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Abstract

The main source of energy in the nearest future will come from fossil
fuels. Increasing demands on environmentally friendly energy conver-
sion implies that pollutants, such as CO and NO,, need to be reduced.

This project aims to investigate recent developments in combus-
tion modeling and turbulence modeling in the context of engineering
type Computational Fluid Dynamics (CFD) analysis tools, applied to
the main problem area of swirl-stabilized flexi-fuel flames. To perform
a CFD simulation of reacting flows, kinetic information needs to be
provided to the CFD code. Fully detailed kinetic mechanisms are ex-
pensive in terms of computer time when coupled with CFD and hence
the use of global reaction mechanisms is preferable. Global mecha-
nisms consist of a reduced number of reactions mostly one-way reac-
tions which are governed by tuned Arrhenius rate expressions. The
optimization at each equivalence ratio is here done by comparing re-
sults from Perfectly Stirred Reactor (PSR) calculations for both a de-
tailed reference mechanism and the chosen multi-step global reaction
mechanisms.

Steady-state Reynolds Averaged Navier Stokes (RANS), hybrid Un-
steady RANS/Large Eddy Simulation (URANS/LES) and LES turbu-
lence models have been used in the CFD work. This thesis includes the
development and derivation of new 3-step global reaction mechanism
for methane-air flames, which has been implemented and evaluated in
the CFD analysis for two different burner configurations. In papers I
and II an atmospheric burner test rig at Lund University (LTH) has
been modeled and the results have been compared to high quality ex-
perimental data (emission and Particle Image Velocimetry (PIV) data).
There is good agreement between the CFD simulations and measure-
ments of emissions, velocity field and flame visualization. The second
configuration that has been modeled and compared with experimental
data is the Sandia Flame D test case, which is reported in paper III.

Keywords: CFD, Chemistry, Combustion, RANS, LES, SAS-SST, PSR,
Global reaction mechanism
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Nomenclature

Upper-case Roman

A pre-exponential factor

By, backward reaction rate

C, constant in k-¢ turbulence model
E, activation energy

Ey, forward reaction rate

] molar concentration

K. equilibrium constant

L, von karman length scale
P, inlet reactor pressure

Py turbulent production term
RR reaction rate

Sij strain rate tensor

St laminar flame speed

Ssas source term in SAS model
S swirl number

T temperature

T inlet reactor temperature
Tout outlet reactor temperature
V reactor volume

Y mass fraction

y (k) species mass fraction

Lower-case Roman

fi correction function

fa correction function

ho total enthalpy

k kinetic energy

m mass flow rate

P pressure

U; cartesian components of velocity vector
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u axial velocity component

v radial velocity component

w tangential velocity component

Greek Symbols

0] equivalence ratio

Ié] temperature exponent

5* constant in k-w turbulence model

dij kronecker delta

€ dissipation of turbulent kinetic energy
1 laminar dynamic viscosity

Lt turbulent eddy viscosity

v kinematic viscosity (v = u/p)

p density

Tij viscous stress tensor

Tres residence time

Abbreviations

CFD Computational Fluid Dynamics

CFL Courant-Friedrichs-Lewy

DES Detached Eddy Simulation

DLE Dry Low Emission

DNS Direct Numerical Simulation

EDM Eddy Dissipation Model

FRC Finite Rate Chemistry

LCV Low Caloric Value

LDV Laser Doppler Velocimetry

LES Large Eddy Simulation

LTH Lund University

MFL Mass Flow Controllers

M3 Meredith 3-step reaction mechanism
PIV Particle Image Velocimetry

PLIF Planar Laser-Induced Fluorescence Imaging
PSR Perfectly Stirred Reactor

RANS Reynolds Averaged Navier-Stokes
RPL Rich Pilot Lean

RNG Re-Normalisation Group

SAS Scale Adaptive Simulation

SCADA Supervisory Control Data Acquisition
SIT Siemens Industrial Turbomachinery
UHC Unburned HydroCarbons



URANS Unsteady Reynolds Averaged Navier-Stokes
WALE  Wall Adaptive Local Eddy Viscosity
WD2 Westbrook Dryer 2-step reaction mechanism

Chemical Compunds

COq carbon dioxide
CcO carbon monoxide
H, hydrogen

CH, methane

NO, nitrogen oxides

Os oxygen

X1



X11
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Chapter 1

Introduction

1.1 Motivation

Today, nuclear power, biomass energy and other renewable energy ac-
counts for approximately 20% of the total energy consumption in the
world. This implies that combustion of fossil fuels will remain the
dominating energy conversion process for at least the next 50 years,
Grundy (2008), see Fig 1.1.

