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Abstract

In this thesis, the mechanism of NO, formation in dual-fuel (DF) engines
with lean premixed methane-air charge, ignited with small amounts of
diesel, is studied numerically. The conditions under which NO, forma-
tion is augmented are discussed in detail by using the homogeneous re-
actor model. In the present work, a computationally efficient approach
based on a priori constructed look-up tables is proposed for predicting
the in-cylinder NO, formation in 3D computational fluid dynamics (CFD)
calculations. This approach is also applied for predicting unburned CH,
post-oxidation and the consequently CO formation and conversion.

A reliable prediction of the in-cylinder pollutant formation and conver-
sion requires correct modeling of combustion. The so-called 3-Zones Ex-
tended Coherent Flame model (ECFM3Z) was used for modeling DF
combustion in the CFD software AVL-Fire. Auto-ignition was predicted
by using an a priori look up table that considered n-heptane (as diesel
surrogate)-methane mixture ratios among other things. In addition, the
effect of fuel mixture ratios on the laminar flame speed was taken into
account in CFD calculations by the linear interpolation of the tabulated
tlame speeds of both species. The results of the combustion simulations
were compared with the experimental results for two operation points.
In-cylinder pollutant formation and conversion were evaluated directly
at the engine exit in CFD. The closest measuring point in the exhaust duct
was placed further downstream of the engine exit, so that the species evo-
lutions in the exhaust duct were calculated by using homogeneous reac-
tors and compared with the experiments. Another measuring point even
further downstream allowed studying the effect of much higher residence
times on NO, formation for a few other operation points. For predicting
NO, formation three different kinetic mechanisms were employed in this
thesis and compared with each other.
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Kurzfassung

Im Rahmen dieser Arbeit wurde die NO, Bildung in Dual-Fuel (DF) Mo-
toren mit magerem Methan-Luft Gemisch, geziindet mithilfe von Diesel
Pilotstrahlen, numerisch untersucht. Die Bedingungen, unter denen eine
hohe NO, Bildung auftritt, wurden mithilfe von Reaktor Berechnungen
ermittelt. Ein effizientes, auf tabellierten Bildungsraten basiertes Model
zur Vorhersage innermotorischer NO, Bildung in 3D CFD Rechnun-
gen wurde vorgeschlagen. Dieses Konzept wurde zusétzlich zur Mod-
ellierung der Nachoxidation von unverbranntem Methan und CO Bil-
dung in CFD Rechnungen angewandt. Eine zuverldssige Vorhersage
von innermotorischen Schadstofferzeugung setzt eine akkurate Verbren-
nungsmodellierung voraus. Das sogenannte ECFM3Z Modell wurde zur
Modellierung von DF Verbrennung in CFD Software AVL-Fire verwen-
det. Selbstziindung wurde anhand einer Lookup-Tabelle vorhergesagt,
die unter anderem die Mischungsverhéltnisse von n-Heptan (als Surrogat
fiir Diesel)-Methan Gemisch, mitberticksichtigt. Aufserdem, wurde der
Einfluss des n-Heptan/Methan Mischungsverhdltnisses auf die laminare
Flammengeschwindigkeit durch lineare Interpolation von den jeweilig
tabellierten Flammengeschwindigkeiten mitberiicksichtigt. Die Resultate
der Verbrennungssimulationen wurden mit den Experimenten fiir zwei
Betriebspunkte verglichen. Die innermotorische Schadstofferzeugung fiir
2 Betriebspunkte wurde direkt am Motoraustritt mittels CFD evaluiert.
Die erste Messstelle war weiter stromab im Abgaskanal des Versuchsmo-
tors platziert, sodass die potentiellen Spezies Umwandlungen im Ab-
gaskanal mithilfe homogenen Reaktoren modelliert und mit Experiment
verglichen wurden. Eine zusitzliche Messstelle noch weiter stromab
ermoglichte die Untersuchung der NO, Bildung fiir ldingere Aufenthalt-
szeiten. Drei verschiedene Reaktionsmechanismen wurden zur Vorher-
sage der NO, Bildung eingesetzt und deren Vorhersagen sind miteinan-
der verglichen worden.

viii






Contents

Contents
1__Introduction| 1
1.1 Objectives| . . .. ... .. .. .. .. .. .. .. .. .. 3
1.2 lineofthethesis| ... .......... .. ... ... .. .. ... 4
2 Prestudy of NO, Formation| 6
2.1 Theory and Modeling of Reactive Chemical Systems| . . . .. 6
2.2 Investigation of the NO, Formation Mechanism Using the |
| Homogeneous Reactor| . .. ........... ... ... ... ... 8
3 CFD Modeling of DF Engine Combustion| 16
3.1 Theoretical Background of Modeling 3D Reactive Flows| . . . 17
B.2 Turbulence Modell . ........ ... ... ... ... .. .. ... 21
3.3 Regimes of Turbulent Premixed Combustion| . . . . .. ... .. 23
3.4 Numerical Approaches for Modeling Turbulent Combustion| 25
B.5 ECFM3Z Combustion Modeling of DF Engine| . . . .. ... .. 28
3.6 Ignition Delay Time Model| . ... ..... ... ... ... ... 33
3.7 Premixed Flame Propagation Modeling|. . . ... ... ... .. 37
3.8 Setup of the Simulation| . . . . ........ ... .. ... .. .. .. 38
3.9 Results of the Combustion Simulations| . . .. ........... 42
4 Modeling of Pollutant Formation and Conversion| 45
4.1 Modeling NO Formation|. . . .. .................... 46
4.2 Modeling Unburned CH,| ... ....... ... .. ... ... ... 48
4.3 Tabulation Method for Predicting CH, Post-oxidation, NO, |
n Formation an nversion! . .. ... ... ... 52
Results of the Pollutant Formation an nversion Simulation 61
b.1 In-Cylinder Pollutant Formation and Conversion|. . . . . . .. 62
E> Dol T . rC h o the T T |
| at the FTIR-HP Measuring Point{. . . . .. ... ..... ... .. 72




Contents

6 Summary and Conclusions|

[Bibliography|

xi



List of Figures

List of Figures

1.1 MARPOL Annex IV NO, and SO, Emission Limits|. . . . . 1

2.1 Prediction of Rasmussen (——), Sivaramakrishnan (——) |
| and Gri 3.0 (——) of: Ycpa ( ) and temperature (----- ) |
| (left) and Yno (——) and Yno2 (----- ) (right) during ditfer- |
| ent residence times; Ti,;=700K, pini=50 bar, ¢=1| . . . . . . . 10

2.2 Prediction of Rasmussen (——), Sivaramakrishnan (——) |
| and Gri 3.0 (——) of: Ycy, ( ) and temperature (----- ) |
| evolution (left); Yno ( ) and Yno, (----- ) (right) ; Ini- |
| tial conditions: Mixing of NO with Yno=0.0005 in fresh |
| methane-air mixture ¢=0.5, T=1200 K, p=60 bar|. . . . . . . 11

2.3 Prediction of Rasmussen (——), Sivaramakrishnan ( ) |
| and Gri 3.0 (——) of: Ycp, ( )and T (----- ) evolution |
| (left) ; Yno (——) and Yno, (----- ) evolution (right); Ini- |
| tial conditions: ¢$=0.01 (Ycp,=0.00058, Y,=0.23,Yn,=0.766), |
| Yno=0.0005, T=1200 K, p=10bar| . .. ... ... ... ... 12

2.4 Prediction of Rasmussen (——), Sivaramakrishnan ( ) |
| and Gri 3.0 (——) for Yno ( ) and Yno, (----- ) evolution |
| under the absence of CH, (in NO-O,-N, mixture); And pre- |
| diction of all the mechanisms for Yno, under the absence of |
| NOorO, (n)atT=1200 Kand p=10bar. . . . . . ... .. 12

2.5 Prediction of Rasmussen (——), Sivaramakrishnan (——) |
| and Gri 3.0 mechanisms ( ) for Ycp, and Yno, for |
| different initial temperatures/pressures. Initial conditions: |
| Y c11,=0.00058,Y0,=0.1127,Yn,=0.745,Y c0,=0.0778,Y11,0=0.0636, |
| Yno=0.0005]. . . . . .. 13

xiii



List of Figures

2.6 Effect of varying CH, (left) and varying NO initial mass

tfractions (right) on Ycp, ( ) and Yno, (----- ) evolu-

tion predicted by Rasmussen reaction mechanism; Initial

conditions: Yno,ni=9.E-4 (left), Ycn, ini=b.E-4 (right) and

main products following combustion of methane-air ¢=0.5;

T=1300 K, p=20bar| . . . . . ... ... ... .........

2.7 Eftect of OH radicals on Ycy, (——) and Yno, (----- )

predicted by Rasmussen reaction mechanism; Initial con-

ditions: You=0.0 (——), You=10.e-6 (——), You=50.e-6

(—) and Yon=100.e-6 (—),Ycy,=0.0005, Yno=0.0005,

main products following combustion of methane-air ¢=0.5,

T=1300K,p=20bar| . . . . . ... ... ... .........

3.1 Turbulent combustion regimes proposed by Borghi and ex-

tended by Peters in terms of length scales ratios and veloc-

ityratios [43,44]| . . . . . ... o oo

3.2 Concept of the flame surtface density model [31] . . . . ..

13.3 Subgrid zones according to the ECFM3Z model and their

evolution [67] . . . . . .. . .. .. ... .

3.4 Cold tlame ignition delay time 771 and main ignition de-

lay time Tyt for n-heptane air mixture with fuel-air equiv-

alence ratio ¢=1 under an initial pressure of 1.5 MPa and

initial temperatures of T= 750 K (left) and T=1000 K (right)
in nstant volume r 4 A

3.5 Simulated domain during the combustion and expansion

stroke with closed valves up to 499 °CA (upper left) an

that during the exhaust stroke (lower left); Cross sectional

views in z direction (right) . . . .. ... ... ... . ...

3.6 Computational mesh of the engine and exhaust manifolds

during the exhaust stroke| . . . . ... ... ... . 0.

3.7 Spatial distribution of the equivalence ratio ¢ and combus-

tion progress variable ¢ at 355 °CA for case PL on the cut

surfaces through the simulated domain with closed valves

sketched in the upper left part of tigure[3.5; upper part: cut

surface perpendicular to the z axis through the center point

(0, 0, 0); lower part: cut surface perpendicular to the y axis

through the point (0,-0.02m,0) . . . .. ... ... .....

Xiv



List of Figures

3.8 Measured and simulated mean temperature (lett) and rate |
of heat release rate (right) . .. ... ... .......... 44
4.1 Concept of the head-on quenching model proposed by |
Boustet.al. [100] . .. ... ... .. ... ... ....... 49

)

Evolution of CH, (—), CO (—), NO (—) and

NO, (——) computed in homogeneous reactor employ-

ing the Rasmussen kinetic mechanism; Initial conditions:

YrcH, 0=0.0005, Yrn0=0.0005, Yor=5.e-6 in tlue gas follow-

ing methane-air combustion with ¢=0.5, T=1300 K, p=20 bar| 53

43

Evolution of progress variables and their change rates re-

lated to CH, oxidation (——), CO production (——), NO to

NO, conversion (——), CO consumption(- - - - - ) and NO, to

NO conversion (----- ) over time; Initial conditions accord-

ing to Figureid.2|. . . . ... o000

56

!

Effect of mixing temperature/pressure on CH, ( ), CO

(——), NOy( ) and NO ( ) evolution predicted us-

ing the detailed kinetic mechanism ( ) and tabulation

method (----- ); Initial mixture composition according to

Figure[d.2|. . . . .. ... oo

5.1

Sketch of the engine simulated in CFD (left) and the ex-

haustduct (right)| . . . ... ... .. .............

52

Evolution of the unburned CH, tracer Yrcy, o (——) and

Yen,o (----- ) undergoing post-oxidation for case FL. com-

puted by using the look-up tables generated with the ki-

netic mechanisms of Rasmussen (——), Sivaramakrishnan

) and Gro0 (—) - -« o oo

5.3

Distribution of Yrch, 0 and Ycp, o computed by using the

look-up table generated with the kinetic mechanism ot Ras-

mussen (upper part); distribution of combustion progress

variable ¢ and temperature (lower part); at 375°CA for case

FL on the cut surface perpendicular to the z axis through

the center point (0, 0, 0) according to the upper part of fig-

urel3.00 ... e

XV



List of Figures

54

Distribution of Yrch, 0 and Ycp, o computed by using the

look-up table generated with the kinetic mechanism ot Ras-

mussen, for case FL at 430°CA on the cut surface perpen-

dicular to the z axis through the center point (0, 0, 0) ac-

cording to the upper part of figure[3.5| . . . . ... ... ..

55

Temperature (upper left) and species evolution for case FL,

calculated by using the look-up tables generated with the

kinetic mechanisms of Rasmussen, Sivaramakrishnan, and

Gri 3.0; Upper right: Yno, ( ) produced under the ab-

sence of CH,; Yno (----- ) considering NO production and

conversion to NO, under absence and presence of CH,.

Lower left: Yno, under the presence of CH, without consid-

eration of conversion of NO, back to NO ( ) and with

considering NO, conversion back to NO (----- ); Lower

right: Yco without considering CO oxidation ( ) and

under consideration of CO oxidation (----- ) I

5.6

Spatial distribution of the species at 499 °CA shortly before

the exhaust valves opening for case FL on the cut surface

perpendicular to the z axis through the center point (0, 0,

0) according to the upper part of tigure [3.5) species evolu-

tions calculated using the look-up table generated with the

| Kinetic mechanism of Rasmussen) . . . . . .. ... ... ..
b.7 Spatial distribution of scalars at 680°CA tor case FL on the

cut surface perpendicular to the z axis through the cen-

ter point (0, 0, 0) according to the lower part of tigure |3.5;

species evolutions calculated using the look-up table gen-

r with the kinetic mechanism of Rasmussenl. . . . . .

5.8

Xno at the CFD evaluation point without considering NO

to NO, conversion compared with the summation of Xno

and Xno, measured at FTIR-HP| . . . . ... ... ... ...

5.9

Predicted mean unbunred CH, tracer YrcH,,0 and other

species mass fractions at the CFD evaluation point for cases

FL and PL, calculated by using the look-up tables gener-

ated with the kinetic mechanisms of Rasmussen, Sivara-

makrishnan, and Gri3.00 . . . .. ... ... ... ......

XVi



List of Figures

5.10 Evolution of the species mass fractions from CFD-

Evaluation point up to FIIR-HP point calculated by aver-

aging the results of 1120 reactors employing ditferent ki-

|
|
| netic and their comparison with experiment. Left: Case FL;
| Right: CasePL|. . . . .. ... ... ... . ..........

.11 Comparison ot the CH, and NO, mean species mass frac-

L tions at FITIR-HP from the reactor calculation for case FI. |

| under consideration of OH from Table 5.1/ (shown in figure

| b.10) and without considering OH| . . . .. ... ... ...

0.12 Further evolution of species mass fractions in the exhaust

| duct from the FTIR-HP to FTIR-LP measuring point for

| cases FLand PLl . . . . . . . . . . . ... ... ...

5.13 Comparison of the measured and the simulated species

| mass fractions at the FTIR-LP measuring point with the ini-

| tial conditions from Tablel5.5 . .. ... ... ... .....

b.14 Comparison of the measured and the simulated NO, mole

| tfractions at the FTIR-LP measuring point with the initial
L conditions from Tablel5.5. . . . ... ....... ... ...

5.15 Comparison of the measured and the simulated NO, mass

| tractions at the FTIR-LP measuring point with the initial

| conditions from Table(5.6[. . . . . . ... ... ... ... ..

.16 Time evolution of CH, (——) and NO, (----- ) mass frac-

| tion predicted by the Rasmussen (——), Sivaramakrishnan

| ( ) and Gri 3.0 ( ) kinetic mechanisms with initial

| conditions as for case A in Table 5.5 with initial Yno,=0| . .

b.17 Fastest reaction paths following C and N atoms predicted

| by the Rasmussen (links) and Gri 3.0 (right) kinetic mecha-

[ NISINS| . . o o o e e e e e e e e e e e e e e e

Xvii






List of Tables

List of Tables

3.1 Source and sink terms of the flame surface density balance |
| equation 3.34/according to CFM Modell. . . . . ... .. .. 28
3.2 Engine specifications of the MAN testengine| . . . . . . .. 39
3.3 Simulation cases specifications| . . ... ... ... ... .. 41
0.1 Other species mass fractions for initializing the reactors |
| mixture compositions|. . . . .. ... L 73
5.2 Comparison of CH,O mass fractions resulting from reactor |
L calculations with the measured ones at FTIR-HPl . . . . . . 76
b.3 Simulated NO, mass fractions under consideration of |
| CH,O and those without considering CH,O employing the |
| Rasmussen kinetic mechanism| . . ... ... ........ 77
0.4 Initial conditions for homogeneous reactor calculations |
| corresponding to the measured state of gas at the FTIR-HP |
| measuringpoint|. . . . ... ... 78
0.5 Initial conditions for homogeneous reactor calculations |
| corresponding to the measured state of gas at the FTIR-HP |
| measuring point for mixture temperatures 829 K<T<877 K| 80
0.6 Initial conditions for homogeneous reactor calculations |
| corresponding to the FTIR-HP measuring point for mixture |
| temperatures 622 K<T</773K/. . ............... 84
5.7 Deviations between simulated NO, mass fraction at FTIR- |
| LP with and without considering CH,O| . . . . ... .. .. 85

Xix






Nomenclature

Nomenclature

Latin Letters

Acorr [']

b [-]

c [-]

Cr [mol/m?3]
Cp [/ (kgK)]
Co [/ (kgK)]
Car [-]

D [m?/s?]

D [m?2/(m3s)]
E, [J/mol]

f [-]

FF [—]

h [J/kg]

hs [J/kg]
hevap U/ (m3s)]
Ang - [J/kg]

H, J/kg]

k [m?/s?]

kf,b [(molm—3)1 —ns—1]
ko [same as k]
Keq [']

L [m]

It [m]

Iy [m]

m [kg]

M [kg/kmol]
p [Pa]

p [-]

Py [kg/(ms?)]

Correction factor

Temperature exponent
Combustion progress variable
k-th species concentration
Specific isobar heat capacity
Specific isochoric heat capacity
Auto-ignition correction factor
Molecular diffusion coefficient
Flame surface annihilation
Activation energy

Elliptic relaxation factor

Fuel fraction

Specific enthalpy

Sensible enthalpy

Evaporation heat loss

Enthalpy of formation

Lower heating value

Turbulent kinetic energy
Forward /backward reaction rate coefficient
Arrhenius pre-exponential factor
Equilibrium coefficient
Turbulence length scale

Integral length scale
Kolmogorov length scale

Mass

Molar mass

Pressure

Probability density function
Source term for turbulent kinetic energy

XX1



Nomenclature

92
(oY

RRM SRS ST

Z

R
NS

[—]
[J/(m?s)]
[J/(m?s)]
[J/ (molK)]
[—]

[1/s]
[m/s]
[m/s]

[K]

[s]

[s]
[kgm/s]
[J/kg]
[m/s]
[m?/s?]
[m?]

[-]

[-]

[-]

[m]

Greek Letters

XXii

Progress variable

Heat flux

Flame power

Molar gas constant
Stoichiometric coefficient
Magnitude of stain rate
Laminar flame speed
Fuel consumption speed
Temperature

Turbulence time scale
Time

Momentum

Specific internal energy
Velocity

Mean square velocity fluctuation
Volume

Mole fraction

Mass fraction

Ignition indicator scalar
Spatial coordinates

Beta function

Kronecker-Delta

Quench distance

Laminar flame thickness
Reaction zone thickness

Eddy dissipation rate

Efficiency factor

Mean flow induced flame stretch
Turbulence induced flame stretch
Thermal conductivity

Air-fuel equivalence ratio
Dynamic viscosity

Turbulent dynamic viscosity



Nomenclature

v [m?/s]

Vi [mz/ s]

Vi, [-]

ws,k [mol/(m3s)]
W [mol/ (m?3s)]
Wy [kg/(m3s)]
WFEy [kg/ (m3s)]
wr [J/(m3s)]
Wi [1/s]

wpy [1/s]

wno  [kg/(ms)]
¢ [-]

¢ [-]

o [kg/m?]

> [m?/m?3]
o2 [K?]

Tij [N/m?]

