure term. This pressure term models the increase in pressure associated with volumetric

expansion of gas during combustion.

Figure 4.11 shows the spatial distribution of the Favre averaged enthalpy, temperature,

normalized enthalpy, and velocity fields for the case with aninitial temperature of 333

K. The top plot is just before ignition (57 ms), the middle plot is during ignition (57.5

ms), and the bottom plot is just after ignition (58 ms). The temperature and normalized

enthalpy contours show that ignition begins in mixtures of highest normalized enthalpy.

This result agrees with ignition of the combustion model in phase-space, which was shown

in Fig. 4.8 to begin at high values of normalized enthalpy. Figure 4.11 shows that while

the range of the normalized enthalpy remains relatively unchanged by combustion, the

enthalpy field increases due to the pressure rise associatedwith volumetric expansion of

the burnt gas. It is interesting to not that it took approximately 1 ms for the diffusive

front to propagate from a mixture at a normalized enthalpy of0.95 down to 0.75. The

combustion duration would correspond to approximately 12 Crank Angle Degrees (CAD)

at a moderate engine speed of 2000 RPM. It is interesting thata rapid compression machine

with a homogeneous mixture composition and approximately uniform wall temperature

would have enough thermal inhomogeneities to cause the mainheat release to be spread

over this length of time.

In summary, the model correctly predicts ignition timing trends as a function of initial

temperature. It predicts the propagation of an ignition front in enthalpy space. A simulation

with the diffusion term set to zero was not able to predict ignition characteristics adequately.

The effect of the various terms in the model equations were quantified. Across the front the

chemical source term is dominant, whereas the diffusion term was shown to be dominant in

regions near the front and the pressure term was the dominantterm far from the front. The

results of this study indicate that for HCCI-like combustion with large enthalpy gradients
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Fig. 4.11: Contours of Favre averaged enthalpy, temperature, normalized enthalpy, and
velocity fields for the case with an initial temperature of 333 K. The top plots are just
before ignition while the bottom plots are just after ignition.

and a fully premixed charge, diffusion in enthalpy-space affects combustion characteristics

and can be modeled using the enthalpy-based combustion model.



Chapter 5

Homogeneous-Charge Late-Injection

Diesel Engine

In this section the two-dimensional enthalpy and mixture fraction-based formulation of the

model is applied to a four cylinder, 2.15 liter Daimler Diesel-fueled engine (om646) oper-

ated in an HCCI-type mode. The type of combustion in this engine is termed Homogeneous-

Charge Late-Injection (HCLI) in reference to the fact that fuel injection occurs late in the

compression stroke, around 32-20 CAD before TDC (bTDC). To provide perspective in

relation to other homogeneous-type Diesel combustion strategies, a brief review of the

characteristics of HCLI are presented here. Zhaoet al. [3] identified three operational

strategies for Diesel HCCI: premixed HCCI, early DI HCCI, and late DI HCCI. Premixed

HCCI utilizes port fuel injection to obtain a homogeneous mixture. Unfortunately, this

strategy suffers from uncontrolled premature ignition, knocking, and very high UHC emis-

sions [50, 51]. Early DI HCCI injects the fuel part way up the compression stroke. Typical

values would be 120 CAD bTDC for single injection [52, 53] and, for split injection, a pilot

at 50 CAD bTDC with a second injection at 13 CAD after TDC (aTDC) [54]. In order to

optimize in-cylinder flow and mixture formation, high pressure common rail fuel injectors

with a spray cone angle less than 100 degrees have recently been investigated [55]. Late DI

HCCI utilized injection timings later than conventional single injection Diesel combustion

(e.g., 3 CAD aTDC [56, 57]). In the past two years, several strategies have been pursued

which do not fit within any of these categories. These tend to operate fuel-lean and inject

72
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later in the compression stroke than early DI HCCI, but earlier than conventional Diesel

combustion. Premixed Compression Ignition (PCI) either injects between 5 and 15 CAD

bTDC [58, 59, 60], whereas Low Temperature Combustion (LTC)injects at approximately

20 CAD bTDC for early injection and at around TDC for late injection, or it utilizes a

pilot at 20 CAD bTDC with a second injection at 15 CAD aTDC [61]. Another strategy,

Partially Premixed Compression Ignition (PPCI), employs apilot injection at 62-30 CAD

bTDC with a second injection around 2 CAD bTDC [62]. The injection timing of HCLI

lies somewhere between early DI HCCI and the recent strategies of PCI, LTC, and PPCI,

while being most similar to early injection LTC.

The goal of HCLI is to have an engine that can be operated both as a conventional Diesel

engine for high load and high engine speed operation points and in a more homogeneous

mode for low loads and speeds. Since the New European Drive Cycle (NEDC) defines

several operation points at lower loads and engine speeds, operating with a low emission

combustion mode during this part of the cycle can improve theoverall emissions of an

engine even if a conventional Diesel combustion mode is usedfor higher loads and engine

speeds. Additionally, conventional Diesel combustion at low loads produces exhaust gas

temperatures too low for many Diesel after-treatment technologies (e.g., NOx adsorption

catalysts) requiring low engine-out emissions for these operating points. The limitation of

this strategy is the difficulty in simultaneously optimizing the engine for operation under

both modes. For example, in HCLI the fuel is injected at twenty or more CAD bTDC while

conventional Diesel combustion typically has the main injection near TDC. The implication

is that liquid fuel impinges on the piston bowl differently for these two modes, leading to

non-optimal mixture formation for at least one of the modes.

5.1 Experimental Configuration

Details of the engine are given in Table 5.1. The original bowl was replaced by an omega-

shaped bowl for a compression ratio of 16, resulting in a modified compression ratio of

14.7. Since the original bowl was replaced by a wider bowl, the original nozzle was also

replaced by a nozzle with a spray cone angle of 153 degrees. Figure 5.1 illustrates the
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engine type four cylinder 2.15 liter Daimler om646
bore 8.84 cm

stroke 8.80 cm
compression ratio 14.7:1
injection system Bosch common rail injector 2.1

injector Bosch No. A 433 193 859
number of spray holes 7 equally spaced
nozzle hole diameter 0.136 mm

spray cone angle 153 degrees
fuel Diesel with 4.9 % biodiesel-blend (FAME)

Table 5.1: Summary of engine data.

experimental configuration in the test laboratory at RobertBosch, GmbH in Schwieberdin-

gen, Germany. The pressure, temperature, flow rates, and select species concentrations are

measured at various locations in the set up. All measurements except for in-cylinder pres-

sure are engine average and not cylinder specific. The figure depicts the intake manifold in

blue and the exhaust manifold in red. External EGR and intakeair are cooled separately

and mixed upstream of the intake manifold. The engine operation is controlled using active

closed-loop control. The injector nozzle geometry is illustrated in Fig. 5.2.

Table 5.2 presents a summary of the experimental cases used in this study. All cases

are at a two bar IMEP load and 1500 RPM engine speed. Injectionsystem rail pressures

of 1400 and 500 bar were used, along with four injection timings: 20, 24, 28, and 32 CAD

bTDC for injector Start of Energization (SOE).