Primary energy by source
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Figure 1.1: Shell energy consumption scenario for the next 50 years

During the past few years the development of combustor technology
has followed a general trend towards fuel flexibility and increased use
of bio fuels. Fuel flexibility is a term often used to describe the growing
trend for gas turbines to be operated on a variable set of fuels. These
fuels are typically of the type Low Caloric Value (LCV). The opportu-
nity to operate on flexi-fuel is important since fossil fuels are a limited
energy source. The use of syngas fuel (a mixture of CH,, CO and H,)
in combustors is becoming more attractive since this is a common de-
nominator for many gasification processes based on either bio fuels or
fossil fuels.
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Regulatory requirements for limiting the emissions of pollutants such
as nitrogen oxides (\NO,), carbon monoxide (C'O), unburned hydrocar-
bons (UHC) and carbon dioxide (C'O;) often limit the fuel supply and
operability of lower cost fuels. For ideal stoichiometric combustion of
hydrocarbon fuels, the reactants are fuel and oxidizer and the products
are carbon dioxide CO, and water H,O. But, for an incomplete com-
bustion process emissions are produced such as soot, CO and UHC.
The release of greenhouse gases, such as C'O,, is regarded as the main
source of global warming. The most important factor that affects the
NO, production is the flame temperature. Lower temperature can be
achieved by operating well away from the stoichiometric condition, but
this results in increasing production of both CO and UHC, see Fig 1.2.
Improved combustion technology in terms of efficiency and pollutant

Hydrocarbons
Nitrogen
Oxides
— CO
ks s AirFuel
10 12 16 18 20 22 Ratio
RICH IDEAL LEAN

Figure 1.2: Effect of air/fuel ratio on gas emissions

emissions is therefore crucial since this reduces the NO, production.
Understanding the combustion behavior of flexi-fuels is very important
since they have a significantly lower heating value than conventional
fossil fuels.

This work involves derivation of new multi-step global mechanisms
for methane-air mixture and syngas fuels, coupling these multi-step
mechanisms with an established turbulence interaction model, CFD
analysis for a premixed scaled 4" generation Dry Low Emission (DLE)
burner supplied by Siemens Industrial Turbomachinery (SIT) and com-
parison with experimental data from burner test rig at LTH/Combustion
Physics. Also, a test case named Sandia Flame D has been modeled

2



CHAPTER 1. INTRODUCTION

with an optimized global reaction mechanism for methane-air mixture
and compared to high quality experimental data.

1.2 Kinetic Modeling

Both the chemical kinetics and the interaction between turbulence and
the chemical reactions involved have to be modeled accurately to pre-
dict the combustion process in the context of a detailed 3D CFD anal-
ysis. Increasing power and memory of computers and the possibility
to run a simulation at several processors in parallel have made it pos-
sible to use more advanced turbulence models and more species and
reactions included in the chemistry. But, the need for simplified chem-
istry and hence global reaction mechanisms is still important.

1.3 Turbulence-Chemistry Interaction

The addition of a large number of chemical species complicates the
turbulent reaction modeling since the chemical reaction rates depend
non-linearly on the species concentrations, Warnatz et al. (2006). Fast
chemistry assumption is often made for turbulent reacting flow. This
means that turbulent motions control the reaction rate, and hence sim-
plifies the description of the reacting flow to that of a mixing problem.
The eddy-breakup model (Spalding (1971), Spalding (1976) and the
Eddy Dissipation Model (EDM), based on the work by Magnussen &
Hjertager (1976) are examples of such models. The EDM is well known
and used in the industry. In the EDM model the chemical reaction rate
is governed by the turbulence mixing rate, ¢/k.