TAI [s]

THT [s]

Tr [s]

Ty [s]

Tt [s]

T [s]

4 [-]

Dimensionless Numbers

Da
Ka
Pr

Prt
Ret
Sc

SCt

PQ

Kinematic viscosity

Turbulent kinematic viscosity
Stoichiometric coefficient

Net molar production rate of species k
Net reaction rate of reaction step i
Mass source term of species k

Fuel consumption rate

Heat source term

Source term of the ignition indicator
Conversion rate of the progress variable
Production rate of NO

Fuel-air equivalence ratio

Fuel mixture ratio

Density

Flame surface density

Mean square temperature variance
Viscous stress tensor

Auto-ignition delay time

Main ignition delay time

Cold flame ignition delay time
Kolmogorov time scale

Integral time scale

Chemical time scale

Velocity scale ratio

Damkohler number
Karlovitz number

Prandtl number

Turbulent Prandtl number
Turbulent Reynolds number
Schmidt number

Turbulent Schmidt number
Dimensionless wall heat flux

XX1iii



Nomenclature

Subscripts/Superscripts

A

ad

b

CH,
C7His
CcO
CO,
CH>O
COpro
COcons

ini

max

min

N,

NO

NO,

NO2 — NO
NO — NO2
O,

OH

Q

T

TFu

TNO

TO2

XX1V

Zone containing methane-air
Adiabatic

Burned

Methane

N-heptane

Carbon monoxide

Carbon dioxide
Formaldehyde

Production of carbon dioxide
Consumption of carbon dioxide
Flame

Zone containing n-heptane
Fuel

Water

Indices

Inlet

Initial

Mixed zone

Maximum

Minimum

Nitrogen

nitrogen monoxide

nitrogen dioxide

nitrogen dioxide conversion to nitrogen monoxide
nitrogen monoxide conversion to nitrogen dioxide
Oxygen

Hydroxyl radical

Quenched

Tracer

Tracer fuel

Tracer nitrogen monoxide
Tracer oxygen

Unburned

Wall



Nomenclature

Mathematical Operators

Ok Ol

~
<

O

O »

gt

Acronyms

CA
CFD
CN
DF
DNS
EBU
ECA
ECFM
ECFM3Z
EEDI
EGR
FGM
FP1
FL
FTIR
FBN
GRI
GHG
HCCI
HP
IMO
ILDM

Reynolds-average
Favre-average
Reynolds-fluctuating term
Favre-fluctuating term
Time derivative

Surface averaging
Conditional averaging
Gradient

Difference

Crank Angle

Computational Fluid Dynamics
Cetane-Number

Dual-Fuel

Direct Numerical Simulation

Eddy Break-Up

Emission Control Area

Extended Coherent Flame Model
3-zones Extended Coherent Flame Model
Energy Efficiency Design Index

Exhaust Gas Recirculation

Flamelet Generated Manifold

Flame Prolongation of ILDM

Full Load

Fourier-Transform Infrared Spectroscopy
Fuel-Bond Nitrogen

Gas Research Institute

Green House Gases

Homogeneous Charge Compression Ignition

High Pressure
International Maritime Organization
Intrinsic Low-Dimensional Manifolds



Nomenclature

ITNFS
LES
LP
MEP
NASA
NG

P

PDF
PL
RCEM
ROHR
RPM
SCR
SOI
URANS
WSR

XXV1

Intermittent Turbulence Net Flame Stretch
Large Eddy Simulation

Low Pressure

Mean Effective Pressure

National Aeronautics and Space Adminstration
Natural Gas

Product

Probability Density Function

Partial Load

Rapid Compression Expansion Machine
Rate of Heat Release

Rounds Per Minute

Selective Catalytic Reduction

Start of Ignition

Unsteady Reynolds-Averaged Navier-Stokes
Well Stirred Reactor



1 Introduction

In order to limit pollutant emissions such as nitrogen oxides (NOy) and
sulfur oxides (SOx) caused by marine engines, regulations specified by
the International Maritime Organization (IMO) under MARPOL Annex
VI, known as the Tier I regulations [1], entered into force in 2005. These
regulations became much stricter when Tier II and Tier III entered into
force in 2011 and 2016, respectively; the Tier III regulations applied to
the so-called emission control areas (ECAs). Figure shows the NOy
regulations depending on the maximum engine speed as well as the lim-
itations on the sulfur content of the fuel as measure to control the SO,
emissions. In addition, the IMO introduced the Energy Efficiency Design
Index (EEDI) for CO, emissions in 2013 to tackle the climate change prob-
lem, with a target of reducing CO, emissions by up to 70% by 2050 com-
pared with 2008 levels.

The common technologies for fulfilling the required pollutant regula-
tions in the conventional marine diesel engines include the installation
of selective catalytic reduction (SCR), which is installed to reduce NOy; a
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Figure 1.1: MARPOL Annex IV NOy and SOy Emission Limits



Introduction

scrubber, which is installed to remove SOy by see water washing from ex-
haust gas; and exhaust gas recirculation (EGR) and emulsion, which are
used to reduce the combustion temperature. All of these common tech-
nologies introduce disadvantages in terms of system complexity, environ-
mental side effects and cost.

The lean natural gas (NG)-diesel dual-fuel (DF) engine can be a promis-
ing technology for fulfilling pollutant regulations. This configuration con-
sists of the port injection of NG to form a combustible air-NG mixture in
the cylinder. Due to the high auto-ignition temperature of methane (the
main component of NG), the mixture is ignited by the direct injection of
a small amount of diesel. The lean NG-diesel DF engine exhibits the fol-
lowing advantages compared with conventional diesel engines: A small
amount of diesel leads to less soot formation; the lower ratio of C/H
atoms of CH, causes lower CO, emissions; and NO emissions are sup-
pressed due to the lower peak temperature following lean combustion.
However, one drawback of this combustion method is the methane slip
from the crevices and due to quenching effects close to the cylinder walls
[2,3]. Various experimental studies using plug flow reactors have proved
augmented conversion of NO to NO, in the presence of small amounts of
CH, when excess air is present [4,5].

NO, has a higher toxicity and different formation mechanism compared
with NO. It is the precursor substance relevant to the formation of ground
level ozone (O;) and the cause of smog formation. Furthermore, mixing
of NO, with moisture causes the formation of nitrous acids (HNO,) or
directly nitric acids (HNO;), which is known as acid rain. The negative
effects of NO, on human health are acute symptoms and lung function
impairment [6,7]. Kerr et al. [8] indicated that exposure to 0.5 ppm NO,
for 6 hours could result in significant reduction of in people’s pulmonary
function.

Rofler et. al. have studied the NO, emissions from a single cylinder
diesel test engine experimentally [9,10]. In their study, it was evident that
in the whole engine operations window, meaning different engine load
and engine speed and without EGR, the level of NO, to NOj (as the sum-
mation of NO and NO,) remained less than 4%. Through the parameter
variations performed at an engine load of 25 % and an engine speed of
1400 RPM, they demonstrated that earlier start of injection, higher injec-
tion pressure or lower EGR leads to higher NO as well as NO, emissions.
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However the increase in NO, emissions was much more gradual com-
pared with the NO rise, and thus, the ratio of NO, to NOy fell. The highest
NO, to NOy ratio was recorded for the conditions leading to the lowest
produced NO (for instance, by higher EGR), as the level of NO was low
and most of produced NO converted to NO,. They showed that, among
different parameter variations, increasing the air-fuel equivalence ratio A
(higher O, concentration) had the greatest effect on increasing in-cylinder
NO, formation.

The direct influence of A on NO, emissions from Diesel engines was
also reported by Hilliard et. al. [11], who measured a NO, to NOy ratio of
approximately 30% under very lean conditions (A=4.55) and a low engine
speed of 1000 RPM. The increasing NO, formation under lean conditions
might, according to the authors, be due to the in-flame NO, production,
that escapes from the flame into cooler areas such as in quench zones,
which are widespread in diesel engines operated under lean conditions.

In gas engines, a significant NO, to NOy ratio was recorded by Olsen
et. al. [12], when the engine was operated under ultra-lean conditions.
Thus, both NO and NO, concentrations were reduced with increasing A,
and the NO concentration fell faster than NO,, leading to a higher NO, to
NO, ratio.

The experimental study of Lieu et. al [13] investigated NO, emissions
from heavy duty diesel engines operated in DF H,-diesel mode. Their
investigation revealed higher NO, emissions, namely three (at 70% load)
to five (at 10% load) times those of the diesel operation mode.

From the aforementioned experimental investigations, it is evident that
the NO, formation is actually driven by the conversion of NO. This con-
version is augmented under certain thermodynamic conditions and mix-
ture compositions, which are discussed in detail later in this thesis. The
governing reaction paths of NO-NO, conversion have been the subject of
several experimental and numerical studies. The performance of the few
available kinetic mechanisms is also discussed in this thesis.

1.1 Objectives

The objective of this study was to model the in-cylinder NO, formation in
a one-cylinder lean NG-diesel test engine of MAN, followed by the fur-
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ther NO, formation in its exhaust duct numerically. The model localizes
the in-cylinder NO, formation and the extent of NO, produced during
combustion in the engine and in the exhaust duct of a test engine.

To the author’s knowledge, no simplified model exists for capturing in-
cylinder NO, formation. Prior numerical investigations utilized detailed
kinetic mechanisms in computational fluid dynamics (CFD) to capture
combustion and NO, formation in a DF engine [14]. In this study, a low-
order model for predicting NO, formation/conversion as well as CH,
post-oxidation and CO formation/conversion, based on look-up tables,
was developed.

To accurately predict NO, formation, correct combustion modeling and
a correct prediction of the unburned CH, from crevices and caused by
flame-wall quenching were necessary. The 3-Zones Extended Coherent
Flame (ECFM3Z) combustion model was used in the simulation package
AVL-Fire, for which auto-ignition delay times and laminar flame speeds
were modeled based on the a priori generated look-up tables.

1.2 Outline of the thesis

The remainder of this thesis is organized as follows. Chapter 2 presents
the fundamental investigation of NO, formation in reactive flow by us-
ing batch as well as well-stirred reactors in Cantera, employing different
kinetic mechanisms. The aim of this investigation was to find out under
which engine-related stage (ignition, combustion or post-oxidation) and
mixture composition the NO, formation was augmented. The findings in
this chapter have used to efficiently model the NO, formation and con-
version in CFD calculations.

Chapter 3 describes the 3D CFD modeling of turbulent combustion. The
employed ECFM3Z combustion model as well as auto-ignition and lami-
nar flame speeds modeling in the context of DF combustion are described.
The simulations were carried out in AVL-Fire. The results of the com-
bustion simulations were compared with the experimental results. Pre-
cise capturing of combustion was necessary for correctly predicting of
in-cylinder pollutant formation and conversion.

Chapter 4 concerns the modeling of the pollutant formation and con-
version, which includes the modeling of NO, unburned CH,, CO and
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NO, species mass fractions. For predicting the unburned CH, a quench-
ing model based on the quenching distance was implemented in AVL Fire
with the crevice regions also taken into account.

For predicting the post-oxidation of modeled unburned CH,, the CO
formation/conversion, and particularly the NO, formation/conversion
in the engine, a method based on look-up tables is then proposed. In
this approach, the conversion rates of the so-called progress variables,
corresponding to the CH,, NO, and CO, mass fractions were computed
through 0D homogeneous reactor simulations by employing different ki-
netic mechanisms in Cantera and stored in look-up tables. During the
CFD calculations, the conversion rates were retrieved from the look-up
tables for each computational cell. The advantage of this approach is that
it avoids the time-consuming detailed kinetics calculation in CFD. The
implementation was performed in the CFD simulation tool AVL-Fire by
introducing transport equations with the source terms interpolated from
the look-up tables entries.

In Chapter 5, pollutant formation and conversion in the engine as well
as in the exhaust duct are presented. The latter ones are compared with
experimental results. Finally, the findings are summarized in Chapter 6.
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2 Prestudy of NO, Formation

This chapter aims to provide insights regarding the mechanism of NO,
formation in homogeneous reactive mixtures. The findings presented in
this chapter served as the basis for CFD modeling of NO, formation in the
investigated (DF) engine. The first section includes the theoretical back-
ground of modeling zero-dimensional reactive mixtures. The second sec-
tion concerns the prestudy of NO, formation under the conditions ex-
pected in DF engines by batch as well as well-stirred reactors. Thereby, the
effect of mixture temperature, pressure and compositions on NO, were
studied, in order to determine the variables that affect NO, formation for
CFD modeling later on.

2.1 Theory and Modeling of Reactive Chemical Systems

The chemical equilibrium of a reactive mixture is a state of a gas, for which
the Gibbs energy level has reached its minimum. On the basis of chemical
equilibrium it is possible to describe the final state of a gas phase regard-
ing its temperature, concentrations, etc. depending on the initial state of
the gas phase. The chemical equilibrium does not describe the time evo-
lution until the final state is reached. This implies that the finite residence
time of the gas in real applications is not taken into account. By contrast,
the reaction mechanism models the species evolution over time by em-
ploying several coupled elementary reactions. The open source software
Cantera [15] has been used to model the state of the reactive mixture by
employing different reaction mechanisms. A batch reactor is an appro-
priate model for investigating the non-steady state of a closed reactive
system over time with uniform composition and temperature. A set of or-
dinary differential equations for the species and temperature changes are
solved. The temporal change of the k-th species is calculated using

aYy  Mpwsy
dt —  p

2.1)
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where M and p are the molar mass of the k-th species and gas mixture
density, respectively. w; corresponds to the net production rate of the
k-th species:
Wef = Y Vkitri (2.2)
i
where w;,; is the net progress rate of the i-th reaction step and vy ; as the
stoichiometric coefficient of the k-th species in the i-th reaction step of the
reaction mechanism consisting of several reaction steps. Considering the
i-th reversible elementary reaction step in a complex mechanism:
ks
vaA + vgB k: vcC +vpD, (2.3)
b
the net progress rate w,; can be expressed in terms of the law of mass
action as follows:

wr,i = kglca]™*|cp]"® — kp[cc]"[cp]™P. (24)

k¢ and k; are the forward /reversed reaction rate coefficients, respectively,
and c, denotes the concentration of the k-th species. The forward reaction
rate coefficient k¢ is calculated using the Arrhenius equation:

_ Ea)
RT 7”7

where E, is the activation energy, k is the pre-exponential factor, b is the
temperature exponent, T is temperature and R ~ 8.314 [j/(molK)] is the
molar gas constant. The backward reaction rate coefficient can be related
to the equilibrium constant K., as follows:

k(T) = koT" exp( (2.5)

_ Ky

for which the equilibrium constant K,; depends on the thermodynamic
properties of the species determined through the NASA polynomials. The
temporal change of temperature due to reaction under isochoric condi-
tions can be written as:

AT _
PCo—z = = ) stk 2.7)
k
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where c, is the specific isochoric heat capacity and u is the partial specific
internal energy of species k, which can be related to the partial specific
enthalpy &y through

ue(T) = hi(T) — — (2.8)

In contrast to the batch reactor, the well-stirred reactor is an open system
that enables mass exchange. The model is based on the assumption of a
uniform composition and very fast mixing of the reactants and products.
Considering an inlet mass flow of ri1;, with mixture compositions Yy ;,, the
species conversion equation can be written as follows:

Y, iy, .
- = Yiin — Yi) + s 2.
dt m (Y% k) k (2.9)

and the energy equation is as follows:

dT 1
Cogy = T gy — YY) — ) Ws ki (2.10)
m k k

The left-hand side of equations2.9|and [2.10|tend toward zero as the steady
state is approached. In the following section both the batch reactor and
well-stirred reactor model are used for developing an understanding of
the mechanism of NO, formation.

2.2 Investigation of the NO, Formation Mechanism Using the
Homogeneous Reactor

In this section the NO, formation during the different stages of ignition,
combustion and post-oxidation of methane-air charge is investigated via
homogeneous reactors. The aim of this investigation is to understand
under which engine-related conditions, or rather at which time or stage
the NO, formation is augmented by employing different reaction mech-
anisms. Methane is taken as the substitute for NG. In the scope of this
work, only the effect of CH, on NO, formation was taken into account.
The potential effect of the low amounts of C,-C3 hydrocarbons present in
NG as well as diesel pilot, as the ignition source in DF engine, on the NO,
formation was neglected.
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In literature there are a few reaction mechanisms which have been val-
idated under different conditions to predict the C;-C, hydrocarbons oxi-
dation as well as NO and NO, formation.

Rasmussen et. al. [16-18] proposed a reaction mechanism for the ef-
fect of NO and NO, on C;-C; hydrocarbons oxidation. The mechanism
comprises chemistry submechanisms for H,/0O,, CO/CO,, NO/NO, and
C;-C; hydrocarbons and their interactions. The reaction mechanism has
been validated for high pressures ranging from 20 to 100 bar, medium
temperatures ranging form 600 K to 900 K and fuel air equivalence ra-
tios ¢ ranging from 100 (very rich) to 0.045 (very lean) in methane-air
mixtures. These sets of reactions are partly adapted from the previous in-
vestigations of Glarborg et. al. [19], modeling NO reduction by C; and C,
hydrocarbons and validated for the temperature range of 800 K-1500 K at
atmospheric pressure.

In another work, Sivaramakrishnan et. al [20] introduced a mechanism
for the oxidation of a NG blend (CH,-C,H) and the interaction of the
hydrocarbons with NO and NO,, consisting of 130 chemical species and
818 reversible elementary reactions. The rate coefficients were validated
against high pressure/temperature conditions . The Gri 3.0 [21] mecha-
nism, consisting of 325 reactions and 53 species is the widespread reaction
mechanism used for calculating the ignition and combustion of NG. This
mechanism also includes paths for NO andNO, formation.

This section presents an investigation of the performance of the reaction
mechanisms of Rasmussen, Sivaramakrishnan and Gri 3.0 in predicting
the NO, formation has been studied. First, the steady state of methane-
air combustion with the initial fuel-air equivalence ratio ¢=1 under an
engine relevant initial conditions of Tjn=700K and pini=50 bar and for dif-
ferent mixture residence times was calculated using the well-stirred re-
actor (WSR) model in Cantera. The WSR model exhibits the feature of
infinite fast mixing of reactants and products and it models the steady
state of the reactive system. The induction time of the radical formation
during the ignition is not taken into account; for this purpose, batch re-
actor model were employed, as described later in this section. In Figure
the final temperature, and CH,, NO, and NO, mass fractions are plot-
ted for a range of mixture residence times employing different reaction
mechanisms. Combustion occurs as the minimum residence time is ex-
ceeded, resulting in CH, oxidation and temperature rise. The NO mass
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( ) of: Ycpua ( ) and temperature (----- ) (left) and Yno ( ) and
Ynoo (----- ) (right) during different residence times; Tin;=700K, pini=50 bar,

¢=1

fraction increases as the burned gas remains at a high temperature over a
longer residence time (thermal NO formation predicted by Zeldovic [22]).
The NO, mass fraction rises as well; however it remains three orders of
magnitude lower than that of NO. It can be concluded that the amount of
NO, in the hot flue gas following the combustion remains very low. All
the mechanisms capture the same tendency.

The following calculations were conducted by using the homogeneous
batch reactor model and by employing different reaction mechanisms.
The produced hot flue gas containing NO might be mixed locally with the
unburned fresh methane-air mixture. In Figure the composition and
temperature evolution over time are plotted for a mixture of a low amount
of NO in the fresh methane-air mixture of ¢=0.5 at Tj,;=1200 K and p;»i=60
bar. It can be seen that following an induction time that differs by each re-
action mechanism, combustion occurs, leading to temperature rise and
consumption of CH,. During the induction time and the radical forma-
tion NO, concentration rises, accompanied by NO consumption. This im-
plies that the NO, formation is coupled with partial CH, oxidation. As
the temperature rises, the produced NO, converts back to NO quickly, as
predicted by all three reaction mechanisms. It can be concluded that NO,
formation is augmented in NO-methane-air mixture during the induction
time. However as combustion occurs and the temperature rises the NO,

10
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produced during the induction time converts back to NO, implying that
NQO, is not problematic at high temperatures. The strong temperature rise
due to CH, oxidation can be avoided by using very lean mixtures of CH,-
air. In Figure 2.3/ the species evolution in a mixture with low amounts of
CH, and NO in air at low temperature and pressure levels as expected
during the expansion stroke in the engine can be seen. It can be seen that
the temperature rise is low, and as a result, the produced NO, remains at
a high level over a long residence time, followed by NO and NO, evolu-
tion towards their equilibrium state by longer residence times. It can be
concluded that the high level of NO, is the result of low amounts of CH,
mixing with NO in the presence of O, as an oxidizer at low temperature
levels. As can be seen in Figure the NO, formation is frozen in the
absence of NO or O,. For the mixture of O, and NO in the absence of
CH,, the level of NO, remains low, compared with the NO concentration
as shown in Figure

Based on the aforementioned simulations, the strong susceptibility of
NO, formation in DF engines with a lean methane-air mixture can be ex-
plained as follows: The NO formation is the strongest in the zones with
the highest equivalence ratio, namely in the zone of diesel spray combus-
tion. The temperature in this zone is the highest, and thus, the formation
of thermal NO over time is enhanced [22,23]. Figures and 2.2/ indicate

11
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that the NO, concentration related to this state of combustion is very low.
High levels of NO, are reached when unburned CH,, which has survived
bulk combustion, is mixed and diluted with the product gas following
combustion containing NO and post-oxidized in the presence of O, at

12
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low temperatures. O, always present in the flue gas from lean methane-
air combustion.