5.2 Modeling Approach

The CFD simulation was split into two parts; a non-reactive gas exchange simulation and

a reactive simulation after Intake Valve Closure (IVC). Thefirst simulation used a hybrid

tetrahedral and hexehedral mesh with moving piston and valve boundaries. The mesh is

shown in Fig. 5.3. The mesh had 1,096,498 cells at TDC and 2,875,600 cells at BDC.

Intake and exhaust manifold pressure boundary conditions were calculated based on a GT-

Power simulation. However, since this operation point had amanifold pressure that was

nearly constant during valve openings, the pressure was fixed to the experimental value.
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Fig. 5.1: HCLI experimental set up. Sketch by Roderich Otte of Robert Bosch GmbH.

CASE SOE EGR Prail BMEP CO UHC NOx Φ

No. [CAD] % bar bar mol % ppm ppm -
1 32 CAD 56.8 1400 1.42 1.0 4600 9 0.70
2 28 CAD 58.2 1400 1.91 0.58 3300 7 0.81
3 24 CAD 58.0 1400 2.00 0.43 2600 7 0.81
4 20 CAD 54.2 1400 1.98 0.40 2300 8 0.77
5 32 CAD 58.1 500 1.93 0.66 4100 7 0.79
6 24 CAD 56.6 500 2.03 0.49 2600 9 0.77

Table 5.2: Summary of conditions for all engine cases. Startof Energization of fuel injector
given in CAD before TDC, measured external EGR percentage inintake given in mass
percentage, Injector rail pressure,Prail, in bar, IMEP in bar, CO in exhaust given in molar
percentage, unburnt hydrocarbons and NOx given in ppm, and average equivalence ratio,
Φ.

The intake gas temperature was taken from an experimental measurement in the manifold

labeled as TLSAUG in Fig. 5.1. Prior to simulation of the gas exchange in the experimen-

tal cases, a simulation of the gas exchange was performed fora motored curve without

combustion. Despite having no blow-by model, the simulation pressure trace is in good
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Fig. 5.2: Bosch common rail injector 2.1 nozzle geometry. The spray hole, labeled DSP, is
0.136 mm in diameter. Nozzel drawing by Robert Bosch GmbH.

agreement with the experimental motored curve, shown on theleft side in Fig. 5.4.

To create the proper initial conditions for the reactive simulation a gas exchange simu-

lation was calculated from 15 CAD bTDC in the compression stroke up to 3 CAD after IVC

to adequately develop in-cylinder flow, turbulence, and swirl. Although the gas exchange

simulation was only used to prepare the mixture for the reactive simulation, it included one

combustion event. This combustion event had to be approximated to produce the proper

thermodynamic state of the mixture just after TDC. Combustion during the gas exchange

simulation was modeled using a spatially uniform volumetric heat release based on a curve

fit to experiment. The right side of Fig. 5.4 shows the pressure trace from the gas exchange

simulation, including the combustion event and followed bya relatively good agreement

with the experimental pressure trace during the expansion stroke.

Mixing of the trapped exhaust gas with the intake gas was solved for using a scalar

transport equation following Eq. (3.6). The simulation wascomputed until 3 CAD after

IVC, at which point the flow results were interpolated onto the hexahedral-based mesh
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Fig. 5.3: Numerical mesh used for gas exchange simulations.
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Fig. 5.4: Left: cylinder pressure for motored engine without combustion. Right: cylinder
pressure for the first revolution of the gas exchange simulation where a curve fit heat release
was used. Solid lines: experiment, dashed lines: simulation.

used for the reactive part of the simulation. The hex mesh is shown in Fig. 5.5. At the start

of the simulation (145 CAD bTDC), the mesh contained 1,766,512 cells. At TDC it still

had 240,164 cells, corresponding to an average grid spacingof 0.55 mm.

5.2.1 Spray Model

Fuel injection profiles for mass flow rates and velocities were calculated using a one-

dimensional hydraulic model of the injector geometry and needle lift. This AMESim model

has been provided and validated by Bosch. The needle lift andfuel mass flow rates are il-

lustrated in Fig. 5.6. Liquid fuel droplets were introducedinto the domain with uniform ve-

locities and diameters equal to the nozzle diameter, (blob-injection). The so-called Discrete

Phase Model used in Fluent solves equations for the dispersed liquid phase in a Lagrangian

framework using particle tracking. Standard force balances are applied to the droplets in-

cluding a dynamic drag model that takes into account dropletshape distortion [63]. The

spray breakup was based on a hybrid Kelvin-Helmholtz instability (WAVE) [64, 65, 66]

– Taylor Analogy Breakup (TAB) [67] model [68]. The WAVE model was used until a

breakup length calculated by Levich’s correlation was reached, at which point the model

switches to the TAB model [69]. The droplet collision model calculates droplet collision
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Fig. 5.5: Numerical mesh used for reactive simulations.
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Fig. 5.6: Needle lift and mass flow rate per hole.

probability and includes bouncing and coalescence type collisions [70]. The wall inter-

action model includes four regimes: stick, rebound, spread, and splash, which depend on

impact energy and wall temperature [71, 72]. Spray parameters (listed in Table 5.3) were

validated using hot and cold spray chamber experimental measurements of liquid pene-

tration length and droplet size distributions along the center-line 40 mm downstream of

the nozzle. Figure 5.7 illustrates the spray model results compared to the spray chamber

CL C2 B0 B1 Spray Cone Angle
30 0.5 0.61 18 5.5o

Table 5.3: Spray parameter set.

experiments. The spray model is in good agreement with experimental liquid penetration

length up to approximately 5 cm downstream of the nozzle. Thelargest discrepancy in

the liquid penetration length occurs in the near nozzle region (within 1 cm of the nozzle),

corresponding to the region where the liquid core undergoesprimary breakup. It is inter-

esting that the experimental measurement for penetration for this first 0.1 ms shows the

sharpest rate of increase in penetration length, yet the injector needle lift is small and the

mass flow rates and velocities are quite small for those times. The physics governing pri-

mary breakup of Diesel sprays are not well understood at thistime. Consequently, models

for primary breakup have been built upon unverified modelingassumptions. Instead of

tuning the model coefficients to best match primary breakup,the strategy employed here
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Fig. 5.7: Comparison of spray simulation to experiments in aspray chamber. left: liquid
penetration length. right: droplet size distribution on the center-line 40 mm downstream of
nozzle.

is to focus on matching experimental results downstream of the near nozzle region, since

ignition does not occur in this engine until long after primary breakup is complete. One

consequence of a missing model for primary breakup is that the prediction of flow and tur-

bulence produced by the liquid core region very close to the nozzle might be inaccurate.

A comparison of the droplet size distribution on the center-line at 40 mm downstream of

the nozzle is shown on the right side of Fig. 5.7. While the liquid penetration length is in

almost perfect agreement with the experiment at this location, the spray model has a larger

variance in droplet size distribution. The model over-predicts the number of large droplets,

even predicting some droplets with 40µm in diameter, which is nearly three times larger

than the largest droplet diameter in the experiment. Despite these differences, the overall

distribution is in reasonable agreement with the experiment. Unfortunately, no experimen-

tal measurements for the droplet size distribution are available closer to the nozzle. Hence,

it is not possible to comment on the droplet size distribution or evaporation rates upstream

of this point.
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5.2.2 Chemical Mechanism

Diesel fuel was modeled using n-heptane as a single component surrogate fuel. The chem-

ical mechanism for n-heptane was obtained by reduction of a detailed scheme for hep-

tane [47] using the Directed Relation Graph with Error Propagation method [73]. It was

reduced for homogeneous configurations, including auto-ignition and isobaric systems such

as plug flow reactors, and for premixed flames over a wide rangeof temperatures, equiva-

lence ratios, and pressures. The final mechanism consisted of 129 species and 673 chemical

reactions.