More elaborate models also take into account finite-rate chemistry, for
example the Eddy Dissipation Concept (EDC) by Gran & Magnussen
(1996), PDF-methods (Pope (1985)), flamelet models (Peters (1986))
and the Partially Stirred Reactor model (Golovitchev et al. (2000)). The
EDC model is an extension of the EDM model to include detailed chem-
ical mechanisms in turbulent reacting flows. It assumes that reac-
tion occurs in small turbulent structures, called the fine scales. These
small scale structures can be captured as a part of the cell, where
Kolmogorov-sized eddies containing combustion species are situated
so close together that mixing on the molecular level is taking place.
The EDC model evaluates the volume of each cell, where mixing on a
molecular scale is occurring, and treats this part of the cell as a PSR.

3
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1.4 Turbulence Modeling

Turbulent flows are characterized by a large range of length and time
scales, see Fig 1.3. The turbulent spectrum is divided up into three
different regions. The first region, I, corresponds to the generation of
large energy containing scales. The intermediate region stands for the
inertial subrange were the energy is transferred from large to small
scales. In the third region, III, the small scales are dissipated. De-
pending on which turbulence model one use different amounts of the
turbulent spectrum are resolved and modeled.

Modeled in RANS/URANS
Resolvedin DNS

Resolvedin LES < LES subgrid models R
b Resolvedin SAS ; > Modeled in SAS .
E( K ) 5 I \ '

Figure 1.3: The turbulent spectrum

RANS models are very important turbulence models for engineers in
everyday work. The models are robust and the turnaround time for the
simulations is short. However, the RANS models give only the mean
solution of a problem, which is not always that useful in the design
of practical systems, since the mean solution does not really exist. In
RANS the entire turbulent spectrum is modeled. The other extreme is
to use Direct Numerical Simulation (DNS) where all the scales are re-
solved. However DNS is extremely expensive and will not be possible
to use in the industry in the near future for the kind of applications
that is considered here. LES resolves large-scale turbulent mixing and
is the best candidate for simulating turbulent flames. The LES sim-
ulation gives good prediction of the flame front dynamics, which is of
great help for NO, predictions. Between the RANS models and the LES
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CHAPTER 1. INTRODUCTION

model we have the hybrid RANS-LES models. These models switch to
LES mode in unsteady flow if the resolution of the grid is satisfied and
to an unsteady RANS mode close to the walls. Examples of the hy-
brid RANS-LES models are the Scale Adaptive Simulation (SAS) and
the Detached Eddy Simulation (DES) models. The SAS approach rep-
resents a new class of the URANS models. Different from the RANS
formulations, the SAS model adjusts the turbulence length scale to the
local flow. As a measure of the local flow length scale, a boundary
layer length scale introduced by von Karman is generalized for arbi-
trary three-dimensional flows. Both the SAS and the LES models are
used for the transient simulations in the present work.

1.5 The Flexi-Fuel Burner

The premixed scaled 4'" generation Dry Low Emission (DLE) burner is
supplied by Siemens Industrial Turbomachinery (SIT). The SIT burner
consists of a complex arrangement of fuel and air premix ducts and
swirler vanes, involving a main premixed flame (MAIN), a partially
premixed pilot flame (PILOT) and a confined rich premixed lean flame
(RPL), shown in Fig 4.3. The air and fuel are premixed before the com-

A

Figure 1.4: MAIN, PILOT and RPL systems

bustion process takes place. The RPL flame burns at rich conditions
in a pre-combustion chamber, creating hot gases with high amounts of
radicals. This hot gas is then mixed downstream of the RPL with pre-
mixed fuel/air from the MAIN and PILOT systems, which augments
the overall flame in the tube.
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1.6 Experimental Setup

The experiments were conducted at LTH in an atmospheric version of
the burner test rig, see Fig 1.5. Fuel to each of the three sectors is in-

Figure 1.5: The burner setup at LTH

dividually controlled by Alicat Scientific Mass Flow Controllers (MFC).
The air flow to the RPL is also controlled by an Alicat MFC, allowing
independent control of the RPL sector. Air to the PILOT and MAIN sec-
tors is supplied by two Rieschle SAP 300 blowers, which are controlled
by a variable frequency AC driver. Flow meters at the blower outlet
monitor air flow to the PILOT and MAIN sectors of the burner, whose
design distributes 21% of the air to the PILOT and 79% to the MAIN
sector. Blower control, flow monitoring and MFC’s are all coupled to
an in-house LabView control program. The experimental results are
reported by Sigfrid et al. (2011a) and Sigfrid et al. (2011b).