The NO, formation rate varies depending on the mixture temperature.
This is depicted in Figure 2.5/for low amounts of CH, (Ycp,=0.00058) and
NO (Yno=0.0005) in the flue gas, which represents the main gas products
following the lean methane-air combustion with ¢=0.5 (Yo, =0.1127, Yy,
=0.745, Yo, =0.0778, Yr,0 =0.0636). NOy as a summation of NO and NO,
remains constant. For high temperatures and higher reactivity of CH,,

x10~4
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N w B U
1 1 1 1
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=
1

o
I

Time t [s] Time t [s]

O T=1700K; p=100 bar
¢ T=1300K; p=20 bar
o T=900K; p=1 bar

Figure 2.5: Prediction =~ of = Rasmussen @ (——), Sivaramakrishnan  ( )
and Gri 3.0 mechanisms ( ) for Ycy, and Yyno, for
different initial temperatures/pressures. Initial conditions:
Ycn,=0.00058,Y0,=0.1127,YN,=0.745,Y c0,=0.0778,Y1,0=0.0636, Yno=0.0005

NO, formation is faster, whereas at lower temperatures the formation
rates are lower. The high mixing temperature, however, results in fast con-
version of NO, back to NO during low residence times as seen by T=1700
K. At lower temperatures NO, still remains high for a longer residence
time as depicted for T=1300 K. At very low temperature level (T=900 K)
the oxidation of CH, and thus NO, formation are shifted to much later
times. Gri 3.0 even predicts no reactivity at this low temperature. Thus
the mixing temperature together with the mixture residence time plays a
key roll in the final amount of NO,. The different performance of the re-

13
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main products following combustion of methane-air ¢=0.5; T=1300 K, p=20
bar

action mechanisms, as depicted in Figure is the reason why the three
mechanisms are taken into account for the CFD calculations later on.

As for temperature/pressure, the mixture composition also affects the
extent of NO, formation. During the expansion stage, the CH, that sur-
vived combustion is mixed and diluted in the flue gas containing O, and
NO. Figure2.6/shows the effect of varying CH, initial mass fractions (with
a constant NO initial mass fraction) and varying NO initial mass fractions
(with constant CH, initial mass fraction) on NO, formation rate predicted
using the Rasmussen mechanism. Higher initial CH, mass fractions lead
to a higher oxidation rate of CH, and thus to a higher NO, formation
rate. Depending on the available NO amount however, the NO, is lim-
ited despite the increasing CH,, which can be expected due to the direct
conversion of NO to NO,. On the other hand, a higher NO mass fraction
leads to faster CH, oxidation and thus faster NO, formation and higher
NO, level, as depicted in the right part of Figure Besides the main
products, the flue gas from combustion also contains radicals that could
affect the NO, formation. The radicals” mass fractions in an equilibrium
state for an initial mixture of CH,-air with ¢=0.5, an initial temperature
of 700 K, and an initial pressure of 50 bar are as follows: You=0.00013,
Y0=3.6E-6, Yy=2.E-9 and Yno,= 2.03E-6. It can be seen that the OH mass
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fraction is higher than the mass fraction of the O radical by two orders of
magnitude, and the mass fractions of HO, and H radicals are negligible.
Hence, the effect of OH radicals on NO, formation is taken into account.
As depicted in Figure 2.7}, even a small amount of OH radicals accelerates
the CH, reactivity, and thus its oxidation. As a result NO to NO, conver-
sion is faster.

According to previous investigations the mechanism of NO, formation
was determined. The dimensions that affect the NO, formation rate were
also discussed. For further modeling of NO, formation in CFD, which is
discussed in Section 4.3 it was necessary to consider the mixture temper-
ature, pressure and CH,, NO, and OH mass fractions. Since the present
study was aimed at NO, prediction in a DF engine with a lean premixed
methane-air charge of ¢ ~ 0.5, the O, mass fraction in the flue gas was set
constant to Yo,=0.1127 for modeling purposes in CFD. Slightly lower or
higher values of Yo, would not affect the NO, formation that much due
to different orders of magnitude of the CH, and O, mass fractions.
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3 CFD Modeling of DF Engine
Combustion

The investigated DF engine in this thesis is a so-called diesel-ignited NG
engine, also referred to as a diesel-gas engine [24]. Port injected NG and
air enter the combustion chamber during the open inlet valves and form
a lean premixed NG-air charge in the cylinder. During the compression
phase, a small amount of diesel pilot is injected into the chamber. This
leads to the formation of a mixture of diesel-NG-air and the onset of ig-
nition. Following the ignition the flame front propagates in the premixed
background mixture.

A few challenges exist in the numerical simulations of such DF engines.
The first step is a cold flow simulation during charging through the in-
take manifolds. This is a prerequisite for accurately predicting the mixture
fraction of NG and air as well as the flow field and the turbulence field
in the chamber [25]. The next step is modeling the diesel injection to cap-
ture its penetration length and its mixing with the background mixture.
Accurate spray modeling is important for determining the ignition loca-
tion(s) [26,27]. An appropriate kinetic mechanism of a diesel-NG mixture
also plays a key roll in predicting ignition [28-30] and depicts another
challenge for modeling DF engines.

The 3D CFD calculation in the framework of unsteady Reynolds-
averaged Navier-Stokes (URANS) equations was used in the present
study. The simulation was conducted using the CFD software package
AVL-FIRE (version 2018.2). The charge exchange during the open inlet
valves was not simulated, and thus, the initial turbulence field in engine
was assumed to be homogeneous. In addition, the validation of the spray
model was not in the scope of this work. The spray modeling and the cor-
responding model parameters are based on validation cases conducted
by MAN.

In Sections 3.1 and [3.2| the theoretical background for modeling the re-
active turbulent flow is described. Sections 3.3 and 3.4 concern the phys-
ical analysis and numerical approaches for modeling the turbulent pre-
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mixed combustion that is expected to be the relevant combustion regime
for the investigated DF engine. For modeling turbulent combustion, the
ECFM3Z model was employed, which can model auto-ignition, diffusion
combustion and premixed flame propagation. The ECFM3Z combustion
model is described in Section 3.5 Since the ECFM3Z model was originally
developed for modeling diesel combustion, it was necessary to adapt
its sub-models for predicting auto-ignition and laminar flame speeds for
modeling DF combustion. The adapted auto-ignition model, described in
Section 3.6, had already been implemented in AVL-Fire in previous work
conducted at the Thermodynamics Institute and was used in the present
work. The adaption with respect to the modeling of laminar flame speeds
was implemented in the present work and is described in Section 3.7| Two
operation points were calculated. In section 3.8/ the simulations setups are
described, followed by the results of combustion simulations, presented
in Section 3.9

3.1 Theoretical Background of Modeling 3D Reactive Flows

To quantify the in-cylinder spatial distribution and temporal evolution of
quantities such as temperature and mass fractions, 3D CFD is used, which
solves a set of coupled non-linear partial differential equations. The tem-
poral and spatial change of p, U, ks, and Y), meaning the density, mo-
mentum, sensible enthalpy and species mass fractions in their differential
form, respectively, are as follows [31]:

e Mass:
— + . (pui) =0 (3.1)

where p is the density and u is the velocity.

e Momentum:

apu]- 0 B ap aTi]'
-t 3, (puiuj) = ax; +F+ I

(3.2)

where u; and u; denote the velocities in the i and j directions, respectively.
The first and the second terms in equation (3.2 represent the surface and
the volume force on the fluid respectively. The change rate of momentum
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due to the viscous stresses (third term) is considered by the viscous tensor
known as the momentum flux T;;:

o 2 auk au,- au]'

with p as the dynamic viscosity and ;; as the Kronecker delta function.

¢ Sensible enthalpy:

8phs 0 Dp 0 < aT) +8umj

o Tog Wum) =@rt et o \Yaw) Ty 6

where the heat source term as the first term on the right-hand side of
equation 3.4]is defined as follows:

N
wr = — Y Ah§ (3.5)
k=1

where w; denotes the production/consumption rate of the k-th species
and Ah% is the standard formation enthalpy of species k at Tp=298.15 K.
The right-hand side of equation 3.4| also includes the source term for the
pressure change (2nd term), the heat flux due to the conduction according
to Fourier’s law with A as the heat diffusion coefficient (3rd term), and
and the viscous heating source term (4th term).

In reacting flows, the species transport equation is solved in addition to
the above-mentioned equations.

e Species mass fraction:

aka apuiYk . 0 aYk ;
oF T Tom o <‘0D "axi) + (3.6)

where Y} denotes the mass fraction of the k-th species. The first term on
the right-hand side of equation 3.6 considers the change rate of the species
mass fraction due to diffusive transport according to Fick’s law, where Dy
is the molecular diffusion of the k-th species. The second term represents
the production/consumption rate of the k-th species. Since the equations
and [3.6lead to an over determined equation system, equation [3.6is
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solved for N-1 species. The last species mass fraction, usually N,, is de-

termined as follows:
N—-1

YWw=1-Y Y% (3.7)
k=1

In combustion engines the flow is generally turbulent. This leads to
higher complexity in solving the above-mentioned equations than in lam-
inar flows. Direct numerical simulation (DNS), large eddy simulation
(LES), and (Unsteady) Reynolds-averaged Navier-Stokes (URANS and
RANS) methods represent the approaches used to model the turbulent
flows. The extent of turbulent scale resolution is the highest in DNS fol-
lowed by LES. The RANS and URANS methods, based on the principle
of Reynolds decomposition, take the effect of turbulence on the mean
flow field into account by using a turbulence model. These approaches
are computationally much more efficient and appropriate for engineering
purposes. Hereafter the variable ¢ is splitted into the Reynolds-averaged
(¢) and Reynolds-fluctuation (¢") components:

dp=¢+¢ with ¢ =0 (3.8)

In the context of turbulent flows with variable density due to combus-
tion/compression, the mass-weighted averaging known as Favre averag-
ing is preferred [32-34]:
-0 (3.9)
p
The variable ¢ is splitted into the Favre-averaged ¢ and Favre-fluctuation
term ¢
p=¢+¢" with ¢ =0 (3.10)

Using the mathematical convention above, the Favre-averaged balance
equations are as follows:

e Mass: 35 3
0 e
e ) = 11
8t+8xi (o1;) =0 (3.11)
e Momentum:
aﬁﬁi 0 S ap - 0 = ="
T dx; (pitii;) + dxj O <T” P u].> (5.12)
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¢ Sensible enthalpy:

_~ N Py = U T,
ooy | 9 (pitihs) =aor + Dp, 9 (AaT - pu;'h;'> + 20

ot ox; Dt = ox ox; 0x;
(3.13)

e Species mass fraction:

i (ﬁ?"> d 7] Y.,
Y. ) =——— | o ko =2y —
Y. + o1, (Pquk> ox; (PDk 97, + pu; Yk> + Wi (3.14)

From Favre averaging of the equations, new terms appear that need to

—_—~——

be modeled. These unclosed terms include the Reynolds stresses u!'u" as

i
well as the enthalpy and species turbulent fluxes u/;’\h? and m , respec-
tively. In addition, the source term wy due to combustion has to be mod-
eled, which is described in Section According to Boussinesq [35]36],
the Reynolds stresses can be expressed in terms of mean strain rate in the
same way as the viscous stress for Newtonian isotropic fluid:

—— ou; OJu;j 2_0u 2
oujui = —py (a—x; + a_xj — gdijB_xI;) + gﬁk (3.15)

The difference hereby is that the molecular viscosity is replaced by the
so-called eddy viscosity p;, which is computed by applying a turbulence
model. Following the classical gradient assumption, the enthalpy and
species turbulent fluxes are closed through

— J22; a_ﬁs

"nn —
pu;'hi = Prox, (3.16)
v M E)Yk
pouY,! = e ax, (3.17)

Here, Pr; and Sc; refer to the turbulent Prandtl and Schmidt number,
which consider enthalpy and species transport due to turbulence. In tur-
bulent flows the molecular transport is much smaller than the turbulence
induced transport and can therefore be neglected. The unclosed term y;
is still to be modeled, which is described in the next section.
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3.2 Turbulence Model

3.2 Turbulence Model

Most turbulence models are based on previously mentioned Boussinesq's
assumption to model the eddy viscosity yu; to close the Favre averaged
equations. In the engineering applications the k- model as the two-
equation model is widely used. Thereby, transport equations for the tur-
bulent kinetic energy k and and its dissipation rate € are solved. The tur-
bulent kinetic energy is the mean kinetic energy per unit mass associated
with the turbulent eddies, which gets dissipated by the viscous forces at
the smallest turbulent scale, known as Kolmogorov scales. The transport
equations for the turbulent kinetic energy k and its dissipation rate € in
the standard k- model are as follows [37]:

d d d u\ ok _
at(pk) + o (puik) = P [(y + Uk) ax] + P — pe (3.18)

0 0 0 1\ oe _ée?
at(pe) + o (puje) = . Ky + (78) o ] + Cg1kPk ngp% (3.19)

The source term P is defined as follows:
——01;

P = —pu! u;’ o, (3.20)

The model constants are as follows:

C,=009 ; =10 ; 0:=13 ; Cqa=144 ; Cp =192
(3.21)
The turbulent viscosity is then estimated as [37]

kZ
e = pC— (3.22)

In the present work, the so-called k—@— f model developed by Hanjalic
and Popovac [38,39], and based on Durbin’s elliptic relaxation concept
was employed. According to this turbulence model, two more equations
are solved in addition to equations (3.18/and [3.19| leading to a 4-equation
turbulence model. This model is based on the argument that the turbulent
kinetic energy k is not the appropriate turbulent velocity scale, so that an
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additional transport equation for the dimensionless velocity scale ratio
(¢ = v?/k) is solved:

9pg | 0 (o) 9 u\ 97 4
ot ox, o, [<”+FC> a_x,-] tof ke 829

The term  refers to the the velocity scale ratio and 2 to velocity fluctua-
tions:

2 =Yl (3.24)

i=1
The elliptical relaxation term f takes the near-wall turbulence anisotropy

and nonlocal pressure effects into account, which is computed as follows:
[40]:

L*V2f — f = Lzax] (aai) f——( 1+C2p><g——> (3.25)

T and L are the turbulent time and length scale defined as:

T = max [min (lél \/;f;%)l/zCT ( )1/2} 1/ (3.26)
L = C; max [mm (7‘7, m> ,Cy (V?) }

with S as mean strain rate:

1 aui au]-
S = 1/28i;S;j Sij = 5 (a—x] + a—x1> (3.27)

The first terms in the formulation of T and L are known as the inte-
gral time and length scale associated with the largest eddies and the sec-
ond terms correspond to the time and length scale of the smallest ed-
dies known as the Kolmogorov scale. The “min” bound of the turbulence
scales is introduced as the constraint of the model to suppress the overpre-
diction of the eddy viscosity in stagnation point regions with high rates of
normal strain [41]. The “max” bound considers that the turbulence scales
can not be less than the corresponding Kolmogorov scales [42]. The tur-
bulent viscosity y; is then calculated using:

ur = pC,CkT (3.28)
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The corresponding coefficients are given as :

C,=022 0,=10; 0.=13 o0,=12; Ca=14[1+0.012/]
Co =19 (C =14 Cé =065 Cr=6; C.=036 C,=285

3.3 Regimes of Turbulent Premixed Combustion

The so-called combustion regime diagram (Figure proposed by
Borghi [43] and extended by Peters [44], characterizes the possible sce-
narios of turbulence-chemistry interaction in turbulent combustion. This
enables the modeling of an appropriate closure term for wy, which is de-
scribed in the next section. The turbulence and chemistry interactions are
evaluated by comparing their respective length and time scales and by
introducing different dimensionless numbers as follows. The turbulent
Reynolds number is defined as

Re; = u'l; /v (3.29)

where /; is the integral length scale, ' is the velocity fluctuations and v
is the kinematic viscosity. The Damkohler number Da corresponds to the
ratio of integral time scale T; to chemical time scale 7. as follows:

E . lt/u’

Da = =
Te orL/sr

(3.30)

where 0; and s; are the laminar flame thickness and unstrained laminar
flame velocity, respectively. The Karlovitz number Ka is defined as the
ratio between the chemical time scale and Kolmogorov time scale T;:

. ou/st (60’
! T, Vv/e ( Iy ) (3.3

Various combustion regimes can be categorized in terms of length ratios
(It /61) and velocity ratio (4’ /s, ) as shown in Figure

When Da < 1, the chemical time scales are larger than the turbulence
ones, implying that combustion is entirely controlled by chemistry. High
turbulence, namely high fluctuating velocity, results in intensive mixing
of the combustion products with reactants like in perfectly stirred reac-
tors. For Da > 1 the chemical time scale is shorter than the integral tur-

23



CFD Modeling of DF Engine Combustion

103
Da<<l1
broken reaction zone

102 |
Q" thin reaction zone
‘510

corrugated flamelets
1 |
laminar flaN wrinkled flamelets
Da>>1
0-1 4 t } }
0.1 1 10 102 103 104
le /&

Figure 3.1: Turbulent combustion regimes proposed by Borghi and extended by Peters
in terms of length scales ratios and velocity ratios [43,44]

bulence time scale. This implies that the chemical reactions are faster than
the speed of turbulence motions and the turbulence does not affect the
flame inner structure. The flame can be modeled as ensemble of lami-
nar flamelet surfaces, wrinkled by turbulence. The area with Re; < 1
represents the laminar flame region. When Ka < 1, the chemical time
scale is shorter than any turbulent time scales and the flame thickness
is smaller than the Kolmogorov length scale. In the so-called wrinkled
flamelet regime the flame front is thin and represents an ensemble of lam-
inar flamelet wrinkled by turbulence. In the so-called corrugated flamelet
region, the laminar flame thickness is still thinner than any turbulent
length scales. However the turbulent velocity is higher than the flame
speed (u’ > sp). As a result the turbulence motions wrinkle the flame
front up to flame front interactions that leads to the formation of pockets
of fresh and burned gases. The line Ka = 1 implies that the laminar flame
thickness equals to the Kolmogorov length scale, which is known as the
Klimov-Williams limit. This limit represents the transition between the
flamelet combustion regime and distributed combustion regime, where
the turbulence leads to the distortion of the flame front. However, Peters
showed that for Ka > 1, the reaction zone might not necessarily change.
As the reaction zone, where the heat is released, is smaller than the flame
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thickness (6, ~ 0.19.) the zone of 1 < Ka < 100 represents the thickened
flame regime, for which the smallest turbulent eddies can penetrate the
preheat zone but not the inner reaction zone.

In the next section the numerical approaches for closing the source term
Wy are introduced.

3.4 Numerical Approaches for Modeling Turbulent
Combustion

Simple turbulent combustion models usually aim to predict the consump-
tion rate of the fuel by considering a single one-step irreversible reaction:

Fu+sO, — (1+5s)P

where s denotes the stoichiometric coefficient. The mean consumption
rate of the fuel can be formulated by averaging the Arrhenius equation
is as follows:

- - o~ e~ E
Ory = Wry(Yeu, Yo, T) = —koo* T Yr, Yo, exp (—R—%> (3.32)

where Yr, and Yo, denote the mass fractions of fuel and oxygen, respec-
tively; E, is the activation energy, k is the pre-exponential factor, b is the
temperature exponent, T is temperature, and R ~ 8.314 [j/ (molK)] is the
molar gas constant. In this formulation the effect of turbulence-chemistry
interactions is not considered. It is assumed that the mean reaction rate
corresponds to the reaction rate obtained by using mean local values of
temperature T and mass fractions Y. However, the strong non-linearity of
the Arrhenius equation with temperature makes this formulation inade-
quate in turbulent flows with high fluctuating temperatures. This formu-
lation would be appropriate for the flows with a low Damkoéhler number
as the chemical time scales are larger than the turbulent time scales. To
tackle the problems encountered by averaging the Arrhenius equation,
different combustion models based on the previously described physical
analysis of turbulent combustion have been proposed. The eddy break
up (EBU) model introduced by Spalding [34,45,46] for turbulent flows
with Re > 1 and Da > 1 assumes that in contrast to the previous Arrhe-
nius model, the chemistry does not play an explicit role in mean reaction
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rate. Thereafter, the mean consumption rate is controlled by the turbulent
time scale and the temperature fluctuations. This model is attractive due
to its simple formulation, which does not require any transport equation.
There are a few combustion models in the literature that consider both
turbulence and chemical effects on the mean reaction rate, including the
probability density function (PDF) model [47,48], the level set approach
using the G-equation [49,50] and the flamelet generated manifold FGM
model [51}52]. The flame surface density model valid under the flamelet
assumptions is also a widely used combustion model for predicting tur-
bulent premixed and partial premixed combustion. This model has been
applied successfully in modeling combustion in reciprocating engines
([53-56]). The flamelet assumption is considered to be valid in technical
combustion systems such as reciprocating internal combustion engines,
regarding that quenching does not occur [57]. According to the flamelet
assumption the reaction occurs in an infinitely thin flame front that sep-
arates the unburned and burned zones. In this combustion regime, the
flame thickness is smaller than all the turbulent scales (Ka < 1), so that
the flame front is modeled as ensemble of small laminar flames (flamelets)
wrinkled by turbulence. The concept of the flame surface density model
and its implementation is illustrated in Figure B.2l The mean fuel con-

Fresh

}l\FIame
—_— N—

Burnt

Local Level (Library):
Flamelet consumption: s,

Flame "stretch"

Global Level:
Flame surface density 2

Y

Mean reaction rate: @g, =p,Sc =

Figure 3.2: Concept of the flame surface density model [31]
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3.4 Numerical Approaches for Modeling Turbulent Combustion

sumption rate is expressed as the product of flame surface density X (i.e.
the flame surface area per unit volume) by the local fuel consumption rate
per unit of flame area p, (s.), [58,59]

Wry = Pu (Sc), = (3.33)

where p, is the fresh gas density and (s.), as mean fuel consumption
speed along the flame surface. The flame surface density X (m?/m?>) con-
siders the flame front wrinkling caused by the turbulence. The advantage
of this model is the decoupled consideration of chemistry and turbulence.
The effect of kinetics is considered by means of fuel consumption speed
and the turbulence-chemistry interaction is taken into account by flame
surface density. The consumption speed refers to the speed at which the
flame burns the reactants. The DNS investigations of Harworth et. al. [60]
revealed that, to the first order, the mean consumption speed can be sub-
stituted by the unstrained laminar flame speed s; of freely propagating
flame s, ~ s;. The laminar flame speed can be tabulated with respect to
temperature, pressure, fuel-air equivalence ratio, and EGR if needed by
employing detailed kinetics in Cantera or Chemkin.