5.2.3 Combustion Model

An Alternating-Direction-Implicit (ADI) two-dimensional finite difference code was used

to solve the combustion model, Eqs. (2.64) and (2.69). An equidistant grid of 41 x 41 points

in ξ1 andξ2-space was used. Species concentrations of the air-EGR stream were initialized

based on experimental species concentrations in the exhaust gas, as shown in Table 5.4.

All UHC in the EGR are assumed to be ethylene,C2H4, since experimental measurements

of engine-out emissions for a similar operation point (2000RPM, 4 bar IMEP) showed

ethylene to have the largest concentration of all UHC species at similar equivalence ratios.

Unfortunately, no detailed UHC species composition measurements were provided for the

cases simulated.

Species Mass Fraction
CASE O2 H2O CO2 CO C2H4

1 0.150 0.0378 0.0766 0.00557 0.00126
2 0.123 0.0497 0.106 0.00356 0.000983
3 0.125 0.0483 0.105 0.00254 0.000755
4 0.129 0.0464 0.101 0.00238 0.000680
5 0.129 0.0469 0.0996 0.00390 0.00121
6 0.133 0.0445 0.0962 0.00283 0.000743

Table 5.4: Calculated initial species mass fractions for the air and EGR stream. The re-
maining mass is nitrogen.
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5.3 Results

This section discusses the comparison of simulated resultswith experimental data. Pressure

traces and total engine-out CO and UHC emissions will be compared to experimental mea-

surements. Figure 5.8 illustrates the envelope of the experimental pressure traces for cases

1 and 3 over 200 cycles. The large spread of pressure signals is a result of both in-cylinder
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Fig. 5.8: HCLI cycle-to-cycle variation in experiment, pressure for cases 1 and 3.

cycle-to-cycle variations as well as average differences between the four cylinders. A closer

examination of the cycle-to-cycle variation did not revealan obvious pattern from the cou-

pling between sequential cycles. The lack of obvious coupling is likely due to the use of

external EGR as opposed to trapped or internal EGR, which would remain in the cylinder

and influence the following cycle. These fluctuations in the pressure signal are in part the

result of cycle-to-cycle variations in combustion efficiency. For example, before ignition,

the minimum pressure curve for case 3 is approximately equalto the average pressure,

whereas after ignition it is significantly below the averagepressure curve. Considering the
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close agreement between the two pressure curves before TDC,the difference after combus-

tion cannot be attributed to large differences in charge temperature or composition, since

such differences would affect the ratio of specific heats, and therefore the pressure at TDC.

Another possible cause is a fluctuation in the injected fuel mass. However, considering the

tight tolerances associated with the fuel injection systemused in these experiments, this

does not appear to be a likely source of the pressure fluctuations. Therefore, cycle-to-cycle

differences in combustion efficiency appear to be the primary cause. These fluctuations in

combustion efficiency have a direct impact on CO and UHC emissions. If the fluctuations

in combustion efficiency are due to the inherent randomness associated with turbulent flow,

then a RANS based modeling approach might be unable to predict this affect on emissions,

since these fluctuations would be averaged out of the solution. For example, turbulent flow

could cause the spray to impinge upon the piston bowl at different angles and locations for

a given cycle. Such a situation would impact the heat transfer, droplet evaporation, wall

film development, droplet splash, among other things. Thesetypes of effects are difficult

to model with a RANS based approach. However, if some of the fluctuations are a result of

differences in the inlet conditions or in the mixture composition of the trapped EGR (which

accounts for≈ 5 % of the mixture by mass), then a RANS based approach could capture

the effects of these fluctuations provided a dynamic model ofthe boundary conditions.

Figure 5.9 shows the comparison of the pressure curves for case 3, which will be used

as the baseline case. The model is in overall excellent agreement with the experimental

pressure curve. The first deviation of the model from the experimental curve occurs at

approximately CAD 167 (13 CAD bTDC), when the experimental pressure increases due to

low temperature heat release, or cool-flame. One possible cause is that longer chain alkanes

in Diesel fuel, such as dodecane, break down faster than n-heptane. Another difference

between the results is the significantly higher amount of lowtemperature heat release in

the model compared to the experiment, as seen in Fig. 5.9 between 175 and 180 CAD.

Also this could be explained by the differing composition between Diesel fuel and the

model surrogate fuel used. The rate of pressure rise associated with the main heat release

between 182 and 187 CAD is in good agreement. One minor discrepancy of the model

is that combustion goes to completion somewhat slower than the experiment. This can

be observed from the fact that the pressure is under-predicted at the point of maximum
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Fig. 5.9: HCLI pressure as a function of CAD, model vs. experiment for case 3.

pressure until approximately 4 CAD later. Also, the pressure after combustion is over-

predicted by approximately one bar. Since the overall combustion efficiency based on

exhaust species concentrations is in good agreement, the over-prediction of the pressure is

likely due to the lack of a blow-by model in the simulation.

A similar comparison of the pressure curves between the simulation and experiment for

cases 1, 2, and 4 is shown in Fig. 5.10. In general, these threecases show good agreement

with experiment, though they experience discrepancies similar to case 3. Cases 1 and 3

suffer from too high overall combustion efficiency. Model results for case 4 have the worst

comparison to experiment. The heat release for case 4 finishes much too slowly, how-

ever, this case is well within the experimentally observed pressure envelope and the overall

combustion efficiency is well predicted. Pressure traces for cases 5 and 6 are compared to

experiment in Fig. 5.11. Cases 5 and 6 are at a lower rail pressure of 500 bar. The pressure

curves for these two cases are in excellent agreement with the experiment. Similar to cases

3 and 4, the only difference not related to low temperature heat release is that combustion

appears more prolonged in the simulation than in the experiment.
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Fig. 5.10: HCLI pressure as a function of CAD, model vs. experiment for cases 1, 2, and
4.

The mechanism of ignition for case 3 can be explained by investigating the temperature

field in phase-space. Contour plots of this field are therefore plotted in Fig 5.12 at four

points during combustion: A, just before ignition at 1 CAD bTDC, B, just after ignition

has begun at 2 CAD aTDC, C, near the end of the rapid heat release at 5 CAD aTDC,

and D, after combustion at 14 CAD aTDC. The normalized mixture fraction is between

Z = 0 andZ = 0.15. Plot A shows that ignition first occurs in rich mixtures (ξ2 ≈ 0.5,

Z ≈ 0.075, or Φ ≈ 2) and at high modified enthalpies (ξ1 ≈ 1). Plots A to D sequence

front formation and propagation towards leaner and colder mixtures. After combustion,

plot D, some mixtures remain unburnt, especially mixtures that are both lean and have

lower modified enthalpies. Figure 5.13 illustrates the front propagation in physical space

at these same CADs. Shown are two planes: the top plane is a vertical slice through the

cylinder center-line, the bottom plane is a horizontal slice halfway between the wall deck

and the top of the piston. Figure 5.14 illustrates the evolution of the mixture fraction field

on these two planes at these same four times. Similarly, Fig.5.15 illustrates the evolution

of modified enthalpy field on these two planes at these same four times. Together, the
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Fig. 5.11: HCLI pressure as a function of CAD, model vs. experiment for cases 5 and 6.

mixture fraction, modified enthalpy, and temperature fieldsin these three figures show how

the phase space combustion shown in Fig. 5.12 develops in physical space. As in phase

space, the rich mixtures ignite first in plot B, followed by ignition of leaner mixtures in

plots C and D.