The flame surface density 2~ can be modeled either algebraically or by
solving a transport equation for X.. The transport equation for X in its
closed form can be given as follows:

X JuX 0 (vt )

— = — | —= " >—D 3.34
ot + axi axi Oy, axi) T + ke ( )

where «,, and x; are strain rates contributions on flame surface production
induced by mean flow field and turbulence motions, respectively. D con-
siders the annihilation of the flame surface due to the reactant consump-
tion; 1; is the turbulent kinematic viscosity; and os is the flame surface
turbulent Schmidt number. Various closures formulations of the source
terms in equation exist. These source terms for the CFM model are
given in Table [61,62]. The ECFM3Z model employed in this thesis
and described in the following section uses the same closure terms: where
«p and By are model parameters, and prr, and pr, correspond to the den-
sity of tracer fuel (without consumption) and fuel being consumed due
to combustion. The flame stretch generated by turbulence is estimated as
k¢ = &/k corrected with the efficiency factor I'y, according to the Intermit-
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Table 3.1: Source and sink terms of the flame surface density balance equation ac-
cording to CFM Model

K 2 ‘ K2 ‘ D

o1, PTEUSL 2
Aika—x]lfz ‘ aorK%Z ‘ ‘50—%2; 2

tent Turbulent Net Flame Stretch (ITNFS) model [63-65]]. This function

accounts for the interaction of the eddies and the flame front depending

u L

on velocity and length ratios I'g (5, E) and is determined in DNS simu-

lations of flame vortex interaction [66]. x,, is usually neglected compared
to x;. Based on the described flame surface density model, the ECFM3Z
model proposed by Colin [67] was used in thesis for modeling of DF com-
bustion, which is described in the following section.

3.5 ECFM3Z Combustion Modeling of DF Engine

The Numerical investigation of combustion in a diesel-NG DF engine re-
quires the modeling of ignition in the mixture of vaporized diesel and
NG-air followed by flame propagation in the premixed lean mixture.
URANS simulations coupled with detailed kinetics have been employed
in various studies, to cover the ignition and combustion of both fuels
[68-70]. The employed kinetics included both n-heptane (as a diesel sub-
stitute) and methane (as NG substitute) oxidation reaction paths. How-
ever, the turbulence-chemistry interaction as described in the previous
section has not fully been taken into account. Turbulence has been consid-
ered merely by computing the reaction rates employing Arrhenius equa-
tions with the Favre averaged properties, namely T and Y;. In addition to
this limitation the computational times are high. The 3-Zones Extended
Coherent Flamelet (ECFM3Z) model proposed by Colin et. al. [67] is an
approach that can consider all combustion regimes in a single model.
This model is an improvement of the Extended Coherent Flamelet Model
(ECFM) developed by the same author for modeling premixed/partially
premixed combustion [71].

The ECFM model belongs to the family of flame surface density mod-
els described in the previous section, which enables the modeling of
premixed and partially premixed combustion and has been tested suc-
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cessfully in modeling gasoline engines reported by different authors
[72,[73]. Thereby, the turbulence-chemistry interaction is modeled under
the flamelet assumption using the flame surface density model, which ac-
counts for the effect of turbulence on flame front wrinkling. The key fea-
ture of the ECFM model is the conditional averaging technique. The local
properties of the unburned gas (mixture composition, density, tempera-
ture) for computing the flame speed in fresh gas as well as the properties
of the burned gas for modeling the pollutant formation are reconstructed
accurately in a computational cell. The ECFM3Z model as the extension
of the ECFM model can additionally account for auto-ignition and mix-
ing controlled combustion. This has been achieved by adding an appro-
priate auto-ignition model [74], mixing model and diffusion combustion
in addition to the features of ECFM model. The feasibility of this model in
predicting DF combustion was demonstrated in [75], where a transition
from auto-ignition to propagating flame was captured by modeling an
initial flame surface density. The combustion modeling of the investigated
diesel-NG DF engine in the framework of the ECFM3Z model is described
as it follows: The computational cell is splitted into three subdomains: (1)
an unmixed zone containing pure n-heptane (as a diesel surrogate), (2)
a zone with methane (as a NG substitute)-air mixture, and (3) the mixed
zone that is evolved through progressive mixing of n-heptane with the
methane-air mixture in the computational cells. The conditional averag-
ing technique is applied to each of these zones, characterized by the su-
perscript u for the unburned and b for the burned state. The different sub-
grid zones in the ECFM3Z model and their evolution are sketched in Fig-
ure Initially just the zone A" exists, corresponding to the methane-air
mixture and F*, which represents the mass of the injected and evaporated
n-heptane (Case A). The mixing model allows to progressively transfer
the masses in zones A* and F* in the mixed zone M* (Case B). The auto
ignition delay time is computed in zone M". When the ignition criterion
is fulfilled, auto-ignition occurs and the fresh gas in M* is rapidly con-
sumed. Following ignition, the fuel consumption due to premixed com-
bustion also occurs in zone M* (Case C). The combustion products form
the region MY, where the post-flame kinetics are computed using Arrhe-
nius equations. The post-flame calculations include the oxidation of pos-
sibly remaining fuel in the case of rich mixtures or diffusion combustion
as well as the prediction of pollutant emission such as NO (Case D). To
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Figure 3.3: Subgrid zones according to the ECFM3Z model and their evolution [67]

predict auto-ignition and premixed combustion in the fresh gas zone M*
as well as post-flame reactions and pollutant formation in the burned gas
zone MY, the gas properties, namely species mass fractions and tempera-
tures in these regions, must be reconstructed. This is achieved by solving
a set of transport equations and employing a conditional averaging tech-
nique.

A brief description of the model implementation is given as follows. A
much more detailed description can be found in [67]. The first set of trans-
port equations are solved for the Favre averaged density of the global
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species, namely fuels (n-heptane and methane), O,, N,, NO, CO, ,CO,
H,0, H, O, OH, and NO:

Y. opiY. 9 aN

ot 0x; o0x; Sc Sct

The transport equations predict the evolution of the species mass fractions
in the computational cell. Thereby y and y; denote the laminar and turbu-
lent viscosities, respectively, and Sc and Sc; are the laminar and turbulent
Schmidt numbers. The source term wy considers the consumption of n-
heptane and methane starting with auto-ignition followed by premixed
or diffusion combustion. The consumption/production rates of the other
species are based on the stoichiometry balance equations and equilibrium
assumptions. For each of the aforementioned species so-called tracers are
transported according to equation 3.35 for which w equals zero. These
variables are required to predict the mixture composition in zone M*. The
state of combustion under the flamelet assumption can be tracked via the
progress variable ¢, which is proportional to the oxidized fuel mass frac-
tion since the start of combustion:

Ylglul + YlgluZ
Yrew + Yrro

=l
c=1- 1 (3.36)
m

where Yﬁ‘ul and Yﬁ‘uz are the unburned n-heptane and methane species
mass fractions and Yrr,; and YTFuz are their tracer mass fractions. The
mixing state of gaseous n-heptane in the background methane-air mix-
ture in the zone M is described by solving transport equations for the
so-called fictious unmixed quantities for n-heptane (YL ), CH, (YA,), O,
Y 4,) and their tracers. The mixing rate as the source term for these trans-
port equations is proportional to the volume fraction of the species and
a characteristic mixing time scale proportional to the turbulent time scale
k/e. Knowing the global species mass fractions and the unmixed quan-
tities, it is possible to reconstruct the mixed quantities by applying mass
conservation of the species in the cell. For example the density of the fuel
tracer of n-heptane in the mixed zone p}. ; is

p%—"ul - pY%ul - pTFul - p?ul — p?TFul - f_)?}::ul (337)
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where pf. , is the density of the unmixed Ful (n-heptane). For reconstruct-
ing the species mass fractions (global and their tracers) in each zone the
conditioning technique is applied. With Y, = 0,/ p as the average mass
fraction of species k, the average mass fraction of species k contained in
zone Z is lekZ = p//p . Following this, the mass fraction of species k in
zone Z conditioned to this zone is given by:

YkZ’Z - g_é - ;:—ki (3.38)
The mass fractions in the fresh gas, such as for n-heptane, can be given as
Yt = Prea _ y (3.39)

wl,m oM TFul|,

which states that the mixture composition in the unburned fresh gas
equals the average composition if no combustion would have occurred,
given by the fuel tracer in the mixed zone. To reconstruct the species mass
fraction such as O, OH and NO in the burned gas the classical relation-
ship between the mean value, the unburned one and progress variable c
is used as follows:

- (1-oyeM

YffM‘ — M uM (3.40)
b,M C

In analogy to the reconstruction of the mass fractions in the burned gas,
the burned gas enthalpy for predicting the correct burned gas tempera-
ture is calculated using

~

h=(1—Cym) " + Cymh (3.41)

where ¢}, ) is the mass fraction of zone Mb and thus 1 — ¢y is the mass
fraction at the fresh gas temperature T". h* refers to the fresh gas enthalpy
calculated by the transport equation

J —7u d —~Tu\ _ 0 U Ut 873” ﬁa_p —
ot (Ph ) - ox; (pulh ) 0x; <(P1’ + Prt)axl-> Tees 0y Ot - Heoap
(3.42)
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where .y, is heat loss caused by evaporation of the liquid phase.
Through the above-mentioned equations, the mixture composition and
temperature relevant for predicting auto-ignition, premixed combustion,
and pollutant formation can be computed.

In the following sections, appropriate models for predicting auto-
ignition as well as computing the laminar flame speed in the fresh gas
of n-heptane-methane-air are described.

3.6 Ignition Delay Time Model

Locally auto-ignition leads to a rapid consumption of the mixed fuel
and air. The modeling challenge is to predict the location and the in-
stance of this occurrence. Classical diesel auto-ignition models such as
those proposed by Halstead et. al. [76] (shell model) and Pinchon [77]
are based on an oversimplified consideration of the effect of chemistry on
auto-ignition, which is not accurate enough for modeling auto-ignition in
diesel or DF engines due to their complex chemistry. On the other side,
capturing auto-ignition by employing detailed kinetics is not computa-
tionally efficient in 3D modeling of engine combustion. Another approach
suitable for 3D modeling is the tabulation method proposed by Pires Da
Cruz [78], which relies on the a priori generation of a look-up table from
simulations in homogeneous reactors in Chemkin [79] or Cantera em-
ploying complex chemistry. The principle of this method is illustrated in
figure 3.4 using the temperature evolution in n-heptane/air mixture in a
constant volume reactor calculated in Cantera using the LLNL v3 mecha-
nism [80]. N-heptane is used as a surrogate for diesel as its cetane-number
(CN) is similar to that of diesel fuel, leading to similar auto-ignition de-
lay times. In the case of high temperature ignition (T=1000K), the start of
heat release is characterized by solely one time tyr. Following this time
the total heat of the reaction is released in a small time interval. In the case
of low temperature ignition, however the heat release (shown as the tem-
perature rise) occurs in two stages. The first stage known as cold flame
characterizes an ignition delay time Tir, after which only a low amount
of the total heat gets released rapidly. Following the first heat release, the
reactions slow down until the second delay time Tyt is reached. At this
time the main heat release occurs rapidly.
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Figure 3.4: Cold flame ignition delay time 7,7 and main ignition delay time 7y for n-
heptane air mixture with fuel-air equivalence ratio ¢=1 under an initial pres-
sure of 1.5 MPa and initial temperatures of T= 750 K (left) and T=1000 K
(right) in a constant volume reactor

In the look-up table, the cool flame 77 (if present) and the main flame ig-
nition delay times Tyt are stored with respect to temperatures, pressures,
fuel-air equivalence ratios and EGR (if applicable) through simulations
using the homogeneous constant volume reactor. The tabulated times cor-
respond to the instances of maximum temperature derivative versus time
during the cool flame ignition and main ignition. In addition the heat re-
leases at 71 and T, namely h; and h,,, are tabulated, respectively. The
fuel consumption during the cool flame is limited to the ratio h1 /hyax.

To capture the ignition delay time in DF correctly, the interaction be-
tween the fuels n-heptane and methane must also be considered. The
RCEM experimental investigation of Schlatter et. al. [29,30] showed pro-
longed ignition delay under the presence of methane compared with
that of the pure diesel. Auto-ignition in DF engines is affected by the
lower compression end temperatures. For accurate prediction of auto-
ignition, a suitable reaction mechanism is required, particularly in the
low-temperature regime.

In the literature, several kinetic mechanisms have been developed and
validated for NG or n-heptane. To the authors knowledge, there is no val-
idated mechanism for n-heptane/methane fuel blend. For this reason the
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3.6 Ignition Delay Time Model

kinetic mechanisms employed in modeling DF combustion in different
studies rely on the mechanisms validated for n-heptane, which also in-
clude the submechanisms for CH, oxidation. However, there are a few of
them, which might be appropriate for modeling the ignition in DF com-
bustion.

A comprehensive study was conducted by Jud [81] on the performance
of the LLNL, Chalmers [82] and Rahimi [83] kinetic mechanisms in pre-
dicting the ignition delay times in n-heptane-methane-air mixtures. In his
dissertation, these mechanisms were compared with the experimental re-
sults of a rapid compression expansion machine (RCEM), where diesel
was injected into the background mixture of methane-air. He demon-
strated that the Chalmers and Rahimi mechanisms can reproduce the ig-
nition delay times fairly well for the temperature range of 750K-870K and
an equivalence ratio of the methane-air mixture of ¢=0.5.

Schiffner [84,85] also investigated the performance of the LLNL and the
Chalmers mechanism in predicting the ignition of n-heptane-methane-
air mixture. He reported better performance of the Chalmers versus the
LLNL mechanism when predicting ignition delay times at low tempera-
ture levels.

The look-up table used in the present work for modeling auto-ignition,
had already been generated and incorporated successfully in AVL-Fire
in the previous work conducted at the Thermodynamics Institute by
Schiffner [84]. The cold flame and main flame ignition delay times as
well as the corresponding heat releases were evaluated by using the tem-
perature evolution, computed with the constant volume reactor model
by employing the Chalmers mechanism. The reactor calculations were
carried out for different temperatures, pressures, fuel-air equivalence ra-
tios and fuel fractions as ratios of n-heptane to total fuel mass (n-heptane
and methane). The evaluated ignition delay times and heat releases were
stored in the look-up table with respect to the aforementioned parame-
ters, leading to a 4D look-up table.

During the CFD calculation the ignition delay times in each computa-
tional cell are retrieved from the look-up table using the local mean un-
burned temperature T*, mean pressure p, mean equivalence ratio ¢ and
mean fuel fraction FF:

T = f(T, p, ¢""

u,M

,FF
M

. (3.43)

7
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The mean fuel fraction employing the conditioning technique of the
ECFM3Z model is given as follows:

v u,M M
YFuZ YTFuZ
= —— = M (3.44)
M,M u, u, M M
YPul UM + YPu2 YTFul M + YTFuZ

—u,M

u,M M

where YTpul, lNKTpuz are the tracer mass fractions of n-heptane and methane,
respectively. For predicting the location and the instance of ignition in
CFD a transport equation for an indicator species Y7 is solved:

d(pY1)
of | ox  ox

a(f)ﬁjf/[) . 0 Ut H aYI _
((SCt +§)a—x]> —I—,OCUI (345)

The source term w; on the right-hand side of equation is calculated
using the tabulated ignition delay times scaled by the local fuel mass frac-
tions:

W = CAI<?TFu1 + ?TFuZ)F(TAI) (3.46)

where 74 is the ignition delay time retrieved from the look-up table. The
model constant Cy4; is introduced for adjusting the simulations results
with the experimental ones. The function F(t4;) must fulfill the criterion
of

/ MR =1 (3.47)
0

This can be achieved by, for example, setting F (Ta;) = 1/7Tas. An exten-
sion of this formulation proposed by da Cruz [78] is used and adapted to
the investigated DF combustion:

\/<Bzr§1 +4(1 — Bra)y—5—)

Yrru1 +YTRu2

F(TAI) =

3.48
o (3.48)

If the indicator species Y] in a computational cell fulfills the criterion of
Y1 > (Yren + Yrrua) (3.49)

then the main ignition delay time is reached and the fuel species are con-

. — — Yr, L.
sumed according to wr,; = —p, i’”, where T, refers to the characteristic
C

chemical time scale . For modeling the cold flame ignition a second indi-
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cator species is transported according to equation where the tabu-
lated cold flame ignition delays are retrieved and used for computing the
source term according to equation In the case the cold flame ignition
occurs, the fuel consumption is limited to /1 / hmax. The corresponding en-
thalpies are taken from the look-up table.

3.7 Premixed Flame Propagation Modeling

Following ignition, a flame kernel develops and the flame front propa-
gates in the mixture of n-heptane-methane-air or rather methane-air as
the combustion proceeds. The turbulent reaction rate of the fuel is calcu-
lated using the flame surface density model as follows:

W = 0, YTR1SLE

= P (3.50)
Wr2 = P, YTFu2S1L.Z

where p,, is the unburned gas density, X is the flame surface density from
equation and Yrr,1 and Yrr,» are n-heptane and methane tracer mass
fractions. The ECFM3Z model requires a start value for the initial flame
surface density following the onset of ignition. For setting the initial flame
surface density the approach introduced by Colin et. al. [71] and adapted
by Belaid Saleh [75] in context of DF applications is used:
7)

Zim‘ - C X |VE/| X (1 —|— ? (351)

It is based on the gradient of the progress variable ¢ and considers the in-
fluence of turbulence wrinkling using the ratio of turbulent kinetic energy
k and the mean velocity u# on the regime transition from auto-ignition to
flame front propagation. The constant C can be seen as an adjustment for
regime transition and can take values between 0 and 1.

The unstrained laminar flame velocity s is still to be evaluated. The
mixture of n-heptane and methane must be considered in the zones,
where both fuels exist. Experimental studies conducted by Li [86] re-
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vealed a linear behavior of laminar flame speed with respect to the fuel
mixture ratio ¢ defined as

XcrH16

= 3.52
Xczmie + XcHa (3.52)
where X; as the mole fractions of the fuels. Thus, the influence of the
fuel mixture ratio on laminar flame speed during CFD calculation is con-
sidered by linear interpolation of the laminar flame speeds of n-heptane

(Sreype) and methane (sp,,,) according to [87]:

SLpr = SLerme® Tt SLleps (1 - g[)) (3.53)

In the present work, the unstretched laminar flame speed of n-heptane
was calculated by using the Chalmers mechanism and that of methane
by using the Gri 3.0 mechanism in Cantera. The calculated flame speeds
for n-heptane and methane were tabulated in two look-up tables with
respect to temperature, pressure and fuel-air equivalence ratio, leading
to two 3D look-up tables. During CFD calculation, each flame speed is
retrieved from the corresponding table, depending on the local mean un-
burned temperature, pressure, and conditioned unburned equivalence ra-
tio:

sp=f <T”, p, @”’M’u/M> (3.54)

The flame speed in each computational cell in CFD is then computed by
using equation[3.53] The introduced look-up tables for auto-ignition delay
times and laminar flame speeds are used for simulating two operation
points in the context of the ECFM3Z model.