As discussed in Section 1.1, HCCI engines tend to suffer fromhigh CO and UHC

emissions. Since these emissions are of particular interest to HCCI, they will be discussed

in detail. A comparison of predicted CO emissions for cases 1-4 is given in Fig. 5.16, where

the simulated emissions are calculated at 40 CAD aTDC. Sincemost of the mixture is below

1500 K at that point, further CO oxidation will be minimal. However, some UHC present

might form CO later during the expansion stroke. All simulation points are within 40 % of

the experimental values. The early injection timing of case1 causes a significant amount

of the spray to enter the squish region. Contours of mixture fraction are shown in Fig. 5.17

for case 1 at 21, 16, and 7 CAD bTDC, and for 11 CAD aTDC. Plot A shows that the

spray impacts the piston bowl too high, causing some of the fuel to enter the squish region.

Comparatively, the mixture fraction field of case 3, shown inFig. 5.14, is almost entirely
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Fig. 5.12: Contours of temperature for case 3 plotted in phase-space:ξ1, ξ2, whereξ1 and
ξ2 are the normalized enthalpy and mixture fraction respectively. A: 1 CAD bTDC, B: 2
CAD aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC.

contained in the bowl until later in the expansion stroke. Plots C and D of Fig. 5.17 show

for case 1 that most of the fuel in the squish region accumulates near the cylinder walls.

Indeed, engine oil-fuel interactions and other effects in the near crevice region could play a

large role in the production of CO and UHC emissions. Additionally, the spray model was

not validated for cases of wall impact with large angles of incidence or for sprays in narrow

channels like the squish region. Also, the model fuel may notbe a good choice for mixtures

with high degrees of heat loss. While alkanes like n-heptaneare easily oxidized at lower

temperatures, aromatics are less easily oxidized at the lowtemperatures found in the squish
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Fig. 5.13: Contours of temperature for case 3 plotted in physical space. The top plane is
a vertical slice through the cylinder center-line, and the bottom plane is a horizontal slice
halfway between the wall deck and the top of the piston. A: 1 CAD bTDC, B: 2 CAD
aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC.
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Fig. 5.14: Contours of mixture fraction for case 3 plotted inphysical space. The top plane
is a vertical slice through the cylinder center-line, the bottom plane is a horizontal slice
halfway between the wall deck and the top of the piston. A: 1 CAD bTDC, B: 2 CAD
aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC.
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Fig. 5.15: Contours of modified enthalpy for case 3 plotted inphysical space. The top
plane is a vertical slice through the cylinder center-line,the bottom plane is a horizontal
slice halfway between the wall deck and the top of the piston.A: 1 CAD bTDC, B: 2 CAD
aTDC, C: 5 CAD aTDC, D: 14 CAD aTDC.
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Fig. 5.16: Engine-out CO emissions as a function of SOE. Model model vs. experiment for
cases 1, 2, 3, and 4, with SOE of 32, 28, 24 and 20 CAD bTDC respectively.

region. It is interesting to note that case 1 was the only casein which any soot was observed

experimentally. Since soot formation requires mixtures with an equivalence ratio greater

than two, these rich pockets must also have been present at the time of combustion for

case 1. Figure 5.18 shows the PDF of mixture fraction for cases 1 and 3, taken just before

ignition, at 7 and 1 CAD bTDC respectively. Since case 1 has a higher oxygen content, it

also has a higher stoichiometric mixture fraction, of approximately 0.04 compared to 0.035

for case 3. In Fig. 5.18 it can be seen that compared to case 1, case 3 has much more mass

at equivalence ratios greater than two (case 3:Z > 0.07 and case 1:Z > 0.08). From the

PDFs alone, it seems that case 3 should have more soot than case 1. In fact, the PDF of case

1 has almost zero mass at an equivalence ratio greater than two. However, experimentally

case 1 had a Bosch Filtered Soot Number (FSN) of 0.2, while case 3 had essentially no

soot (FSN< 0.01). This observation indicates that the simulation of the mixture formation

for case 1 has less very rich regions than the experiment. Such regions would contribute
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Fig. 5.17: Contours of mixture fraction for case 1 plotted inphysical space. The top plane
is a vertical slice through the cylinder center-line, the bottom plane is a horizontal slice
halfway between the wall deck and the top of the piston. A: 21 CAD bTDC, B: 16 CAD
bTDC, C: 7 CAD bTDC, D: 11 CAD aTDC.
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Fig. 5.18: Probability density function of mixture fraction for cases 1 and 3, taken just
before ignition. case 1: 7 CAD bTDC, case 3: 1 CAD bTDC.

to the CO emissions, improving the trend. Thus, there is someevidence that the spray and

turbulence models are responsible for the under-prediction of CO for case 1.

A comparison of the UHC emissions is shown in Fig. 5.19, wherethe simulation emis-

sions are calculated at 40 CAD aTDC. Total UHC in the simulation was calculated by

summing mass fractions of major UHC species, which included: CH4, C2H4, C2H2, C3H6,

C4H6, C4H8, C5H10. The simulation over predicts UHC emission by a factor of 2 – 3. How-

ever, the model does capture the trend of increased UHC emissions with earlier injection

timing. Additionally, some of the UHC in the simulation would likely be converted to CO

later in the expansion stroke. Since not all UHC species are easily oxidized by the Diesel

Oxidation Catalyst (DOC), and since tailpipe-out emissions are most important for passing

emission tests, the formation of individual UHC species is also of interest. Detailed exhaust

gas measurements for this engine operated in HCLI mode at 2000 RPM and 2 bar IMEP
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Fig. 5.19: Engine-out UHC emissions as a function of SOE. Model model vs. experiment
for cases 1, 2, 3, and 4.

were taken at a series of equivalence ratios. Both engine-out and tailpipe-out measure-

ments of major UHC species and total UHC emissions are shown in Fig. 5.20. The left plot
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Fig. 5.20: HCLI experimentally measured mass flow rates of UHC emissions for different
engine average equivalence ratios. left: engine-out emissions. right: tailpipe-out emissions.
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illustrates the engine-out emissions. Over the entire range of equivalence ratios, ethylene,

C2H4, is the UHC with the highest mass flow rate. However, as shown on the right plot of

Fig. 5.20, ethylene is not the major tailpipe-out UHC species for equivalence ratios greater

than 0.82. As the engine is operated closer to stoichiometric conditions, methane,CH4,

emissions sharply increase, causing the overall tailpipe-out UHC emissions to increase.

Engine-out acetylene,C2H2, emissions also increase as the equivalence ratio increases.

However, acetylene is easily oxidized by the DOC, even at lower exhaust gas temperatures.

Methane emissions are seen as a drawback of HCLI compared to conventional Diesel com-

bustion, since conventional Diesel combustion produces only low methane emissions.

Figure 5.21 shows the distribution of CO, total UHC, methane, and ethylene for case

3 at 14 CAD aTDC. This should be compared with the modified enthalpy distribution and

the mixture fraction distribution for the same case at the same time shown in Figs. 5.15

and 5.14 in panel D. It is obvious that different species result from different areas in the

cylinder. Most interestingly, methane peaks in the rich regions in the piston bowl, while

ethylene has the highest concentrations in the lean regionsin the center of the cylinder

and in the squish region. The CO distribution generally follows the trends observed for

methane.

In order to investigate the role of mixing on CO and UHC emissions more thoroughly,

the CO and UHC emissions will be evaluated based on mixture fraction. It is not sufficient

to look at the average species mass fraction at a given mixture fraction, since ultimately

the contribution to the total mass of that species in the exhaust will also depend on the

amount of mass at the given mixture fraction. For example, tocalculate the total species

mass fraction of species,i, a cylinder average mass fraction can be expressed similar to

Eq. (3.43), as

Ŷi =

∫ ζmax

ζmin

∫ Zmax

Zmin

P̂ (ζ) P̂ (Z)Yi (ζ, Z)dζdZ , (5.1)

which can be expressed as

Ŷi =

∫ Zmax

Zmin

P̂ (Z) Ŷi|ZdZ . (5.2)
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Fig. 5.21: Contours of species mass fractions for case 3 plotted in physical space at 14
CAD aTDC. The top plane is a vertical slice through the cylinder center-line, the bottom
plane is a horizontal slice halfway between the wall deck andthe top of the piston. A: CO,
B: total UHC, C: methane (CH4), D: ethylene (C2H4).
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Therefore, the integrand of Eq. (5.2) represents the relative amount of species,i, in the

cylinder originating from a given mixture fraction. This quantity is plotted for CO and total

UHC in Fig. 5.22. The left plot shows that there are substantial contributions to CO from
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Fig. 5.22: Conditional species mass fraction weighted by the PDF of mixture fraction for
cases 1, 2, 3, and 4 at 20 CAD aTDC. left: CO right: UHC.

both the lean and the rich regions, with the majority of CO originating from rich regions

(Z > 0.035 for cases 2, 3, and 4, andZ > 0.04 for case 1). These plots were generated at

20 CAD aTDC. The CO in the rich mixtures does not have enough oxygen to oxidize, while

the lean mixtures are either too cold or too lean to combust. This indicates that engine-out

CO emissions could be significantly reduced by increased turbulent mixing, which would

lead to a more homogeneous charge without rich regions. PlotA in Fig. 5.21 illustrates CO

mass fraction in physical space at 14 CAD aTDC for case 3. Comparing the CO field to

plot D of Fig. 5.14, the largest concentrations of CO are found in rich regions.

The right plot in Fig. 5.22 shows that approximately three times the UHCs originate

from lean mixtures than from rich mixtures. Diesel sprays are injected into the bowl and

away from the walls in order to minimize heat transfer and oil-fuel interaction along the

cylinder wall and in the piston crevice. Hence, even with increased mixing, the majority of

the UHCs would not be eliminated, since under this injectionstrategy, very lean mixtures

are always present in the engine between the piston bowl and the squish region, as shown

in Fig. 5.14. Contours of total UHC emissions are shown in plot B of Fig. 5.21. This plot

shows that engine-out emissions originate from three locations: rich mixtures, very lean
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mixtures, and the thermal boundary layer.

Figure 5.23 illustrates the origin of engine-out methane and ethylene emissions in mix-

ture fraction space. The left plot shows that most methane originates from rich mixtures,

0 0.02 0.04 0.06 0.08 0.1
Mixture Fraction, [-]

0

0.001

0.002

0.003

0.004

0.005

0.006

M
as

s 
F

ra
ct

io
n 

of
 C

H
4 

tim
es

 P
D

F
 o

f Z

case 4
case 3
case 2
case 1

0 0.02 0.04 0.06 0.08 0.1
Mixture Fraction, [-]

0

0.01

0.02

0.03

0.04

M
as

s 
F

ra
ct

io
n 

of
 C

2H
4 

tim
es

 P
D

F
 o

f Z

case 4
case 3
case 2
case 1

Fig. 5.23: Conditional species mass fraction weighted by the PDF of mixture fraction for
cases 1, 2, 3, and 4 at 20 CAD aTDC. left: methane,CH4, right: ethylene,C2H4.

while the right plot shows that most ethylene originates from lean mixtures. Plots C and

D of Fig. 5.21 show contours of methane and ethylene in physical space. The result found

in these figures that methane is mostly formed in the rich regions while ethylene is mostly

from the lean regions is consistent with the experimental measurements of engine-out UHC

emissions illustrated in the left plot of Fig. 5.20, which show that engine-out methane emis-

sions grow rapidly by a factor of about ten as the equivalenceratio is changed from 0.7 to

0.95, whereas ethylene emissions increase only by a factor of two as the equivalence ratio

is increased by the same amount. The experimental trend in methane emissions can be

explained by assuming that as the average equivalence ratioincreases, so does the quan-

tity of rich mixtures. This explanation is further supported by the simulation results that

these mixtures have a significantly broad distribution of mixture fractions, including rich

mixtures, as shown in Fig. 5.18 for cases 1 and 3.

The temporal evolution of the conditional species mass fractions of methane and ethy-

lene as a function of mixture fraction for case 3 are shown in Fig. 5.24. In this figure, five

times are plotted: before low temperature heat release (12 CAD bTDC), during low temper-

ature heat release (4 CAD bTDC), the beginning of the main heat release (2 CAD aTDC),
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Fig. 5.24: Conditional species mass fraction weighted by the PDF of mixture fraction for
cases 3 at various times: 12 and 4 CAD bTDC and 2, 4, and 14 CAD aTDC. left: methane,
CH4, right: ethylene,C2H4.

during the main heat release (5 CAD aTDC), and after combustion (14 CAD aTDC). The

left plot shows that while there is no methane prior to low temperature heat release, consid-

erable methane is formed during it, most of which is in rich ornear stoichiometric regions.

During the main heat release methane is consumed in near stoichiometric mixtures, while

produced in lean mixtures. Following this phase, methane levels drop across all equivalence

ratios. Similarly, the right plot of Fig. 5.24 shows the temporal evolution of ethylene. Since

all UHC in the EGR were assumed to be ethylene, some mass exists before the low temper-

ature heat release. Similar to methane, ethylene is produced during low temperature heat

release, however, more is produced in lean mixtures. Duringthe main heat release ethylene

is nearly completely consumed in the rich and near stoichiometric mixtures, though some

remains at low equivalence ratios. The top row of plots in Fig. 5.25 shows species mass

fractions of methane and ethylene in phase space. These plots show that the highest mass

fractions occur at large mixture fractions for both species, and that ethylene also has mod-

erate concentrations at lean and cold mixtures that did not fully ignite. In order to assess the

contribution of these fields to the total emissions, the top row of plots in Fig. 5.25 has been

weighted with the joint PDF, as given by the integrand in Eq. (5.1), and is plotted in the

bottom row of the same figure. These two plots, C and D, show that methane and ethylene

emissions originate from rich mixtures and from lean and cold mixtures. The observation
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Fig. 5.25: Contours of species mass fraction of methane and ethylene for case 3 at
20 CAD aTDC plotted in phase-space:ξ1, ξ2, where ξ1 and ξ2 are the normalized
enthalpy and mixture fraction respectively. Top row of plots are contours of species
mass fractions and bottom row of plots are contours of species mass fraction weighted
by the joint PDF. A:YCH4