3.8 Setup of the Simulation

In this work, the DF test engine of MAN was simulated. The engine spec-
ifications are presented in Table 3.2l The intake stroke during opened in-
let valves was not simulated. The simulations included the combustion
and expansion stroke with closed valves as well as the exhaust stroke as
the exhaust valves were open. The corresponding domains are illustrated
in Figure On the left upper side of the figure, the sketch of the en-
gine during the closed valves is depicted, which was meshed and used
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Table 3.2: Engine specifications of the MAN test engine

Parameter Value
Bore x stroke 35 cm x 44 cm
Compression ratio 12

Exhaust valve opening/closing 499 °CA / 754 °CA

Injector Nozzle diameter 0.16 mm
Number of nozzle holes 5
Engine speed 750 r/min

Pilot injector offset from center (Ax,Az) | (-3.9 cm,-3.9 cm)

for computations from 320 °CA up to 499 °CA. On the lower left side
of the figure, the sketch of the engine with exhaust manifolds is shown,
which was meshed and used during the exhaust stroke as the exhaust
valves are open. It is to be noted that the crank angles are given in ab-
solute values with 360 °CA referring to the top dead center with closed
valves. The domains (with closed valves and with opened exhaust valves)
were meshed using polyhedral cells in AVL-Fire, as shown in Figure
for the computed domain during the opened exhaust valves. The cell size
on the walls (surface cells) was set to 1 mm and the volume cells were
2 mm wide. The grid cells in crevice regions as well as at exhaust valve
seat were refined. The calculations were initialized at 320 °CA during the
compression stroke. The initial methane-air mixture fraction as well as
initial turbulence field in the chamber were assumed to be homogeneous.
The corresponding initial turbulent kinetics energy k;,; and dissipation
rate €;,; were taken from MAN’s cold flow simulations. Two operation
points were simulated. The initial conditions are presented in Table [3.3|
N-heptane was taken as the diesel surrogate. The onset of the ignition has
been adjusted to the experimental results using the pre-factor introduced
in equation In addition, the model constant «y of the ECFM3Z model
described in table[3.1jlwas adjusted to reproduce the experimental heat re-
lease rates.

For spray calculation the liquid phase was treated as a large number of
discrete computational parcels, spread over the flow domain according
to Dukowicz’s Discrete Droplet Method (DDM) [88]. In this approach,
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Figure 3.5: Simulated domain during the combustion and expansion stroke with closed
valves up to 499 °CA (upper left) an that during the exhaust stroke (lower
left); Cross sectional views in z direction (right)

each computational parcel represents a finite number of droplets of iden-
tical properties in terns of their location, diameter, velocity and temper-
ature. The subsequent evolution of the properties of droplets are tracked
through the continuous flow field by solving ordinary differential equa-
tions for their momentum as well as heat and mass transfer. The droplets
are tracked in a Lagrangian way. The the two-way coupling between the
statistical parcels with the continuous gas phase is taken into account in
a Lagrange-Euler framework [89]. The amount of fuel injected and the
corresponding injection rates were acquired from measurements. The at-
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Figure 3.6: Computational mesh of the engine and exhaust manifolds during the exhaust

stroke

Table 3.3: Simulation cases specifications

- case FL | case PL
Mean effective pressure MEP (bar) 14.95 8.01
$cHy—air () 0.5464 | 0.5184
Injected pilot diesel volume (mm?>) 38.5 52.5
start of injection SOI (°CA) 327 327
injection period (ms) 1.0 1.28
ratio of n-heptane to methane mass 0.01 0.0214
Temperature Tj,; (K) 583 578
Pressure p;,; (bar) 18.58 12.138
Turbulent kinetics energy k;,; (m?/s?) 25 25
Turbulent dissipation rate €ini(m?/s%) | 10000 10000

omization of the spray was modeled using the WAVE break up model
of Reitz [90]. Further information can be found in [91]. The Dukowicz
model was chosen for evaporation and the corresponding heat and

mass transfer.
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3.9 Results of the Combustion Simulations

This section presents the simulation results for cases FL and PL. Figure
shows the spatial distribution of the equivalence ratio ¢ and combustion
progress variable c at 355 °CA for case PL in different views. The asym-
metrical distribution of injected fuel was due to the eccentrical position
of the pilot injector. From the evolution of the progress variable it can be
seen that the ignition and the flame front initiation started in the zones
of high equivalence ratios where n-heptane existed. Figure 3.8 shows the
mean temperature and mean heat release rate evolution over the crank
angle for the two cases. The experimental results were determined indi-
rectly through pressure measurements. The turbulent stretch factor «y in
the combustion model was set to 1.6 for both cases. The ignition prefactors
in equation were set to 1.1 and 1.4 for case FL and case PL, respec-
tively. The maximum heat release rate in case PL is accurately predicted.
However, the center of heat release is slightly delayed with respect to the
experiment. The predicted maximum mean temperature is around 70 K
higher than the experiment. In case FL, the simulated maximum of heat
release rate is underestimated compared to experiment.

Despite the slightly deviations with the experimental results, the adapted
ECFM3Z model with the tabulated auto-ignition delay times and lami-
nar flame speeds delivers satisfactory results, which can be used for the
further calculation of the emissions described in chapter 5]
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Equivalence ratio ® [-] Combustion progress variable c[-]
BT [ | . | R
0518  0.61 0.7 0.79 0 0.33 0.66 1

Figure 3.7: Spatial distribution of the equivalence ratio ¢ and combustion progress vari-
able ¢ at 355 °CA for case PL on the cut surfaces through the simulated do-
main with closed valves sketched in the upper left part of figure upper
part: cut surface perpendicular to the z axis through the center point (0, 0, 0);
lower part: cut surface perpendicular to the y axis through the point (0, -0.02
m, 0)
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Figure 3.8: Measured and simulated mean temperature (left) and rate of heat release rate
(right)
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4 Modeling of Pollutant Formation and
Conversion

The kinetics calculations conducted in Section [2.2|showed that high levels
of NO, are reached when unburned CH,, which has survived bulk com-
bustion, is mixed and diluted with the product gas containing NO and
excess O,. Depending on the mixture composition and temperature, the
remained unburned CH, can undergo further oxidation, which is termed
as post-oxidation. It was shown that the post-oxidation of CH, is accom-
panied by NO, formation, which varies depending on temperature and
mixture composition.

To predict the NO, formation in CFD, an accurate prediction of NO
mass fractions as well as unburned CH,, which survives bulk combus-
tion are required. In Section the mechanisms of NO formation and
the employed approach for the NO modeling in CFD are described. Sec-
tion 4.2 concerns the modeling of unburned CH,, which survived bulk
combustion. One approach for computing the post-oxidation of the un-
burned CH, in CFD, would be to couple a detailed kinetic mechanism
with CFD calculations, which is not an efficient approach. To compute
the post-oxidation efficiently, a low order model based on the tabula-
tion method is proposed in this work, which is described in Section 4.3
Post-oxidation of CH, is accompanied by CO formation as well as NO
to NO, conversion as depicted in Section 2.2 The proposed look-up ta-
ble method is also utilized for predicting the conversion of NO to NO,
and vice versa as well as CO formation and conversion, which are also
described in Section [4.3] This approach is based on computing the con-
version rates through simulations using the homogeneous reactor model
in Cantera. The Rasmussen, Sivaramakrishnan and Gri 3.0 kinetic mech-
anisms were employed for reactor calculations. The calculated conver-
sion rates were stored among others with respect to appropriate progress
variables, which are described in Section Three look-up tables corre-
sponding to the aforementioned kinetic mechanisms were generated. The
a priori generated look-up tables were then used in the CFD calculations.
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4.1 Modeling NO Formation

In general, three main sources are responsible for NO formation:
e Thermal NO as a result of the dissociation of N, in the air [93,94];

e Prompt NO, also known as Fenimore NO, formed by the interaction
between fuel and the N, component of air [93];

e NO formed from the nitrogen containing components available in
the fuel.

The last NO source is negligible for the investigated lean diesel-NG DF
engine, due to the low amounts of fuel-bond nitrogen (FBN) in diesel as
well as small amounts of injected diesel. The mechanism of prompt NO
formation, also known as the Fenimore mechanism [95], is important at
low temperatures (below 1000 K), for fuel-rich mixtures and short resi-
dence times [95]. For the investigated DF engine with a small amount of
diesel diluted in the lean background mixture of NG-air, the Fenimore
mechanism is negligible. As reported by various authors, the proportion
of produced Fenimore NO is smaller than < 5 %, and thus, it plays no
dominant role compared with thermal NO formation [22,96]. In the con-
sidered engine application, NO formation is mainly driven in the burned
gases by temperature levels of T >1800 K. The temperature of earlier
burned gases rises due to the pressure rise during the progressing com-
bustion. Higher residence times at higher temperature levels as well as
excess oxygen augments the final NO concentration. This thermal NO
formation is the dominant mechanism. The so-called extended Zeldovich
mechanism models thermal NO formation through the following reaction
paths:

N+0, = NO+O (4.1)

k
N+ OH <= NO +H
b
The first reaction is the rate-limiting step, as the decomposition of the
stable triple bond of molecular nitrogen requires a high activation energy.

Accordingly, this reaction rate and thus NO formation is significant only
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at high temperatures. Using the reactions in|4.1} the production rate of NO
(wno) can be formulated in terms of the law of mass action as follows:

WNO :MNo<k1fCoCN2 + szCNCo2 + k3fCNCOH (4.2)

— kiwenoCN — kapcnoco — kspCnoCH)

where ¢; is the concentration of the species and My is the molar mass
of NO. Equation requires the radical concentrations of O, H, OH,
and N in addition to O, and N,. One strategy for their prediction is
detailed kinetic calculations. However, employing the complex kinetic
mechanisms for 3D turbulent engine flows is impractical. This problem
can be overcome by calculating the radicals concentrations in their equi-
librium states. The assumption can be justified, since the NO formation
rate is much slower than the fuel oxidation rate, so that the thermal NO
formation in the post-flame zone dominates.

In the context of the ECFM3Z model, the radical concentrations are cal-
culated using the following equilibrium reactions [97]:

N, = 2N
0, = 20
H, — 2H (4.3)
0, + H, = 20H
O, + 2H,0 — 40H

The equilibrium constant for each reaction is calculated using
Ki, = exp(ArInTa + B;/Ta + C; + DiTa + ET3) (4.4)

where Ty, = T/1000[K] and A, to E, are constants for each reaction r.
An equation system is solved by employing the Newton-Raphson itera-
tion method to predict eight species concentrations in equilibrium reac-
tion steps The equation system includes five equations from the equi-
librium reaction steps Additionally, three equations are required in
order to calculate these eight concentrations. These equations are the ele-
ment conversation relations of O, H, and N atoms. The equation system
is solved for the burned gas temperature and burned gas mass fractions
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according to the conditional averaged method in the ECFM3Z model as
described in the previous chapter.

The NO formation rate’s dependency on temperature is highly
non-linear. Thus, using the time-averaged temperature for non-
premixed/partially premixed diesel combustion leads to inaccurate pre-
dictions of the NO formation rate. The effect of turbulent fluctuations on
the NO formation rate can be taken into account by employing the proba-
bility density function (PDF) technique [98]. The mean turbulent NO for-
mation rate can be formulated as follows:

Gno = [ o (T) P(T)dT (4.5)

where wnpo is the mean turbulent rate of NO production, wyo refers to the
instantaneous NO formation rate from equation4.2, and P(T) refers to the
PDF of the normalized temperature. It is assumed that a second-moment
beta function is a suitable shape for the PDF, which is characterized by
two parameters « and . These values depend on the mean value of the
temperature from combustion and its variance o2 as the measure for the
temperature fluctuations, which is determined by solving the transport
equation:

opc?) 9 —_

o 1002 oT

He oo™ 9L~ €5
o 8x]~) + Copt (axj) Cdpka (4.6)

where 0; , Cq, and C are model constants with values of 0.85, 2.86 and
2.0, respectively. Further details regarding the implementation of the beta
PDF model can be found in [99].

4.2 Modeling Unburned CH,

There are several sources for the engine-out unburned hydrocarbon emis-
sions [2]:

e Flame-wall quenching
e Combustion chamber crevice volumes
e Absorption and desorption of fuel in the oil film

e Exhaust leakage
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Figure 4.1: Concept of the head-on quenching model proposed by Boust et. al. [100]

In the present work, the first two sources were considered and are now
discussed.

The flame-wall quenching is the result of flame heat loss as it ap-
proaches engine walls. Boust et al. [100] proposed the so-called thermal
approach for the flame-wall interaction in the case of head-on quenching,
meaning that the flame approaches the wall perpendicularly. The model
depends strongly on the unburned mixture temperature profile normal to
the wall. The concept of the thermal quenching is illustrated in Figure4.1|
Considering the control volume, which consists of the reaction zone and
preheat zone, the heat release rate in stoichiometric or lean mixtures due
to combustion gy = p,s1. Y, Hy is distributed between the thermal energy
in the reaction zone p,s.c,(TF — T") and the thermal energy exchanged
with the unburned mixture 4,,. p, refers to the density of the unburned
mixture, Yr, and Hy correspond to the fuel mass fraction and the fuel
lower heating value, respectively. TF and T* refer to the flame temper-
ature and the temperature of the unburned mixture, respectively. When
the quenching occurs, the heat loss at the wall 4, equals the heat transfer
from the reaction zone into the unburned mixture 4,:

q.w — Qu (47)
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According to the thermal model, the temperature profile in the quenched
mixture rises linearly from the wall temperature T* upto the flame tem-
perature TF, implying that the heat flux inside the quenched zone remains

constant, leading to:

i

oT
ox =2

= (4.8)

X:(SQ

Thus g, due to conductive heat flux in the unburned quenched mixture
can be formulated as follows:

Ag(TF —T™)
00

Gow = (4.9)
where A refers to the thermal conductivity in the quenched mixture and
g refers to the quench distance.

In order to predict the maximum 4w in the context of URANS simu-
lations small time steps are required, which lead to high computational
time. In order to overcome this problem, a dimensionless wall heat flux
@@ is introduced:

po = 1 (4.10)

qx.
which defines the maximum wall heat flux normalized to the flame power
gy = puSLYr,Hy. Thus the equation 4.9 can be rewritten as
Ao (TF=TY)
@ Yr Husrpu

8] (4.11)
The measurements of Labuda et al. [101] resulted in ¢;=0.2 for pressures
varied between 2 and 15 MPa. Sotten et al. [102] suggested o= 0.2 to 0.3
for pressures upto 1.7 MPa. Vosen et al. suggested ¢o= 0.3 to 0.35 [103]
and Lu et al. proposed ¢o=0.3 to 0.4 [104] for atmospheric pressures.

In the present work, equation was implemented in AVL-Fire. The
implementation was conducted according to Kuppa’s work concerning
the numerical modeling of quenching in gas engines [57]. The dimen-
sionless number ¢g was set to 0.2 according to the measurements con-
ducted by Labuda et al. [101]. It is assumed that the quenching can oc-
cur when the combustion progress variable ¢ defined in equation be-
comes higher than 0.1 in the wall boundary cell (¢ > 0.1). As soon as the
criterion ¢ > 0.1 in a wall boundary cell is fulfilled, equation is eval-
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uated for the respective cell. This assumption is corrected depending on
the calculated quench distance, which is described in the following. The
gas properties, namely A, p, and sy in the quenched layer are evaluated
at the unburned fresh gas temperature T* in the context of the ECFM3Z
model described previously. T* refers to the temperature in the cell center.
Yr, and Hy; refer to the mass fraction of CH, and it’s lower heating value
equals to 5.107 J/kg. It is assumed that the wall boundary cell contains
only methane and air.

Following the calculation of the quench distance, the local mass fraction
of the quenched mixture in each computational cell is evaluated by using

Yo = (pu-0g)/(p-2AX) (412)

where AX is the distance of the cell center to its wall boundary and p is
the cell center density. In the next step, the unburned CH, mass fraction
due to quenching is calculated using

Ycn, o = Yo - Yrch, (4.13)

YrcH, refers to the mass fraction of tracer fuel methane. By assuming only
methane exists as fuel in the wall boundary cell, equation can be re-
lated to the progress variable from equation [3.36}

Yo=1-c¢ (4.14)

If Yo < (1 —c), the assumption for quenching is not fulfilled and thus the
previous procedure is repeated for the next time step until the criterion
Yo > (1 —c¢) is achieved. Following this, the scalar variables Yrcp, o and
YcH, o are initialized with the unburned CH, mass fraction from equation
in each cell and transported by

dpY  opwmY 9 woow\ oY\  _~
ot + axi —axi<<§+S—Ct a—XZ —|—pw (4.15)

YrcH, o is defined as the tracer of the unburned CH, for which the source
term w equals zero, whereas Ycn, o can undergo post-oxidation. The
source term w, as the oxidation source term, is evaluated using the look-
up tables discussed in Section
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The crevices are another source of unburned hydrocarbon emissions [3]].
Crevices are narrow regions into which the flame can not propagate due
to the high heat losses to the walls [105]. During combustion and pressure
rise in the cylinder, the unburned mixture flows into the crevice volumes.
During the expansion when the pressure in the cylinder drops, the com-
pressed charge in the crevice volume flows back into the cylinder.

In this thesis, the crevice regions were included in the computational
mesh. The transport scalars Yrcn, o and Ycp, o are initialized in these
regions with the available CH, when the cylinder mean pressure starts
falling. These are then transported according to equation and can un-
dergo post-oxidation, if the temperature is high enough.

4.3 Tabulation Method for Predicting CH, Post-oxidation, NO,
and CO Formation and Conversion

The unburned CH, described in the previous section can undergo post-
oxidation. The post-oxidation of CH, is accompanied by CO formation
and the conversion of NO to NO,. Employing detailed kinetic mecha-
nisms for predicting post-oxidation of unburned CH,, and CO, and NO,
evolution in the 3D CFD calculations is highly time consuming. An effi-
cient approach for modeling the aforementioned species evolution in CFD
is proposed in this thesis based on the tabulation method. The idea of tab-
ulated chemistry for predicting the combustion has been thoroughly de-
veloped and studied. For instance, the so-called intrinsic low-dimensional
manifolds (ILDM) developed by Mass et. al. [106] parameterizes the com-
position of the reactive mixture along a small number of coordinates,
which are stored in a look-up table for use in CFD calculations. Another
approach for modeling combustion using look-up tables is the so-called
FPI method (flame prolongation of ILDM) proposed in [107], which ex-
tends the feasibility of the ILDM method to the low temperature lev-
els. In another study, Dulbecco [108] employed the tabulation method
for modeling ignition and combustion in a diesel homogeneous charge
compression ignition engine (HCCI). The species change rates were cal-
culated using the 0D homogeneous constant volume reactor model and
stored in a look-up table. According to the author’s knowledge, however,
the present tabulation method is a new approach, particularly for pre-
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Figure 4.2: Evolution of CH, ( ), CO( ), NO ( ) and NO, ( ) computed

in homogeneous reactor employing the Rasmussen kinetic mechanism; Ini-
tial conditions: Yrcp,,0=0.0005, Y7n50=0.0005, Yo=>5.e-6 in flue gas following
methane-air combustion with ¢=0.5, T=1300 K, p=20 bar

dicting NO, formation and conversion. In the present approach, the con-
version rates of so-called progress variables, corresponding to CH,, NO,
and CO mass fractions were computed through simulations with the 0D
homogeneous reactor model in Cantera. The Rasmussen, Sivaramakrish-
nan and Gri 3.0 kinetic mechanisms were employed for reactor calcula-
tions. The computed conversion rates were stored with respect to the cor-
responding progress variables among others. Three look-up tables cor-
responding to the aforementioned kinetic mechanisms were generated.
During the CFD calculations, the conversion rates were retrieved from
the look-up tables for each computational cell. Each computational cell
was considered as the homogeneous reactor. The mass fractions of un-
burned CH, tracer (Yrcp, o) due to quenching and from crevices as well
as NO tracer mass fraction (Yrno) varies in each computational cell. Yrno
refers to mass fraction of tracer NO produced exclusively during com-
bustion as described in Section 4.1{and does not include the possible NO
to NO, conversion. Yrcpy, o and Yryo were used for defining appropri-
ate progress variables. Using the homogeneous reactor model in Can-
ter, referring to a single computational cell with the following arbitrary
initial conditions, the proposed look-up table approach is described in
the following. The initial mixture compositions are set to Yrcn, 0=0.0005,
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Yrn0=0.0005, You=>5.e-6. The burned gas mass fraction in the cell corre-
sponds to the main products mass fractions following methane-air com-
bustion with ¢=0.5 (Yp,=0.1127). Initial temperature and pressure equal
T=1300 K and p=20 bar. The species evolution of CH,, CO, NO and NO,
over time are calculated using the homogeneous reactor model in Cantera
employing the kinetic mechanism of Rasmussen and plotted in Figure

The species evolution can be expressed by defining appropriate
progress variables. For CH, post-oxidation the dimensionless progress
variable PV gy is defined as

Yen,o(t)

PVepgs =1 —
CH4 S

(4.16)
where YrcH, o is unburned CH, tracer and Ycp, o is unburned CH, under-
going post-oxidation. Yrch, o can vary locally in CFD. The change rate of
PVcha is coupled with that of CH, and given as:

APV py . B 1 dYCH4,Q
At = WPVepy —

(4.17)

Yrcm,o o dt

Like CH, post-oxidation, NO conversion to NO, can be tracked along an
appropriate progress variable. PVyo_,no2 describes the time- dependent
NO, mass fraction during NO, production normalized with the mass
fraction Yrno:

Mno Yno,(t)

Mno, Yrno

PVNo-No2 = (4.18)

where Mo and Myo, are the molar masses of the species NO and NO,,
respectively. Yryno refers to the NO tracer mass fraction predicted exclu-
sively during combustion described in Section 4.1|and can vary locally in
CFD. This term does not include the NO to NO, conversion. The change
rate is given as follows:

dPVNo—no2 . Mno  dYno,

— = 4.19
At WPVNo—NO2 Mno,YTNno At ( )
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In addition, the CO production can be traced along the progress variable
PVco,pro defined using

_ MCH4 Yco (t>

PVeco pro = 4.20
cor Mco Yrcn, (.20)
with the change rate
DP = 4.21
dt wPVCO/pm MCOYTCH4/Q dt ( )

where Mcp, and Mco refer to the molar masses of CH, and CO. As can be
seen in Figure4.2, depending on the mixture composition and the temper-
ature/pressure, NO, reaches a certain maximum value YNOZW at a certain
time and starts converting back to NO as time progresses. The conversion
of NO, back to NO can be tracked along the progress variable PVxo2—no
defined as

Y t
PVno2—sno =1 — YZ?( ) (4.22)
2,max
with the change rate
dPVNo2osno . 1 dYno,
— - — 4.2
At WPVNo25NO YNOZ,max At (4.23)

where Yyo, .. corresponds to the maximum NO, mass fraction. In anal-
ogy with NO,, the CO mass fraction reaches its maximum value Yco,,, at
a certain time and starts falling as time progresses. The CO mass fraction
reduction can be tracked along the progress variable PV s defined by

Yeol(t
PVCO,cons =1- YCO( ) (4.24)
Comax
with a change rate that equals to
dPVCO cons . 1 dYCO
dt wPVCO,cons YCOmax dt ( )

where Yo, refers to the maximum CO mass fraction. The defined
progress variables aim to define dimensionless variables, along which
the species evolution can be tracked. Figure 4.3/ shows the above-defined
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progress variables together with their change rates for the case illustrated
in Figure 4.2l The upper left part of the figure shows the time evolution
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Figure 4.3: Evolution of progress variables and their change rates related to CH, oxi-
dation ( ), CO production ( ), NO to NO, conversion ( ), CO

consumption( ) and NO, to NO conversion (----- ) over time; Initial
conditions according to Figure

of the progress variables. PVcp4 reaches one as the CH, oxidation is com-
pleted. PVco 0 as well as PVyo_.no2 rise with time. They track the CO
production as well as NO to NO, conversion, respectively. When CO and
NO, reach their maximum, PVco cons as well as PVyop—no are initialized,
which track the CO consumption and NO, to NO conversion, respec-
tively. The change rates of the progress variables over time are plotted
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in the upper right part of the figure. Finally, the lower part of the figure
illustrates the change rates of the progress variables over the correspond-
ing progress variables.

The basic idea behind the look-up table method is to compute the
progress variables’ change rates wpv,,,, Wprvy,_,nopr WPV, pror WPVnossno
and wpy,, ., in the homogeneous reactor in Cantera and to tabulate them
among others with respect to the progress variables PVcns, PVno—no2,
PVco,pror PVno2—no, and PVco cons, Tespectively. The discretizing of the
progress variables (PV's) was performed with a step size of 0.01 for 0 < PV
< 0.1, followed by a step size of 0.05 for 0.1 < PV < 1. The transitions of
PVno-no2 to PVno2—no and PVco pro to PVco cons, where NO, /CO evolu-
tion starts to decrease, were determined by cut-off values PVyo_sno2 and
PVco,pro- From Figure for instance, it can be seen that the NO, mass
fraction starts decreasing as PVxno—,no2 reaches 0.38, which can vary for
different initial conditions. In the case of CO, oxidation occurs at PVco pro
=0.72, which can also vary for different initial conditions.

The above-defined progress variables’ change rates were computed in
the homogeneous reactor in Cantera covering the occurring ranges of
temperatures, pressures and initial compositions. The Rasmussen, Sivara-
makrishnan and Gri 3.0 kinetic mechanisms were employed for the cal-
culations. The initial CH, and NO mass fractions for reactor calculations
spanned a range between 0.00 and 0.004 with a step size of 0.0002. Thus,
the CH, oxidation in the absence of NO as well as NO to NO, conver-
sion in the absence of CH, were also considered. The mass fractions of
OH were set to 0, 10.E-6, and 100.0E-6. The mass fractions of O, and the
other species were taken constant for all reactors calculations, namely
Y0,=0.1127, Y¢0,=0.0778, YH,0=0.0636, and Yy,=0.745. These mass frac-
tions correspond to the mass fractions of the main products following
methane-air combustion with ¢ = 0.5. The upper temperature limit of the
table was set to T=1700 K, above which the NO, formation is suppressed.
In addition the lower temperature limit was set to T=800 K, below which
the CH, oxidation and thus the NO, formation are very low during the
residence time relevant for the engines. The pressure as another dimen-
sion of the tables was set to p=1,5,10,20,40,60 and 100 bar.

The computed Wpvey,, Wrvio no2r OPVeomr PPVioz-nor AN WPVeo s
were tabulated with respect to the above-mentioned temperatures, pres-
sures, YcH,, YN0, Yo, and the corresponding discretized PV's. Thus, three
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6D look-up tables for conversion rates, corresponding to the Rasmussen,
Sivaramkrishnan and Gri 3.0 kinetic mechanisms, were generated.

The transition point of PVno_no2 to PVno2—sno corresponding to the
turning point of NO, evolution as well as PVco ,/, transition to PVco cons
related to the turning point of CO evolution were defined by using cut-
off values. These cut-off values correspond to PVno_no2 and PVco pro,
for which NO, or CO starts to fall. They were stored for the aforemen-
tioned temperatures, pressures, Ycns, Yno, and Yop for each aforemen-
tioned mechanism, leading to three 5D look-up tables of the cut-off val-
ues.

The feasibility of the tabulation method are studied as follows: In Fig-
ure (4.4{ the species evolutions employing the detailed kinetic mechanism
of Rasmussen are compared with those predicted using the look-up table
generated with the kinetic mechanism of Rasmussen. The generic case is
a reactor experiencing a temperature and pressure drop resembling the
expansion stroke of an engine. The temperature and pressure evolution
are given in the upper part of the figure. The mixture of CH,-NO-OH
and the main product gas following CH,-air combustion with ¢=0.5 is
initialized at different times and thus under different temperatures and
pressures during the expansion. Depending on the instance of initializa-
tion, the extent of NO, formation varies. Comparing the results of the
detailed kinetics with those achieved using the look-up table, it can be
seen that the tabulation method can reproduce the detailed kinetics cal-
culations fairly well. The calculation of CH, post-oxidation, NO to NO,
conversion, and CO production using the tabulation method is conducted
through the explicit integration of the following equations:

—dYC?t'Q(t) = —WPVeyy YTCHLQ
dYno,(t) . Mno,YrNno
i WPVNoﬁNon—NO
dYco(t) . McoYrcH,,0 (4.26)
= WPVeom Men,
AYno(t)  dYno,(t) Mo
dt dt  Mno,

WPVepsr WPV, N0y aNd deVCO’prO are evaluated through the linear interpo-
lation of conversion rates stored in the look-up table at the corresponding
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Figure 4.4: Effect of mixing temperature/pressure on CHy (
NO,( ) and NO ( ) evolution predicted using the detailed kinetic
mechanism ( ) and tabulation method (----- ); Initial mixture composi-
tion according to Figure

), CO ( ),

temperature, pressure, Yrch, 0, Yrno, Yor and PVs. At each time step,
PVcra, PVNo—no2, and PVco pr, are updated according to equations m
and In addition, at each time step, PVno—no2 and PVco pr cut-
off values are retrieved from the 5D cut-off table through the linear in-
terpolation of the table values at the corresponding temperature, pres-
sure, Yrch,,0, Yrno, and Yog. When PVyo no2 or PV pro evaluated from
equations and exceeds the tabulated cut-off values, the corre-
sponding species start falling. In this case, the change rates of NO, or CO
are not longer calculated using equation The NO, conversion back
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to NO as well as CO oxidation to CO, are then calculated through the
explicit integration of

dYno,(t) _
dY d;t - _wPVNOZ—ﬂ\IOYNOZ,max (427)
%() - _wPVCO,cons YCOmax

where Yo, .. and Yco,,, are the mass fractions of NO, and CO calculated
from equations at the instant of transition.

In the present study, for each kinetic mechanism, namely for the Ras-
mussen, Sivaramakrishnan and Gri 3.0 kinetic mechanisms, two look-up
tables were generated, namely one for the conversion rates corresponding
to CH, post-oxidation as well as CO and NO, formation/consumption
rates and one table for the cut-off values, at which the produced NO, and
CO species start converting to NO and CO,, respectively.

The procedure for predicting CH, post-oxidation, NO,, NO, and CO
evolution in the context of the CFD simulation in each computational cell
by using the look-up tables corresponding to each kinetic mechanism is
the same as that described for the generic case. At each time step and for
each computational cell, the tabulated conversion rates corresponding to
each kinetic mechanism were retrieved from the corresponding look-up
table depending on the cell’s temperature, pressure, Yrcr, 0, Yrno, and
Yor and corresponding PV's. In addition, the tabulated cut-off values cor-
responding to each kinetic mechanism were retrieved with respect to the
cell’s temperature, pressure, YrcrH, 0, Yrno, and Yon. Yrno and Yop are
the mass fractions of NO and OH predicted in the framework of ECFM3Z
model and described in Section

The a priori generated look up tables are used in CFD calculations for
predicting the pollutants formation and conversion for the two operation
points FL and PL presented in Section 3.9, The results are discussed in the
next section.
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5 Results of the Pollutant Formation
and Conversion Simulations

In this chapter the simulated unburned CH, mass fractions without and
with post-oxidation and the CO, NO and NO, mass fractions in the en-
gine and in the exhaust duct are presented. The left part of the Figure
presents a sketch of the simulated engine with the exhaust manifold
and the location, where the time-dependent and area-averaged species
mass fractions exiting the engine were evaluated in CFD. The right part
of Figure 5.1/ depicts the exhaust duct and the measurement points of the
species mass fractions, namely FTIR-HP and further downstream in the
exhaust duct FTIR-LP.

In Section the spatial distribution and time evolution of unburned
CH, with and without post-oxidation, CO, NO, and NO, mass fractions
in the engine for FL and PL operation points, validated regarding com-
bustion in Section are presented. These mass fractions are computed
by employing look-up tables generated with the kinetic mechanisms of
Rasmussen, Sivaramakrishnan and Gri 3.0 described in Section 4.3]

[Temperature and Pressure

Measurement

Location of the CFD

Evaluation

Figure 5.1: Sketch of the engine simulated in CFD (left) and the exhaust duct (right)
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Using the time-dependent and area-averaged species mass fractions
close to the engine exit, the evolution of the species up to FTIR-HP mea-
suring point for the two cases FL and PL are evaluated and compared
with the measurements in Section This is achieved by using homoge-
neous reactor calculations in Cantera.

In Section the species evolution from the FTIR-HP up to the FTIR-
LP measuring point, are calculated for FL, PL and several other operation
points by using homogeneous reactors in Cantera. Thus, the effect of high
residence times in the exhaust duct on NO, formation and the perfor-
mance of different kinetic mechanisms in reproducing the measurements
are studied.

5.1 In-Cylinder Pollutant Formation and Conversion

In this section, the spatial distributions and time evolution of the un-
burned CH,, CO, NO and NO, mass fractions in the engine for full
load (FL) and partial load (PL) operation points are presented. Figure
shows the evolution of averaged YrcH, o as well as Ycp, o for case FL over
the crank angle. The crank angle axis spans the start of the simulation

350 400 450 500
°CA

Figure 5.2: Evolution of the unburned CH, tracer Yrcp, o ( ) and Ycp, o (----- )
undergoing post-oxidation for case FL computed by using the look-up tables
generated with the kinetic mechanisms of Rasmussen ( ), Sivaramakr-
ishnan ( ) and Gri 3.0 ( )

until the exhaust valves open at 499 °CA. Yrcq, o refers to the quenched
CH, on walls and CH, trapped in crevice regions without post-oxidation,
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whereas Ycq, o takes the post-oxidation of the unburned CH, by using
the look-up tables into account as well. The post-oxidation was computed
using the look-up tables generated by employing the Rasmussen, Sivara-
makrishnan and Gri 3.0 kinetic mechanisms, described in Section At

Yion,a Il You,a [
[ T ﬁ - [ T
0 1x108  2x10%  3x1073 1x104  2x10%  3x10™
combustion progress variable c [-] T [K]
| | | I [ .
0.34 607 882 1160 1430 1710 1980 2260

g~

Figure 5.3: Distribution of Yrcp, g and Ycp, o computed by using the look-up table gen-
erated with the kinetic mechanism of Rasmussen (upper part); distribution
of combustion progress variable ¢ and temperature (lower part); at 375°CA
for case FL on the cut surface perpendicular to the z axis through the center
point (0, 0, 0) according to the upper part of figure

the earlier crank angles the scalars Yrcp, o and Ycg, o refer merely to the
quenched CH, mass fractions according to flame-wall quenching as the
flame front approaches the wall (¢ > 0.1). Figure shows the spatial
distributions of Yrcp, g and YcH, o together with the combustion progress
variable and temperature field for case FL at 375 °CA, where Ycp, o dis-
tribution corresponds to the result of post-oxidation, computed by using
the look-up table generated with the Rasmussen kinetic mechanism. It
can be seen that the quenched CH, decays fast due to post-oxidation at
high temperatures. As soon as the in-cylinder pressure drops, Yrch, o and
YcH, o are initialized in the crevice regions with the CH, mass fractions
trapped in these zones. This can be observed as a steep rise in Figure 5.2,
Figure 5.4/ shows the distributions of both scalars for case FL at 430 °CA.
The temperature for the post-oxidation is the one predicted by CFD with
the ECFM3Z model. From the evolution of the scalars Yrch, 0 and YcHh, o,
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Figure 5.4: Distribution of Yrcp, o and Ycp, o computed by using the look-up table gen-
erated with the kinetic mechanism of Rasmussen, for case FL at 430°CA on
the cut surface perpendicular to the z axis through the center point (0, 0, 0)
according to the upper part of figure

it can be seen that flame-wall quenching at the earlier crank angle is ac-
companied by the fast post-oxidation of CH,, whereas the post-oxidation
of the unburned discharged CH, from crevice regions undergoes slower
oxidation as temperature decreases for larger crank angles.

Figure 5.5/ shows the mean evolution of NO,, NO and CO mass frac-
tions for case FL over the crank angle. For predicting Yno,, it is differen-
tiated between NO, formed in the presence of NO and O, (Yno,,4) and
NO, formed in the presence of CH,, NO and O,, namely Yxo, 5. The pre-
diction of NO, mass fractions using look-up tables in the zones without
any unburned CH, was possible, since the progress variable change rates
corresponding to NO, formation rates (wpv,,,_,yo,) Were also computed
and tabulated for the mixture compositions without any CH, (YrcH, 0=0).
To predict each (Yno,4), one scalar was defined with the source term
retrieved from the respective look-up table. It can be seen that the NO,
mass fraction in the absence of CH,, (Yno,,4) rises during the NO forma-
tion. The Rasmussen mechanism predicts slightly lower values than the
Sivaramakrishnan and the Gri 3.0 kinetic mechanisms. The ratios of NO,
to NO mass fraction at 499 °CA predicted by the look-up tables generated
with the Rasmussen, Sivaramakrishnan and Gri 3.0 kinetic mechanisms
are 3.3%, 3.5% and 3.4%, respectively. The NO evolutions, also depicted
in Figure include NO production as well as its conversion to NO, in
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YNno, B [-]

’ —— Rasmussen — Sivaramakrishnan — Gri 3.0

Figure 5.5: Temperature (upper left) and species evolution for case FL, calculated by us-
ing the look-up tables generated with the kinetic mechanisms of Rasmussen,
Sivaramakrishnan, and Gri 3.0; Upper right: Yno, ( ) produced under
the absence of CHy; Yno (----- ) considering NO production and conversion
to NO, under absence and presence of CH,. Lower left: Yo, under the pres-
ence of CH, without consideration of conversion of NO, back to NO ( )
and with considering NO, conversion back to NO (----- ); Lower right: Yco
without considering CO oxidation ( ) and under consideration of CO
oxidation (----- )

the presence and absence of CH,. It is to be noted that equation de-
scribed in Section |4.1| for predicting the NO production, was multiplied
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with a correction factor to reproduce the experimental results shown later
on. Yno, g mass fractions refer to the NO, mass fractions predicted under
the presence of CH, and NO. For predicting each Yxo, 5, two scalars were
transported with the source terms retrieved from the respective look-up
table. Their mean evolutions over the crank angles are depicted in the
lower left part of the Figure One scalar corresponds to the NO to NO,
conversion (full line) and one scalar represents the NO to NO, conversion
as well as the NO, conversion back to NO (dashed line). The latter scalar
represents the final NO, mass fraction, which can be compared with the
measurements. It can be seen that the NO, formation in the presence of
CH, starts as the unburned CH, and NO formed in different zones are
mixed. The kinetic mechanisms of Rasmussen and Sivaramakrishnan pre-
dict an augmentation of the NO, mass fraction, which is predicted to be
faster by the Rasmussen kinetic. Surprisingly, the Gri 3.0 kinetic mecha-
nism does not predict any NO, formation in the presence of CH,. It can
also be seen that the extent of conversion of produced NO, to NO pre-
dicted by the Rasmussen and the Sivaramakrishnan kinetic mechanisms
remains very low due to the low temperature at which NO, was formed.
In the lower right part of Figure 5.5/ the mean evolutions of the CO mass
fractions are shown. Like Yo, 5, to predict each Yo, two different scalars
were defined and transported with the source terms retrieved from the
respective look-up table. One scalar represents the CO production (full
line) and one scalar represents the CO production and its consumption
(dashed line). The latter scalar illustrates the final CO mass fraction, that
can be compared with the measurements. It can be seen that the Sivara-
makrishnan kinetic mechanism predicts a higher production rate of CO
from the unburned CH, tracer (YrcH, o), followed by a higher oxidation
rate. The Rasmussen and Gri 3.0 kinetic mechanisms predict similar lev-
els of CO after its oxidation. In the following, the presented NO, mass
fraction (Yno,,5), driven by the available CH,, as well as CO mass fraction
(Yco), refer to those with considering the possible NO, conversion back
to NO and CO oxidation, respectively. These are the values that should be
compared with the experiment.

Figure 5.6|illustrates the spatial distribution of different scalars for case
FL at 499 °CA. The specie evolutions were calculated by using the look-up
table generated with the Rasmussen kinetic mechanism.
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Figure 5.6: Spatial distribution of the species at 499 °CA shortly before the exhaust
valves opening for case FL on the cut surface perpendicular to the z axis
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species evolutions calculated using the look-up table generated with the ki-
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The Yno distribution includes both the NO production with the correc-
tion factor as well as the NO conversion to NO,. It can be seen that Ycq, o,
meaning the remaining CH, after post-oxidation is mainly due to CH,
from crevices.

As mentioned previously, NO, is split into two parts. For the portion
of NO, formed in the presence of NO and O, (absence of CH,), namely
YNno,,4, the spatial distribution is the same as that of NO. Its level is lower
than NO by a factor of 20. For the portion of NO, formed under the pres-
ence of CH;-NO-O, (Yno,,8), NO, formation is limited to a small region
located at the left side of the domain, where CH, and NO both exist. Dur-
ing the exhaust valves opening and thus the charge exchange, NO is dis-
tributed over a wider width, such that NO, formation also rises on the
opposite side of the domain as shown for 680 °CA in Figure It is ob-
vious from the distribution of unburned CH, and NO, that a portion of
unburned CH, exits the engine before mixing with NO. This leads to a
time-dependent CH,-NO mixture composition in the exhaust duct, which
must be taken into account for calculating the species evolution in the ex-
haust duct described in the next section. The other case PL (not plotted),
also shows the same spatial distribution of the investigated species but
with different absolute values.