(ξ1, ξ2), B: YC2H4
(ξ1, ξ2), C: YCH4

(ξ1, ξ2) P̂ (ξ1) P̂ (ξ2), D:
YC2H4

(ξ1, ξ2) P̂ (ξ1) P̂ (ξ2).

that methane mostly originates from rich mixtures while ethylene mostly originates from

lean mixtures can be explained using zero-dimensional homogeneous reactor auto-ignition

simulations of a lean mixture (Z = 0.02) and a rich mixture (Z = 0.75) at 35 bar and 1000

K. The temporal evolution of the species mass fractions for ethylene, methane, and fuel are

shown for these two simulations in Fig. 5.26. The left plot shows that the lean mixture has
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Fig. 5.26: Species mass fraction temporal evolution from a zero-dimensional auto-ignition
simulation of a lean (Z = 0.02) and rich (Z = 0.75) mixture. Left: lean case, ignites at
3.2 ms. Center: Rich case ignites at 0.71 ms. Right: zoom in view of time near ignition for
rich case.

an ignition delay time of 3.2 ms (roughly 30 CAD). If we approximate the total time for

a mixture to auto-ignite before volumetric expansion from piston motion in the expansion

stroke quenches chemical reactions in this engine to be 20 CAD, then the lean mixture a

would not ignite. However, as shown in this plot, the fuel decomposes in to ethylene prior

to ignition and it is nearly all consumed after ignition. This result shows that lean ethylene

emissions arise from partially decomposed fuel that did notfully ignite. The center and

right plots of Fig. 5.26 show the results for the rich case. Itshows that ignition occurs after

0.71 ms (approximately 10 CAD). After ignition, methane hasa higher equilibrium con-

centration than ethylene, resulting in more methane emissions at high equivalence ratios.

Considering other UHC species present in the engine-out exhaust, the left plot of Fig.

5.27 shows that most of the acetylene originates from rich mixtures. This results is also

consistent with the engine-out emissions plot of Fig. 5.20.However, it is interesting to

note that the simulation results predict that almost no acetylene is produced in lean regions,

even though the experiments at low equivalence ratios stillcontained some acetylene in

the exhaust. The right plot in Fig. 5.27 shows where some of the major UHC species

originate in mixture fraction space for case 3. From this figure it can be seen that all

species other than ethylene, methane, and acetylene are exclusively found at lean mixture

fractions. Some UHC species experimentally observed in theexhaust were not included in

the chemical mechanism. Additionally, some chemical pathways to forming UHCs are not

included due to the lack of an aromatic component in the mechanism. However, the general



CHAPTER 5. HOMOGENEOUS-CHARGE LATE-INJECTION DIESEL ENGINE 103

0 0.02 0.04 0.06 0.08 0.1
Mixture Fraction, [-]

0

0.005

0.01

0.015

M
as

s 
F

ra
ct

io
n 

of
 C

2H
2 

tim
es

 P
D

F
 o

f Z

case 4
case 3
case 2
case 1

0 0.02 0.04 0.06 0.08 0.1
Mixture Fraction, [-]

0

0.01

0.02

0.03

M
as

s 
F

ra
ct

io
n 

of
 U

H
C

s 
tim

es
 P

D
F

 o
f Z

CH4
C2H4
C2H2
C3H6
C4H6
C4H8
C5H10

Fig. 5.27: Conditional species mass fraction weighted by the PDF of mixture fraction for
cases 1, 2, 3, and 4 at 20 CAD aTDC. left: acetylene,C2H2, right: major UHC species for
case 3 only.

production of methane emissions in the rich regions agrees well with the experimental trend

of increasing methane emissions with increased equivalence ratio.



Chapter 6

Analysis of Auto-Ignition vs. Flame

Propagation

Now that the model has been validated against HCLI engine experiments, it is possible

to analyze the relative importance of flames and ignition fronts in that engine. First, the

criterion developed in Section 1.2 will be evaluated for thebaseline case (case 3) to assess

the relative influence of mixing. The findings will be furtherconfirmed by comparing a

simulation of the full model, Eq. (2.51), to the model in the homogeneous reactor regime,

as described by Eq. (2.44), where all diffusive transport inphase-space is neglected. In

order to compare the relative importance of mixing in the twomodel coordinates, these

results are also compared to simulations where diffusion inonly one of the two phase

variables is neglected, Eqs. (2.53) and (2.54).

Before the deflagrations versus ignition fronts criterion,β, can be evaluated from the

HCLI engine simulation, the mixing length,L, and the turbulent Reynolds number, Ret,

must be expressed in terms of the turbulent kinetic energy,k, and dissipation rate,ε. This

is achieved with turbulent viscosity using Prandtl’s mixing length hypothesis [74]. Also,

the laminar burning velocity,SL, and the derivative of the ignition delay time,τig, with

respect to the phase-variable,φ, must be evaluated. Here these quantities and the flame

thickness,lF , have been evaluated using the FlameMaster code, an all purpose zero and

one-dimensional combustion code. The scalar fluctuation inEq. (1.16) can be taken from
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the Reynolds averaged transport equation for the scalar variance,

φ
′

=

√
φ′2 . (6.1)

Following Prandtl’s mixing length hypothesis, the turbulent viscosity can be defined as

νt = u∗L , (6.2)

where u∗ is a velocity scale andL is the length scale associated with mixing. Both

Prandtl [75] and Kolmogorov [76] independently suggested using the turbulent kinetic en-

ergy,k, instead ofu∗, resulting in

νt = ck1/2L ,

with c ≈ 0.55 . (6.3)

The value of the constantc is set to reproduce the correct behavior in the log-law region

of a channel flow. This mixing length can be linked to the two-equation,k–ε turbulence

model through the turbulence viscosity using the relation

νt =Cµ
k2

ε
,

with Cµ ≈ 0.09 . (6.4)

Setting these two equations equal and solving for the mixinglength gives,

L =
Cµ

c

k3/2

ε
. (6.5)

In order to evaluate the criterion,β, the turbulent Reynolds number must also be evaluated.

Using the relationu
′

=
√

2/3k along with Eqs. (1.13) and (6.5) gives

Ret =
Cµ

c

(
2

3

)1/2
k2

νε
. (6.6)

Before evaluating the criterion, the engine’s turbulent premixed combustion regime
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must be identified. Recalling from Section 1.2.2 that a unityKarlovitz number, Ka= 1,

defines the transition between the corrugated flamelets regime, Ka < 1, and the thin re-

actions zones regime, Ka> 1, the regime can be determined from Eq. (1.26). From one-

dimensional flame calculations over the relevant temperatures, pressures, and equivalence

ratios, the laminar flame thickness in this engine is found tobe between 20 and 100µm.

From Fig. 1.1, the Kolmogorov length scale is seen to be between 2 and 10µm for this

engine. Therefore, the Karlovitz number is greater than unity and this engine is operated

in the thin reactions zones regime. This implies that the criterion is the same for both large

and small scales of turbulence as discussed in Section 1.2.2.

The next step is to evaluate the deflagrations versus ignition fronts criterion by substi-

tuting Eqs. (6.1), (6.5), and (6.6) into Eq. (1.16), which gives

β = cβ

[
εφ

′2

νk

]1/2

SL

∣∣∣∣
dτig

dφ

∣∣∣∣ ,

with cβ = Cβ

[
2

3

]1/4 [
c

Cµ

]1/2

= 0.22 . (6.7)

This criterion is evaluated for HCLI case 3 in Fig 6.1 withφ = Z in the top figure and

φ = ζ in the bottom figure at 1 CAD bTDC. In both figures, the contour plots of β are

colored on a log scale ofβ andCβ is assumed to be equal to unity. The top plot shows

thatβZ is greater than unity for the entire bowl except just above the center of the piston

bowl, where the mixture is very lean and therefore the laminar burning velocity is very

small. In many regions in the cylinder,βZ is order 10, indicating that flame propagation

in theZ-direction is faster than ignition front propagation. The bottom figure of Fig. 6.1

shows that in most of the thermal boundary layers the criterion for flames in theζ-direction

is large, indicating the presence of deflagrations near the cylinder walls. To a lesser degree

than theZ-direction, theβζ criterion indicates that far from the walls deflagrations intheζ-

direction are important in some region of the cylinder, while ignition fronts in that direction

are dominant in other regions.

Now that the criterion has been evaluated in the HCLI engine,simulations using the

four limits discussed in the asymptotic analysis of Section2.2.2 can be compared to the

base line HCLI experiment (case 3). That analysis showed that the full model, Eq. (2.51),
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Fig. 6.1: Ignition fronts versus deflagrations criteria evaluated for case 3 at 2 CAD after
TDC.

is valid in the limit of the homogeneous reactor regime and inthe propagating diffusive

fronts regime. For the homogeneous reactor regime, the diffusive terms in phase space are

dropped from the full model leaving a multi-zone type description, Eq. (2.44). This limit

will be referred to as Limit 0, the homogeneous reactor limit. Two other limits, described

in Eqs. 2.53 and 2.54, neglect diffusion in one of the two phase-space coordinates. In limit

Z, diffusion in Z was included whileζ was neglected. Conversely, in limitH, diffusion

in modified enthalpy was included, but diffusion inZ was neglected. The propagating

diffusive fronts regime is not treated separately since itsmodel equation has the exact same

form as the full model, which is valid for all four limits. Table 6.1 summarizes these four

limits.

Limit Governing Equation Diffusion in Z Diffusion in ζ

full model Eq. (2.51) yes yes
limit 0 Eq. (2.44) no no
limit Z Eq. (2.53) yes no
limit H Eq. (2.54) no yes

Table 6.1: Summary of four combustion regime limits.

Two sets of simulations were performed to evaluate these four limits. First, the same

initial conditions as case 3 in Chapter 5 were used under these four limits. Then, since there
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is some uncertainty in the intake temperature and thereforein the charge mass as well, a

second set of simulations was performed where the charge mass was adjusted to obtain the

same ignition timing as the experimental case at each limit.

Results of the first set of simulations where all four limits have the exact same initial

conditions are shown in Fig. 6.2. The full model results, as already discussed in Chapter 5,
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Fig. 6.2: HCLI pressure as a function of CAD for four model combustion limits and exper-
iment. All simulations have same initial conditions including in-cylinder mass.

show excellent agreement with the experimental pressure curve. The homogeneous reactor

limit, limit 0, experiences a missfire, completely missing the combustion characteristics

associated with the experimental case. LimitZ, with mixing in ζ neglected, experiences

a very late combustion timing with much lower rates of heat release. However, though

lower in combustion efficiency than the full model, as compared to limit 0, it does not

experience a complete missfire. The other main difference between limit Z and the full

model is that limitZ does not experience the same level of low temperature heat release.

This is interesting since the full model over predicts low temperature heat release. The

pressure curve for limitH, where mixing inZ is neglected, presents the best match with
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experiments of all the simplified models (i.e. limits 0,Z, andH). It almost exactly matches

the full model’s pressure curve during low-temperature heat release. This indicates that

mixing in theζ-direction might be most important prior to the main heat release. LimitH,

however, under-predicts the rate of pressure rise associated with the main heat release by

approximately a factor of two. Additionally, this limit also under-predicts the experimental

peak pressure by approximately 6 bar. The result indicates that while diffusion in theZ-

direction may not significantly affect low temperature heatrelease, it is important during

the rapid heat release period of combustion.

The second set of simulations with these four limits is shownin Fig. 6.3. In this set
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Fig. 6.3: HCLI pressure as a function of CAD for four model combustion limits and exper-
iment.

of simulations, the cylinder mass was tuned so that each model would predict the correct

ignition timing. Considering that there was some uncertainty associated with the intake

temperature measurements, a mass in the cylinder which works for the full model may not

in fact be the experimental mass in the cylinder. Therefore,a fair comparison of these mod-

els would include comparing the model for each limit with theintake temperature inside
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of the experimental uncertainty range that works best for that limit. This was achieved

by adjusting the cylinder mass just after IVC for limits 0 andZ, thereby increasing their

average temperatures so that ignition would occur at the same time as in the experiment.

Since limitH had approximately the same ignition time as the experiment,its mass was

not adjusted, so the tuning does not improve the results for this case. As shown in Fig. 6.3,

limit Z is in good agreement with the full model when tuned, althoughthe peak pressure

is too low by about 3 bar. This result is somewhat surprising considering how poorly this

limit’s model behaved before it was tuned. Effectively, thetuning acted to set the timing

of the main heat release, which was much too late for limitZ without tuning. Recall that

compared to the full model, limitZ in the first set of simulations under-predicted the low

temperature heat release. These two points, along with the good agreement for the tuned

limit Z case, indicate that diffusion inζ during the low temperature heat release acts to set

the timing of the main heat release, while diffusion inZ determines the rate of combustion

and the combustion efficiency during the main heat release.

Finally, limit 0, where all diffusion is neglected, experiences a rate of pressure rise that

is too slow and a lower peak pressure as compared to the experiment. The combustion

efficiency for this limit is under-predicted. This result indicates that the homogeneous

reactor limit is not valid in this engine. Even when the modelfor this limit is tuned to

match the correct ignition timing, it completely misses allother aspects of combustion:

heat release rate, peak pressure, and combustion efficiency. Considering that this limit

represents the best possible multi-zone model, it shows that for this HCLI engine a multi-

zone modeling approach is completely unphysical. Not only do these results indicate that

the multi-zone modeling approach is missing a key aspect of the system physics, they

also indicate that even when tuned, such a model would be inappropriate for predicting

emissions considering that the combustion efficiency is significantly under-predicted.



Chapter 7

Summary & Conclusion

HCCI engines potentially offer an efficient and low emissions alternative to conventional

SI and Compression Ignition (CI) engines. Though significantly more homogeneous than

conventional CI engines, HCCI engines often include thermal and mixture composition

inhomogeneities. Two combustion limits can be identified for HCCI; the homogeneous

reactor regime and the propagating diffusive fronts regime. In the first limit ignition is

driven solely by chemical kinetics, whereas in the second limit, after an initial chemically

controlled induction phase, the heat release is limited by mixing.