In the following, the time-averaged and area-averaged species mass
fractions at the CFD evaluation point close to the engine, shown in figure
for cases FL and PL are investigated. The mean values are evaluated
using
J mi(t) dA
[ m(t)dA

where 1;(t) is the mass flow of species i for each cell on the integration
surface at the CFD evaluation position shown in Figure

Figure 5.8/ shows the NO mole fraction without considering its conver-
sion to NO, at the CFD evaluation point for cases FL and PL, computed
from the equation 4.5{and compared with Xyo, (as the summation of Xno
and Xno,) measured at FTIR-HP. Since it was not possible to reproduce
the experimental results by using the equation4.5} this equation was mod-
ified by introducing the correction factor A, leading to:

Jxindr Yi(t) =

Yi,averaged — f dt (5 1)

ENO - Acorr/wNO(T)P(T)dT (52)
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Figure 5.7: Spatial distribution of scalars at 680°CA for case FL on the cut surface per-
pendicular to the z axis through the center point (0, 0, 0) according to the
lower part of figure 3.5; species evolutions calculated using the look-up table
generated with the kinetic mechanism of Rasmussen

In the present work, the correction factor A, was set to 0.5 for both
simulated cases FL and PL. Through the correction factor, it was pos-
sible to reproduce the experimental results, as shown in the Figure 5.8
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Results of the Pollutant Formation and Conversion Simulations

The correct estimation of NO amounts in the CFD calculations is essen-
tial, since its concentration affects the NO, formation, as mentioned previ-
ously. The conversion rates from the look-up tables during the CFD sim-
ulations were retrieved with respect to the corrected NO mass fractions.

Xno, [-]
(@») N H~ ()Y
T
)
o
—

Case FL Case PL

|0 Experiment [/l Simulation without the correction factor [/l Simulation with the correction factor

Figure 5.8: X0 at the CFD evaluation point without considering NO to NO, conversion
compared with the summation of Xyo and Xyo, measured at FTIR-HP

In the next step, the time- and area-averaged species mass fractions of
CH,, CO, NO, and NO at the CFD evaluation point close to the engine
(tigure for cases FL and PL are shown in Figure The illustrated
NO mass fractions include the NO production with the above-mentioned
correction factor as well as the NO conversion to NO,. For case FL, the
modeled Yrcn, o and Ycq, o are slightly higher than those in case PL. The
results from each of the three kinetic mechanisms in predicting CH, post-
oxidation are almost the same. Like CH, mass fractions, the CO mass frac-
tions predicted by each kinetic mechanism exhibit a slightly higher level
in case FL. The Sivaramakrishnan kinetic mechanism predicts a lower
level of CO compared with the CO mass fractions predicted by the Ras-
mussen and Gri 3.0 kinetic mechanisms. The predicted NO, mass frac-
tions in the absence of CH, (Yno,4) and those in the presence of CH,
(Yno,,B) predicted by the three kinetic mechanisms are higher in case FL.
Thus Yno, totar @s the summation of Yno, 4 and Yno, s is higher for case FL.
The higher NO, predicted for case FL was to be expected according to pre-
vious investigations, because of the higher NO mass fraction in case FL.
Now considering each contribution separately, the deviations between
YNno,,4 predicted by each of the three mechanisms remain low. However
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Figure 5.9: Predicted mean unbunred CH, tracer Yrcp, o and other species mass frac-
tions at the CFD evaluation point for cases FL and PL, calculated by using the
look-up tables generated with the kinetic mechanisms of Rasmussen, Sivara-
makrishnan, and Gri 3.0

the predicted Yno, s by different mechanisms show considerable devia-
tions. The kinetic mechanism of Rasmussen predicts the highest level of
NO,, whereas the Sivaramakrishnan kinetic mechanism exhibits a lower
level of NO, formation under the presence of CH,. Surprisingly, the Gri
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Results of the Pollutant Formation and Conversion Simulations

3.0 mechanism does not predict any NO, formation under the presence of
CH, for the investigated conditions.

In the following section, the evolutions of species in the exhaust duct
up to the FTIR-HP measuring point for cases FL and PL are calculated are
compared with experimental results.

5.2 Pollutant Formation and Conversion in the Exhaust Duct
at the FTIR-HP Measuring Point

The closest measuring point, FTIR-HP, shown in Figure is located fur-
ther downstream relative to the location of CFD evaluations. For this rea-
son, homogeneous reactor calculations employing different kinetic mech-
anisms are conducted in Cantera between the CFD evaluation point and
the FTIR-HP measuring point.

From the spatial distribution of Ycp, o and Yno in the engine presented
in the previous section, it was to be expected that a portion of unburned
CH, would not be mixed with NO prior to the measuring point. Thus,
the mixture composition regarding CH,, NO, and NO, exiting the en-
gine differed in time. Taking the time averaged species mass fractions of
unburned CH,, NO and NO, evaluated at the engine exit as the initial
mixture composition for a single batch reactor calculation, would not be a
correct approach for modeling the species evolution in the exhaust duct.

In order to overcome this problem, a series of batch reactors were calcu-
lated independently: 1120 separate reactor calculations were conducted,
according to the number of time steps, for which the CFD results were
evaluated. For each reactor calculation the time-dependent and area-
averaged mass fraction of unburned CH,, NO, NO, and CO from CFD re-
sults at the evaluation position close to engine exit have been taken as the
initial mixture composition. Thus, each time-dependent area-averaged
mixture composition was treated separately, undergoing a reaction dur-
ing the residence time between the CFD evaluation point and FTIR-HP.
The averaged species mass fractions resulting from 1120 separate reac-
tor calculations were then calculated. The other species mass fractions for
initializing the reactors mixture compositions, including the mass frac-
tions of the main combustion products O,, N,,CO,, H,O as well as OH
are given in Table [5.1] The mean temperatures and pressures for the re-
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actor calculations as well as the gas residence times are listed in the table
as well. The residence time was calculated using the averaged mass flow

Table 5.1: Other species mass fractions for initializing the reactors mixture compositions

Yo, Yn, Yco, Ymo You  TIK] plbar] tps[s]
Case FLL. 0.119 0.727 0.091 0.065 1.67E-05 850 1.98 0.08
Case PL 0.123 0.724 0.087 0.062 1.7E-05 790 1.41 0.096

rate, averaged density and the volume of the exhaust duct up to the FTIR-
HP measurement point. The mean temperature and pressure were taken
from experimental measurements in the exhaust duct. The reactor calcu-
lations were carried out by employing the detailed kinetic mechanisms
of Rasmussen, Sivaramakrishnan and Gri 3.0. Figure shows the av-
eraged species mass fractions for the operation points FL and PL, which
are compared with the experiments. Hereinafter, the unburned CH, mass
fraction Ycp, o is termed Ycp,.

The results revealed species conversions during the residence time in
the exhaust duct for all the species. The CH, mass fractions predicted by
all the three kinetic mechanisms for both cases remained below the exper-
imental results. In particular, the deviation for case PL was the highest.
The reason for the deviation between the simulation and experimental
results, particularly for case PL, could be traced back to the underestima-
tion of YrcH, o at the engine exit plotted in Figure For case PL, YrcH,,0
had almost the same level as the measured CH, mass fraction at FTIR-
HP. Assuming no post-oxidation of CH,, the experimental results would
be achieved for case PL, but it was obvious that a portion of Yrch, o had to
undergo an oxidation. In the present work, the wall-flame quenching and
the crevices were considered as the potential sources for the unburned
CH, mass fractions. Particularly for the low load operation point (PL), it
might be concluded that a portion of the measured unburned CH, should
originate from other sources than flame-wall quenching and crevices.

Like CH,, CO mass fraction also changed in the exhaust duct. This in-
creased slightly due to the CH, post-oxidation. The deviations seen be-
tween simulated and measured CO for two cases might be partly related
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Figure 5.10: Evolution of the species mass fractions from CFD-Evaluation point up to
FTIR-HP point calculated by averaging the results of 1120 reactors employ-
ing different kinetic and their comparison with experiment. Left: Case FL;
Right: Case PL

to possible underestimated Yrch, o at the engine exit, since the CO con-
version rate was tabulated depending on, among other things, Yrcp, .

Like the CH, and CO mass fractions, Yno, and Yyo underwent changes
in the exhaust duct as well. Thereby, Yno, refers to the total NO, mass
fraction. The NO, formation and as a result the NO reduction in the ex-
haust duct could be seen.

74



5.2 Pollutant Formation and Conversion in the Exhaust Duct at the FTIR-HP
Measuring Point

For case FL, Yno, was measured to be higher than that in case PL, which
was in accordance with the simulated values predicted by each kinetic
mechanism. It was observed that the Rasmussen kinetic mechanism could
reproduce the measured NO, the best, whereas the Sivaramakrishnan ki-
netic mechanism predicted a lower extent of NO, formation, followed by
Gri 3.0. Particularly for case FL, the Rasmussen kinetic mechanism repro-
duced the measured Yno, and Yno very well, whereas for case PL the
deviation was higher but still satisfactory. As for underestimated CO, a
higher deviation between simulated NO, predicted by the Rasmussen ki-
netic mechanism and measured NO, for case PL might be traced to the
possible underestimation of Yrcp, .

It can be concluded that significant NO, production and as a result NO
reduction occurred in the exhaust duct, where the mixture underwent a
reaction during high residence times at low temperatures, which were
still high enough for partial oxidation of CH,.

The NO, formation in the exhaust duct was not only the result of CH,-
NO-O, mixing and high residence times but also due to the OH radicals
in the engine exhaust gas. The amount of OH radicals was calculated in
the framework of ECFM3Z combustion as described in Section The
effect of ignoring the OH mass fraction in predicting the NO, formation
in the exhaust duct is illustrated in Figure for case FL. The previ-
ous reactor calculation was repeated for case FL, but Yoy was set to zero.
It was observed that without considering the OH radical, the simulated
CH, mass fraction at FTIR-HP was higher than the previously calculated
CH, mass fraction under consideration of the OH radical. This implies
that the CH, conversion rate without the consideration of OH was lower.
Consequently, there was hardly any conversion of NO to NO, without
considering OH during the available residence time. Even the Rasmussen
kinetic mechanism did not reproduce the experimental NO, mass frac-
tion, if the OH radical was neglected. Thus, considering the OH mass
fractions for the correct prediction of NO, is essential.

The mixture exiting the engine can include, besides the OH species,
other radicals such as CH,O resulting from the partial oxidation of the
unburned CH, in the engine. The CH,O mass fractions were measured at
FTIR-HP and their influence on increasing NO, formation will be shown
in the next section for high gas residence times in the exhaust duct from
the FTIR-HP to the FTIR-LP measuring point. The CH,O mass fraction
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Figure 5.11: Comparison of the CH, and NO, mean species mass fractions at FTIR-HP
from the reactor calculation for case FL under consideration of OH from
Table5.1| (shown in figure[5.10) and without considering OH

was not modeled in CFD. However, it was possible to evaluate CH,O
amounts produced in the exhaust duct from the previous reactor simula-
tions between the engine exit and FTIR-HP. The measured and simulated
CH,O mass fractions at FTIR-HP as well as their differences are shown
in Table The results imply that CH,O was mainly produced in the

Table 5.2: Comparison of CH,O mass fractions resulting from reactor calculations with
the measured ones at FTIR-HP

Simulated Ycy,0 Measured Ycp,0 Difference
Case FL 3.1E-5 4 53E-5 1.43E-5
Case PL 4.3E-5 5.94E-5 1.64E-5

exhaust duct, but there was still some amount of CH,O that should orig-
inate from the engine. As a first approximation, it could be assumed that
the differences between the measured and simulated CH,O mass frac-
tions at FTIR-HP should correspond to the mass fractions of CH,O that
originated from the engine. Thus, CH,O mass fractions from the engine,
were equal to 1.43E-5 and 1.64E-5 for cases FL and PL, respectively. The
previous reactor calculations were repeated employing the Rasmussen
kinetic mechanism, but the initial mixture compositions were supple-
mented with Ycp0=1.43E-5 and 1.64Ee-5 for cases FL and PL, respec-
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tively. The deviations between NO, mass fractions under the consider-
ation of the above-mentioned CH,O mass fractions and those without
considering CH,O are shown in Table It can be concluded that CH,0O,

Table 5.3: Simulated NO, mass fractions under consideration of CH,O and those with-
out considering CH,O employing the Rasmussen kinetic mechanism

With Ycy,0 Without Yey,o Deviation
Case FL 1.9E-4 1.8E-4 1.E-5
Case PL 1.1E-4 1.0E-4 1.E-5

originated from the engine, affected the NO, formation. However, this ef-
fect was small for the investigated cases due to low residence times as
well as low estimated CH,O mass fractions.

The achieved results can be summarized as follows: among the three ki-
netic mechanisms, the Rasmussen mechanism reproduced the measured
NO, at FTIR-HP fairly well. NO, was produced mostly in the exhaust
duct, where the mixture of CH,-NO-NO,-O,-OH underwent a reaction
during residence times of 0.08 s and 0.096 s at low temperatures of 850
K and 790 K, respectively. The Sivaramakrishnan kinetic mechanism pre-
dicted the increase of NO, mass fractions to a lesser extent followed by Gri
3.0. NO, formation was accompanied by NO reduction. It was demon-
strated that a portion of NO, was still formed in the engine. All three
kinetic mechanisms predicted almost the same levels of in-cylinder NO,
formation in the absence of CH,. The in-cylinder NO, formation due to
CH, was predicted by the Rasmussen kinetic mechanism and to a lesser
extent by the Sivaramakrishnan kinetic mechanism, whereas Gri 3.0 did
not predict any NO, formation from CH, at the engine exit. For case FL,
it was possible to reproduce the measured NO, mass fraction using the
Rasmussen kinetic mechanism fairly well, whereas the deviation between
simulated and measured NO, for case PL was higher but still satisfactory.
This deviation could be associated with the underestimation of Yrcp, o,
leading also to high discrepancy between the simulated and measured
CH, for case PL. The discrepancy between measured and simulated CO
mass fractions could also be partly because of the possibly underesti-
mated YrcH,,o-
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5.3 Pollutant Formation and Conversion in the Exhaust Duct
at the FTIR-LP Measuring Point

In this section, the mixture composition evolution between the FTIR-HP
and FTIR-LP measuring points is evaluated. The mixture residence time
was much higher than between the CFD evaluation point at the engine
exit and FTIR-HP. For modeling the species evolution, a single homoge-
neous reactor was employed in Cantera. Due to high residence times as
well as the larger dimensions of the exhaust reservoir, the homogeneous
reactor was assumed to be a good approximation. Table shows the
initial conditions for the reactor calculations for cases FL and PL. The ini-
tial mixture compositions correspond to the measured mean values at the
FTIR-HP measuring point. The residence time of the mixtures were calcu-
lated using the mean mass flow, mean density and volume of the exhaust
reservoir of 1 m?.

Table 5.4: Initial conditions for homogeneous reactor calculations corresponding to the
measured state of gas at the FTIR-HP measuring point

- TI[K] plbar] tes[s] Ycn, Yno  Yno, Ycon,0 oA
FL 850 1.98 1.21 5.11E-4 286E-4 1.73E-4 4.53E-5 1.90
PL 790 1.41 1.42 858E-4 236E-4 153E-4 5.94E-5 1.97

The results are illustrated in Figure 5.12| From the experimental results
further CH, conversion accompanied by CO production as well as NO to
NO, conversion was observed during the residence time between FTIR-
HP and FTIR-LP. The kinetic mechanisms of Rasmussen and Sivaramakr-
ishnan reproduced the experimental results very well, whereas Gri 3.0
predicted hardly any CH, reactivity and thus a very low extent of NO,
formation. For case FL, the Rasmussen kinetic mechanism reproduced the
measured CH, and CO better than the Sivaramakrishnan mechanism. In
this case, NO, predicted by the Sivaramakrishnan kinetic mechanism was
slightly higher than that predicted by the Rasmussen kinetic mechanism,
whereas Sivaramakrishnan mechanism predicted a slightly lower NO,
level for case PL. Compared with the predicted NO, formation at FTIR-
HP in the previous section, it was observed that the proportionally higher
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Figure 5.12: Further evolution of species mass fractions in the exhaust duct from the
FTIR-HP to FTIR-LP measuring point for cases FL and PL

deviations between NO, predicted by each of the two mechanisms during
a low residence time upto FTIR-HP vanished for higher residence times
at FTIR-LP. This implies that for higher mixture residence times, both the
Rasmussen and Sivaramakrishnan kinetic mechanisms performed simi-
larly in predicting NO,. The lesser extent of measured and simulated CH,
oxidation accompanied by a lesser extent of NO, formation in case PL
compared with case FL, was not only because of the lower temperature
but also lower the NO mass fraction in case PL.

Summarizing the results presented in the present and preceding sec-
tions and for cases FL and PL regarding NO, formation, it can be
concluded that the Gri 3.0 mechanism is not suitable in predicting NO,
formation, neither in the engine (low mixture residence times) nor the ex-
haust duct (low to high mixture residence times). The Rasmussen mech-
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anism was able to predict the NO, formation in the engine and in the ex-
haust duct, spanning different mixture residence times. Finally the Sivara-
makrishnan kinetic mechanism was found to perform better for high res-
idence times than for low residence times.

In the following, the results from the kinetic mechanisms for mixtures
under high residence times between the FTIR-HP and FTIR-LP measuring
points are presented for a few other operation points. The modeling of the
exhaust duct for each case was conducted using a single homogeneous
reactor in Cantera by employing the Rasmussen, Sivaramakrishnan and
Gri 3.0 kinetic mechanisms. The initial conditions for reactor calculations
are listed in Table 5.5/ for mixtures at temperatures 829 K<T< 877 K. The
results of calculations are illustrated in Figure The measurements

Table 5.5: Initial conditions for homogeneous reactor calculations corresponding to the
measured state of gas at the FTIR-HP measuring point for mixture tempera-
tures 829 K<T<877 K

T[K] plbar] tres[s] Ycn, YnoO YNO, Ycn,0 A
877 2.49 1.202 955E-4 21E-4 213E-4 6.59E-05 1.90
838 2.99 1.396 7.19E-4 9.94E-05 1.26E-4 3.83E-05 2.15
847 2.04 1.261 54E-4 248E-4 155E-4 4.14E-05 1091
841 2.08 1.276 548E-4 3.28E-4 15E-4 3.82E-05 1.95
838 2.15 1.298 556E-4 3.2E-4 1.5E-4  3.82E-05 2
829 2.19 1.324 552E-4 4.07E-4 1.45E-4 3.605E-05 2.03

mim|d| N |m | >

revealed oxidation of CH, accompanied by CO production for all investi-
gated cases (A-F). The observed CH, oxidation led to NO, formation and
thus to NO reduction. The Gri 3.0 mechanism predicted hardly any CH,
oxidation and thus hardly any CO production during the residence time
in the exhaust reservoir. As a result, NO, formation, and consequently NO
reduction, occurred to a very low extent. It was observed that the Gri 3.0
mechanism was unable to reproduce the experimental results although
the residence times were high. In contrast to the Gri 3.0 kinetic mecha-
nism, the Rasmussen and Sivaramakrishnan mechanisms reproduced the
experimental results very well. They both predicted higher CH, conver-
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Measuring Point

| 1HP Measurement |1 LP Measurement | 1 LP; Rasmussen fiLp ; Sivaramakrishnan [ LP; Gri 3.0

Figure 5.13: Comparison of the measured and the simulated species mass fractions at

the FTIR-LP measuring point with the initial conditions from Table
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sion and thus higher CO formation than Gri 3.0. In addition, the simulated
NO, formation and the resulting NO reduction reproduced the measure-
ments much better using both kinetic mechanisms. The overall perfor-
mance of the Rasmussen mechanism was slightly better than the perfor-
mance of the Sivaramakrishnan mechanism for the investigated mixture
residence times. The CH, conversion predicted by the Rasmussen kinetic
mechanism was constantly higher than that predicted by the Sivaramakr-
ishnan mechanism. The CH, conversion from the experiments was higher
than the predicted CH, conversion by the Rasmussen kinetic mechanisms
except for cases A and B. In particular, for case A with the highest temper-
ature, the Rasmussen kinetic mechanism predicted higher oxidation than
that found in the experiment. This might imply that the mechanism over-
estimates the CH, oxidation at high temperatures. The lowest measured
and simulated reactivity of CH, for case B was due to the lower amount
of NO, which also led to the lowest NO, formation in this case.

Like the simulated CH, mass fractions, CO mass fractions predicted by
both the Rasmussen and Sivaramakrishnan kinetic mechanisms repro-
duced the experimental results fairly well, which were predicted to be
slightly lower than the measured ones.

The tendency of the measured NO, formation for different cases could
be reproduced by the simulative results of the Rasmussen and Sivara-
makrishnan kinetic mechanisms, with the exception of case F, where the
NO, predicted by Rasmussen mechanism rose slightly despite the slight
decrease of NO, in the experiment. Except for cases A and B, NO, pre-
dicted by Rasmussen lay below the experimental values. The higher NO,
for cases A and B might be linked to the overestimation of CH, oxidation
for these cases. The lowest levels of NO, formation were found for case B
with the lowest NO mass fraction, which caused the lowest CH, reactiv-
ity. The Sivaramakrishnan mechanism could also reproduce the experi-
ment well, where the final value of NO, lay mostly below those predicted
by the Rasmussen mechanism, except for case C. The highest deviations
between simulated NO, mass fractions by the two mechanisms of Ras-
mussen and Sivaramakrishnan were 15 % for cases A and F.

From the experiment and the kinetics calculations, it was observed that
NO, production was accompanied by NO reduction. The NO mass frac-
tions simulated by using the Rasmussen and Sivaramakrishnan kinetic
mechanisms reproduced the tendency seen in the experimental results of
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Figure 5.14: Comparison of the measured and the simulated NOy mole fractions at the
FTIR-LP measuring point with the initial conditions from Table

NO. In Figure the mole fractions of NOy as the sum of NO and NO,
mole fractions measured at FTIR-LP are compared with those predicted
by the Rasmussen and Sivaramakrishnan kinetic mechanisms. Except for
case A and case E, the experimental results indicate NOy reduction. The
NOx predicted by the Rasmussen and Sivaramakrishnan kinetic mecha-
nisms also exhibited an almost constant reduction of 12-19 ppm and 5-14
ppm, respectively, during the investigated residence times. The higher
measured NOy reduction from the experiment for cases C, D, and F (with
reductions of 62, 43 and 91 ppm, respectively) might be due to erroneous
measurements of NO/NO, or rather other physical phenomena not con-
sidered in the reactor modeling. The possible reason for NOy reduction
predicted by the Rasmussen and Sivaramakrishnan mechanisms is ex-
plained using the reaction path diagram presented later in this section.
In the cases discussed so far, the temperature was still high enough for
NO, production. In the following, the effect of lower temperatures on
NO, formation is investigated. Figure shows the measured and sim-
ulated evolution of NO, during gas residence time in the exhaust duct
between HP-FTIR and LP-FTIR for lower temperatures (622 K<T<773
K). The corresponding initial conditions for the reactor calculations taken
from the measurements at FTIR-HP are listed in Table The temper-
atures were lower than those in the previous cases (A-F). The tendency
of NO, measured at FTIR-LP could be reproduced by the reactor calcu-
lations employing the Rasmussen and Sivaramakrishnan kinetic mecha-

83



Results of the Pollutant Formation and Conversion Simulations

Table 5.6: Initial conditions for homogeneous reactor calculations corresponding to the
FTIR-HP measuring point for mixture temperatures 622 K<T<773 K

- TIK] plbar] tes[s] Ycn, Yno Yno,  Yen,o oo A
G 773 1.65 1.58 1.21E-3 2.11E-4 1.28E-4 5.65E-05 2.14
H 742 1.45 1.64 5.72e-4 216E-3 1.33E-4 2.74E-05 2

I 739 2.25 1.81 346E-3 157E-4 1.6E-4 1.06E-4 24

] 713 1.62 1.61 7.38E-4 1.32E-3 1.23E-4 3.53E-05 2.3
K 683 1.89 1.73  198E-3 8.12E-4 14E-4 8.06E-05 2.5
L 655 2.79 196 5.16E-3 1.93E-4 1.02E-4 1.05E-4 2.8
M 652 2.23 1.89 3.13e-3 5.21E-4 1.3E-4 9.64E-05 2.7
N 622 2.89 2.1 437E-3 27E-4 1.14E-4 1.1E4 3
.107% | | | | | | |
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Figure 5.15: Comparison of the measured and the simulated NO, mass fractions at the
FTIR-LP measuring point with the initial conditions from Table
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nisms. The simulated NO, mass fractions at FTIR-LP were below the ex-
perimental values like the previous simulations. Like the previous cases,
the overall prediction with the Rasmussen kinetic mechanism was better
than that with the Sivaramakrishnan kinetic mechanism. The Gri 3.0 ki-
netic mechanism (not plotted) did not predict any NO to NO, conversion
under the temperatures present in cases G-N, which were lower than the
temperatures in preceding simulations.

It was observed that by decreasing temperature, the measured and sim-
ulated NO, formation dropped due to decreasing reactivity of the mix-
ture. Cases J, K, M and N showed the lowest NO, formation due to the
low temperatures. Case L with a temperature even lower than in cases ]
and K exhibited higher NO, formation that could be associated with the
highest CH, concentration in this case. The effect of CH, on NO, forma-
tion was also observed for case I. The increased NO, formation for this
case despite the same temperature with case H was caused by a higher
CH, concentration for case I. For both cases I and L, the high concen-
tration of CH, was associated with high concentrations of formaldehyde
(CH,O) species. CH,O is an intermediate product of CH, conversion, pro-
duced through the partial oxidation of CH, upstream of the FTIR-HP
measuring point, and its presence enhanced the reactivity of the mix-
ture as well as augmented NO, formation. In Table the deviations
between the simulated NO, mass fractions at FTIR-LP under considera-
tion of CH,O and those without consideration of CH,O are listed. The
Rasmussen kinetic mechanism was employed for these comparisons. The

Table 5.7: Deviations between simulated NO, mass fraction at FTIR-LP with and with-

out considering CH,O
‘ A B FL C D E F
AYNo2 ‘ 1.45E-05 6.2E-06 1.5e-5 3.4E-05 79E-05 8.71E-05 17E-5

\ PL G I
AYnoo \ 8.7E-05 9.05E-05 12.E-5

effect of abundant CH,O on NO, augmentation was seen. Without con-
sidering it, the final level of NO, was lower. In particular, the effect of
CH,O on increasing NO, mass fractions gets stronger with decreasing
temperatures. The high amount of CH,O, associated with high amounts
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of CHy, led to the NO, augmentation despite low temperatures, until the
temperature was so low, that no reaction occurred during the available
residence time as seen for cases N and M.

From the investigations in this section, the following conclusions could
be drawn: The interaction of CH, and NO was observed in the measure-
ments and reactor calculations by employing the Rasmussen and Sivara-
makrishnan kinetic mechanisms. The CH, conversion was accelerated in
the presence of NO and the NO conversion to NO, was enhanced in
the presence of CH,, provided that the temperature was high enough.
There was a lower temperature limit, for which CH, oxidation and con-
sequently NO to NO, conversion were almost frozen, which depended
on CH, concentration. The Gri 3.0 mechanism predicted hardly any CH,
conversion and very low NO, formation at the investigated temperatures
and was unable to reproduce the experimental results. The Rasmussen
and Sivaramakrishnan kinetic mechanisms predicted much higher con-
version rates and reproduced the experimental results fairly well. It was
also observed that the results of the Rasmussen and Sivaramakrishnan
mechanisms for higher residence times became highly similar. However,
the overall performance of the Rasmussen kinetic mechanism agreed with
the measurements the best. It was also shown that the CH,O radical pro-
duced through the partial oxidation of CH, affected the NO, formation,
particularly at low temperatures and high residence times.

In the following, the dominant reaction paths in the reactive mixture of
CH,4-O,-NO, predicted by the Rasmussen and Gri 3.0 kinetic mechanisms
are discussed. Figure shows CH, and NO, evolution over time calcu-
lated in homogeneous reactors in Cantera. The initial conditions refer to
those of case A from Table with the exception of NO, mass fraction,
which is set to zero. The Rasmussen kinetic mechanism predicted an ear-
lier initiation of CH, oxidation and thus an earlier start of NO, formation
than the Sivaramakrishnan mechanism. This led to higher deviations be-
tween the species mass fractions predicted by both mechanisms at lower
residence times, while for higher residence times the predicted species
mass fractions became closer. The dominant reaction paths predicted by
Sivaramakrishnan are very similar to those predicted by the Rasmussen
mechanism. The different performances of the Rasmussen and Sivara-
makrishnan kinetic mechanisms might mainly originate from the differ-
ent reaction rate coefficients or different thermodynamics properties of
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Figure 5.16: Time evolution of CH, ( ) and NO, (----- ) mass fraction predicted by
the Rasmussen ( ), Sivaramakrishnan ( )and Gri 3.0 ( ) kinetic
mechanisms with initial conditions as for case A in Table [5.5] with initial
YNno,=0

the species. Thus, a detailed investigation is required to analyze the differ-
ences between the two kinetic mechanisms, which goes beyond the scope
of this work. In the following, the main differences between the Gri 3.0
and the Rasmussen mechanisms are discussed by using the reaction path
diagram. Figure depicts the main paths of species conversions fol-
lowing C and N atoms predicted by the Rasmussen and Gri 3.0 kinetic
mechanisms evaluated at t=0.1 s according to Figure The conversion
rates predicted by the Rasmussen mechanism were almost by two orders
of magnitude higher than those predicted by Gri 3.0. The elementary re-
action CH, + OH=CHj; + H,O was the fastest fuel consuming step, as pre-
dicted by both mechanisms, which occurred via H radical abstraction by
the OH radical. The chain reaction path CH; — CH;0 — CH,0O — HCO
— CO, predicted by both kinetic mechanisms but with different rates,
provided the system with the radicals pools that sustained the methane
decay and determined its change rate. In addition the parallel path CHj,
— C,Hy, — C,H; — C,H, — C,H; — CH,0O — HCO was responsible for
CH, decay but to a lesser extent. The different results from the Rasmussen
and the Gri 3.0 mechanisms can be traced back to different predicted CHj,
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decay rates. The CHj; conversion to CH,O at the investigated temperature
predicted by Gri 3.0 followed the path of

and to a lesser extent the path of

CH3 ‘|— OZ - CHSO ‘|— O

(5.4)

CH; to CH,O conversion predicted by the Rasmussen mechanism fol-
lowed the path of

CH, + O, = CH,O + OH (5.5)
and to a much higher extent the path of

CH, + NO, = CH;0 + NO

(5.6)

followed by the path of

CH3 + Oz — CH302
CH,0, +NO = CH,0 + NO, (5.7)

The reaction step CH; + O,=CH,O + OH predicted by both kinetic mech-
anisms was not the dominant one in the Rasmussen reaction system. The
parallel reaction steps 5.6 and [5.7] were the dominant steps when using
the Rasmussen kinetic mechanism. These steps considered the interac-
tion between NO and NO, with intermediate products and accelerated
CH; consumption and thus CH, decay in the presence of NO, and NO.
In the case of Gri 3.0, there was no direct interaction between NO/NO,
and CHj. This is the reason for the lower methane reactivity predicted by
Gri 3.0 under the given conditions.
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Scale = 3.6e-05
Reaction path diagram following C Scale = 5.6e-07
Reaction path diagram following C

h

Scale = 8.6e-07
Reaction path diagram following N

Scale = 2.1e-05
Reaction path diagram following N

Figure 5.17: Fastest reaction paths following C and N atoms predicted by the Rasmussen
(links) and Gri 3.0 (right) kinetic mechanisms

The main steps from formaldehyde CH,O to CO were similar for both
kinetic mechanisms but with different reaction rates:

CH,O + OH = H,0 + HCO
HCO + O, = CO + HO,

(5.8)
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The key reaction step for NO, formation predicted by both kinetic mech-
anisms remained

HO, + NO = NO, + OH (5.9)

with HO, radicals formed during the fuel decay described above but, also
from the H, /O, subsystems of each kinetic mechanism, mainly through:

H+ O,(+M) = HO,( + M) (5.10)

Faster HO, formation predicted by the Rasmussen kinetic mechanism
due to the faster fuel decay than by Gri 3.0 leads to the faster NO, for-
mation. Parallel to reaction responsible for the NO, formation, the
following steps predicted by both kinetic mechanisms, affected the NO,
conversion back to NO:

H + NO, = NO + OH
O+ NO, = NO + O, (5.11)
NO,+M =NO+0+M

For the investigated low temperature (T=877 K), the NO, conversion
back to NO through the reaction steps given in was much slower
than the NO conversion to NO, through path leading to the in-
crease of the NO, mass fraction. At high temperatures, the reaction steps
in become faster than reaction step leading to the decreasing
NO, mass fraction. While the Gri 3.0 mechanism predicts direct conver-
sion of NO to NO, and vice versa according to the reaction steps
and the Rasmussen kinetic mechanism includes more complex re-
action paths in the subsystem of NO/NO,, which can be found in de-
tail in [16]. The reduction of NOy (as the sum of NO and NO,) predicted
by the Rasmussen kinetic mechanism, as mentioned previously, can be
traced back to the production of CH;NO, species through the reaction
step CH; + NO,=CH;NO,, depicted in figure

It can be concluded that the Rasmussen (and Sivaramakrishnan) kinetic
mechanism includes elementary reaction steps, which model the direct
interaction of CH, with NO and NO,. This leads to faster radicals for-
mation, which support a faster CH, decay and NO, formation compared
with the results of the Gri 3.0 kinetic mechanism.
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6 Summary and Conclusions

In this work the mechanism of NO, formation in a dual fuel (DF) en-
gine with lean premixed methane-air ignited by diesel pilot fuel was in-
vestigated. A low order model based on a priori look-up tables was pro-
posed for predicting in-cylinder NO, formation in CFD calculations. This
approach was also applied to model unburned CH, post-oxidation and
CO formation. Three different kinetic mechanisms, namely those of Ras-
mussen, Sivaramakrishnanm and Gri 3.0, were employed, and the results
from these mechanisms were compared with each other.

Through fundamental studies with homogeneous reactors in Cantera,
the conditions under which NO, is formed were determined. It was
shown that high NO, formation is not a problem that originates from
the hot gases in the combustion zone. NO, formation mainly occurs
in the low/middle temperature range through the mixing of NO with
small amounts of CH, in the presence of O, as an oxidizer. Based on
the prestudy, the parameters that mainly affect the rate of NO, formation
were determined, namely temperature, pressure, unburned CH,, and NO
and OH mass fractions. Due to the investigated lean combustion with
¢ ~ 0.5 the mass fraction of O, was set to a constant value of 0.1127,
corresponding to typical O, mass fractions in the flue gas following com-
bustion when computing in-cylinder NO, formation with CFD. Slightly
lower or higher values of O, mass fractions do not affect NO, formation
that much, due to the different orders of magnitude of the investigated
CH, and O, mass fractions.

The challenges of predicting in-cylinder NO, formation in CFD in-
cluded the correct modeling of heat release, predicting NO production
as well as modeling the CH, that survives combustion. Following these
steps an appropriate method was required to model the conversion to
NO.,.

The first prerequisite for modeling NO, was validating the combustion
model. Combustion modeling was conducted in the software package
AVL-Fire by using the ECFM3Z model, which allows efficient modeling
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of auto-ignition, diffusion and premixed combustion in DF combustion.
Since the ECFM3Z model was originally developed for diesel combus-
tion, it was necessary to modify and extend the auto-ignition model as
well as the computation of the laminar flame speeds. The latter adaption
with respect to the modeling of laminar flame speeds was implemented
in the present work. The former adaption regarding the auto-ignition
modeling had already been implemented in AVL-Fire in previous work
conducted at the Thermodynamics Institute and was used in the present
work.

Auto-ignition was predicted in CFD by retrieving the ignition delay
times from an a priori generated look-up table depending on the com-
putational cell conditions. In the look-up table, the cold flame and main
flame ignition delay times as well as the corresponding heat releases
were stored, which were evaluated by using the temperature evolution
computed with the constant volume homogeneous reactor model in Can-
tera employing the Chalmers kinetic mechanism. The reactor calculations
were initialized with different temperatures, pressures, equivalence ratios
and fuel fractions as ratios of n-heptane to total fuel mass (n-heptane and
methane). The evaluated ignition delay times and heat releases were tab-
ulated with respect to the above-mentioned parameters leading to a 4D
look-up table for use in CFD.

For modeling flame propagation according to the flame surface density
concept in the ECFM3Z model, an appropriate modeling of laminar flame
speeds, particularly in the zones containing n-heptane and methane, was
required. In the present work, the unstrained laminar flame speeds for
methane-air and n-heptane-air mixtures were computed in Cantera by
employing the Gri 3.0 and the Chalmers mechanism, respectively. The
calculations were carried out for different temperatures, pressures and
equivalence ratios. The computed laminar flame speeds were tabulated
with respect to the above-mentioned parameters leading to two 3D tables
for using in CFD. The influence of fuel mixture ratios on the laminar flame
speed in CFD calculations was taken into account using linear interpola-
tion of the tabulated flame speeds of both species.

Two engine operation points were simulated in CFD. The onset of ig-
nition was adjusted with different factors for each case to match the ex-
periments, whereas the turbulent flame propagation was adjusted with
a unique parameter for both cases. The simulated evolution of the mean
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temperatures and the heat release rates reproduced the experiment fairly
well. This verified the functionality of the method of tabulation for pre-
dicting ignition and laminar flame speeds in the mixture of n-heptane-
methane-air employing the ECFM3Z model.

Following combustion validation, the next prerequisite for predicting
the NO, formation was predicting the NO formation. The turbulent NO
formation rates were computed by employing the extended Zeldovich
model under the consideration of turbulence effects through the PDF
technique. The employed model, however, could not reproduce the mea-
sured NOy, so that a correction factor was applied to the model. Correct
estimation of NO production from combustion was essential for predict-
ing the NO, formation.

For predicting the CH, amounts that would survive the combustion,
a wall-flame quenching model based on a quench distance was imple-
mented in AVL-Fire. In addition, crevices were taken into account as an-
other source of unburned CH, flowing back into the cylinder during ex-
pansion.

In order to predict the unburned CH, post-oxidation as well as CO
and NO, formation and conversion with low computational costs, an
approach based on a priori constructed look-up tables was proposed in
the present work. This approach was based on computing the conver-
sion rates of the so-called progress variables corresponding to the above-
mentioned species. The homogeneous reactor model was used in Can-
tera for computing the conversion rates. The reactor calculations were
conducted for different temperatures, pressures, and CH,, NO, and OH
mass fractions employing the kinetic mechanisms of Rasmussen, Sivara-
makrishnan and Gri 3.0. The conversion rates, computed with each afore-
mentioned kinetic mechanisms, were tabulated with respect to temper-
ature, pressure, and CH,, NO and OH mass fractions and the corre-
sponding progress variables, leading to three 6D look-up tables for use
in CFD. In addition, the cut-off values, at which the produced NO, and
CO species started converting to NO and CO,, respectively, were evalu-
ated and stored with respect to the temperature, pressure, and CH,, NO
and OH mass fractions leading to three 5D look-up tables for use in CFD.
The O, mass fraction for generating the look-up tables was set to 0.1127,
which corresponds to the O, mass fraction following CH,-air combustion
with ¢=0.5.
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For two cases, the in-cylinder pollutant formation and conversion, were
calculated with transport equations with source terms retrieved from the
look-up tables. The calculation distinguished between NO, produced in
the presence of CH, and that formed in the absence of CH,. For the latter
portion of NO,, the three kinetic mechanisms predicted very similar lev-
els of NO,, whereas the prediction of NO, formation driven by CH, dif-
fered for each mechanism. It was shown that the Rasmussen kinetic mech-
anism predicted the highest level of CH, driven NO, production, whereas
the Sivaramakrishnan kinetic mechanism predicted a lower level. The Gri
3.0 kinetic mechanism could not predict any NO, formation driven by
CH, during the available residence times in the engine.

Since the first measuring point was located further downstream of the
engine exit, reactor calculations were conducted from the engine exit to
the measuring point. This revealed that the Rasmussen kinetic mecha-
nism could reproduce the experimental results much better than the of
Sivaramakrishnan and Gri 3.0 kinetic mechanisms. The major part of NO,
was produced in the exhaust duct, where the mixture of CH,;-O,-NO-
NO,-OH experienced a mean temperature of 850 K and 790 K for a du-
ration of approximately 0.1 s. The effect of OH radicals in the flue gas on
NO, formation turned out to be essential. It was shown that the deviation
between the simulated and measured NO, for the investigated part load
operation point was higher than that for the full load operation point. This
was in accordance with the higher deviation between the simulated and
the measured CH, for the investigated part load operation point. Partic-
ularly for the part load operation point, it might be concluded that a por-
tion of the measured unburned CH, should originate from other sources
than flame-wall quenching and crevices considered in the present study.
The CO mass fractions were also predicted to be below the experimental
values, which could also be partly traced back to the underestimated CH,
mass fraction.

For higher mixture residence times in the exhaust system, the Gri 3.0
mechanism still predicted hardly any CH, conversion and thus no NO,
formation. The Rasmussen kinetic mechanism could reproduce the ex-
perimental results at the best. It could be seen that the results from the
Sivaramakrishnan kinetic mechanism became very similar to those pre-
dicted from the Rasmussen kinetic mechanism for higher residence times.
It was also shown that considering the CH,O radical is important for pre-

94



dicting NO, evolution for mixtures with high residence times and low
temperatures in the exhaust system.

The major elementary reaction paths for NO, formation predicted by all
the kinetic mechanism is the step NO + HO,=NO, + OH. The Rasmussen
and Sivaramakrishnan kinetic mechanisms model direct interactions be-
tween CH, and NO/NO, molecules, which enhance the radicals forma-
tion and accelerate the CH, oxidation and as a result augments NO to
NO, conversion. Gri 3.0 does not include any paths for direct interaction
between CH, and NO/NGO,. This led to much lower reactivity of CH, and
NO,formation predicted by Gri 3.0 under the investigated conditions.
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