Using an asymptotic analysis, an enthalpy and mixture fraction-based auto-ignition

model that is valid for both limits was developed. Enthalpy and mixture fraction were

chosen as the phase-space variables because they are the main parameters that affect lo-

cal changes in auto-ignition behavior. Since these two variables are not statistically in-

dependent, a new modified enthalpy variable was defined to remove the mixture frac-

tion dependence, resulting in a model with two independent phase-space variables. The

asymptotic analysis was applied to both a one-dimensional enthalpy-based model and a

two-dimensional modified enthalpy and mixture fraction-based model. Closure models for

application of the model in engine simulations were developed. These included the deriva-

tion of Reynolds averaged transport equations for modified enthalpy and modified enthalpy

variance in addition to modeling of unclosed terms. Also, the numerical implementation of

the coupling between the combustion code and the CFD solver was described.
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The combustion model was validated in three steps. First, the one-dimensional enthalpy-

based combustion model was validated using DNS data for leanH2 auto-ignition with tem-

perature inhomogeneities. The model validation using DNS data tested the mathematical

model separately from the closure model and did not include experimental uncertainties

in initial and boundary conditions. The DNS cases covered a range of combustion modes,

from mostly homogeneous auto-ignition or ignition fronts to mostly deflagration-type com-

bustion. In the mostly homogeneous auto-ignition case withtemperature fluctuations of

T ′ = 3.75 K, the chemical source term in the enthalpy-based combustion model for hydro-

gen was dominant over the diffusion term. For the mostly deflagration case withT ′ = 30 K,

these terms were of the same order. The case withT ′ = 15 K, consisted of a mixed mode

of both ignition-fronts and deflagrations, where the diffusion term was smaller than the

chemical source term, yet it was shown to be important. The enthalpy-based combustion

model showed excellent agreement with DNS heat release rates for all cases. This model

was constructed to accurately model the homogeneous reactor and the diffusive burning

combustion limits. The agreement with DNS data over a range of these regimes indicates

that the model is capable of capturing the physics associated with both of these limits as

well as mixed regimes. A multi-zone model showed good agreement with DNS only for the

case dominated by chemical kinetics. For cases where mixingis important, the multi-zone

model failed to represent combustion accurately. Some discrepancy between the enthalpy-

based combustion model and the DNS data was observed for the four cases where the DNS

included differential diffusion effects. However, the DNScase with unity Lewis number

was in near perfect agreement with the DNS.

The second step of the model validation was the application of the mathematical model

together with the closure model to a Rapid Compression Machine (RCM) experiment.

The RCM was operated with a spatially homogeneous mixture composition and was com-

pressed at a rate typical of HCCI engines. As an idealized experimental representation of

the limit of homogeneous mixture composition with thermal inhomogeneities it was used to

validate the one-dimensional enthalpy-based combustion model along with closure models

and numerical coupling to the CFD solver. The model correctly predicted ignition timing

trends as a function of initial temperature. It also predicted that combustion acts as a prop-

agating diffusive front in enthalpy space. A simulation with the diffusion term in enthalpy
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space set to zero, representing an idealized multi-zone model, was not able to predict ig-

nition characteristics adequately. The effect of the various terms in the model equations

were quantified. In the flame front, the chemical source term is dominant, whereas the

diffusion term was shown to be dominant in regions near the front and the pressure term

was the dominant term far from the front. The relative magnitudes of these terms are con-

sistent with a premixed flame and not representative of combustion in the homogeneous

reactor regime. The results indicates that for HCCI-like combustion with large enthalpy

gradients and a fully premixed charge, diffusion in enthalpy-space can affect combustion

characteristics, and it can be modeled using the enthalpy-based combustion model.

The final validation step was to apply the full two-dimensional model to an HCLI en-

gine experiment. The model was validated using six experimental cases, comparing simula-

tion results to pressure traces and CO and UHC emissions measurements. The model was in

excellent agreement with the experimental pressure traces. Simulation results showed that

ignition first occurred in hot (at a normalized modified enthalpy of approximately one) and

rich mixtures (at equivalence ratios of approximately 2). Then, a diffusive front in phase

space formed from these mixtures and propagated into leanerand colder mixtures. Model

CO emissions had approximately the same magnitude, all points being within 40 % of the

experimental measurements, though they failed to predict the trend of sharply increasing

CO emissions as injection timings were advanced. UHC emissions were overpredicted by

approximately a factor of two, yet the model successfully captured the trend of increased

UHC emissions with advanced injection timing. A detailed investigation into the source

of individual UHC species was performed by evaluating the amount of mass located at

various mixture fractions at 20 CAD aTDC. UHC emissions werefound to originate from

different regions depending on the species. For example, methane (CH4) and acetylene

(C2H2) mostly originate from rich mixtures while ethylene (C2H4) originated primarily

from either lean or cold mixtures where the fuel decomposes but does not fully burn. Since

methane is not easily oxidized by the Diesel oxidation catalyst, rich mixtures contribute

to a significant portion of the tailpipe-out emissions when operating near stoichiometric

conditions. The simulation predicted that methane is produced in rich regions. This is in

agreement with experimental measurements of the engine, which showed a sharp increase

in methane emissions as the cylinder average equivalence ratio approached stoichiometric
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conditions. This result indicates that tailpipe-out methane emissions can be improved by

more complete mixing, which would result in less mass in richregions.

In order to analyze the relative importance of auto-ignition versus flames in HCCI en-

gines, a criterion was developed based on the ratio of the time scales associated with ig-

nition fronts and deflagration fronts. The criterion was shown to be valid in both large

and small scales of turbulent mixing for the thin reactions zones regime. It was applied to

the HCLI engine and evaluated for fronts in both modified enthalpy and mixture fraction

space. The criterion indicated that the propagating diffusive fronts regime in mixture frac-

tion space was the dominant regime almost everywhere in the piston bowl. Diffusive fronts

in enthalpy space were shown to be the dominant regime in the thermal boundary layers

while mixed modes were present in most other regions of the bowl.

A second analysis of the four combustion limits in HCCI was investigated by simulating

the HCLI engine with the model equation from the asymptotic analysis of each limit. The

four limits were characterized as having: no diffusion, diffusion only in mixture fraction

(Z), diffusion only in modified enthalpy (ζ), and diffusion in bothZ andζ . The analysis

revealed that diffusion inζ was most important during low temperature heat release, while

diffusion in Z was important during the main heat release. The full model with diffusion

in bothZ andζ was the only model capable of matching the experimental pressure curve.

The homogeneous reaction regime model, with no diffusion, was unable to capture the

basic combustion characteristics, such as heat release rate, peak pressure, and combustion

efficiency. The failure of the homogeneous reactor model is not surprising, since the cri-

terion indicated that the engine is in the propagating diffusive fronts regime, for which the

asymptotic analysis showed that the homogeneous reactor model is missing important dif-

fusion terms. Considering that the homogeneous reactor model represents the best possible

multi-zone model, a multi-zone approach is inappropriate for modeling HCLI. Instead, an

appropriate approach has to take into account both diffusive mixing and chemical kinetics.

The model presented in this work takes these affects into account and is therefore capable

of modeling combustion across the different combustion regimes observed in HCCI.
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