Chapter 2

Kinetics

ETAILED reaction mechanisms for conventional and bio fuels are

huge and contain hundreds of species and thousands of reactions.
Run-time and convergence requirements, coupled with CFD codes, im-
ply that there is still a need for simplified reaction mechanisms, despite
the increasing power and memory of computers. The computational
cost is dependent on both the number of chemical species and number
of reactions involved in the simulation. By systematically decreasing
the number of reactions and species, for a limited range of conditions,
it is possible to construct simplified global reaction mechanisms that
approximate the real chemical reactions in terms of major species, tem-
perature, heat release, etc.

2.1 Global Reaction Mechanisms

Research on the development of reliable global reaction mechanisms
for combustion of hydrocarbons was done during the 80s by WestBrook
& Dryer (1984) and Jones & Lindstedt (1988). Westbrook and Dryer
derived 1- and 2-step global reaction mechanisms for hydrocarbons fu-
els and are well known and often used in the industry. In the single
step mechanism the fuel and oxidizer (air) reacts to give CO, and H,O.
The weakness of the single step mechanism is that by assuming that
the reaction products only are CO; and H,0 the total heat of reaction is
overpredicted. To account for this, a two step model for hydrocarbons
was suggested by Westbrook and Dryer, which can be seen below for
methane-air gas:

2 . (2.1)
CO + 502 = COQ

7
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Jones & Lindstedt (1988) developed a 4-step global reaction mecha-
nism for several hydrocarbon fuels. For methane-air mixture the global
multi-step reaction mechanism involves the following steps:

1
CH4 + 502 = CO + 2H,
CH,+ H,O = CO + 3H.
4 2 | 2 (2.2)
H2 + 502 e HQO

OO+HQO<—>COQ+H2

The first two reactions are global reactions in one direction, whereas
the last two are equilibrium reactions. A promising new approach
to construct global reaction mechanism was reported by Meredith &
Black (2006). They address the difficulties in constructing global mech-
anisms by invoking a more mathematical approach. In brief, they apply
robust optimization techniques to obtain a global mechanism that gives
the best possible match with detailed chemistry. They report very good
results with 3-/5-step global reaction mechanisms for methane and JP8
combustion cases.

Franzelli et al. (2010) used a slightly different but also promising ap-
proach. They derived a 2-step global reaction mechanism for kerosene
combustion. To predict better results at rich conditions, they intro-
duced correction functions, dependent on the local equivalence ratio,
for the fuel oxidation and the C'O oxidation. Furthermore, they based
the backward rate of reaction 2 on an equilibrium assumption.

Cuoci et al. (2009) optimized two global reaction mechanisms using
the work from WestBrook & Dryer (1984), Jones & Lindstedt (1988)
and Andersen et al. (2009) as a starting point. The evaluation of the
multi-step global reaction mechanisms were based on the regression
data from a detailed kinetic scheme in laminar diffusive counter-flow
flames. These flames were assumed as a good representation of the
real flame (Buzzi & Manenti (2009), Peters (1984)). The work by Cuoci
et al. (2009) was tested on a syngas flame with promising results.

The most frequently used global mechanisms are often determined
by applying optimization techniques or by tuning to obtain the ex-
pected results in CFD simulations. Several different reduced reaction
mechanisms of methane-air mixture and syngas exist in the litera-
ture, for example Novosselov & Malte (2008), Gokulakrishnan et al.
(2006), Marlow & Norton (1995) and Slavinskaya et al. (2008). Unfor-

8



CHAPTER 2. KINETICS

tunately, global mechanisms are typically only valid over limited op-
erating ranges and cannot account for all of the possible combustion
phenomena (e.g. NO,, UHC, auto-ignition, etc). Also, the drawback of
most of the published global mechanisms is that they are not flexible
enough to cope with a wide range of equivalence ratios as is consid-
ered here (from 0.5 up to 1.6), which is necessary in order to handle the
complex flame arrangement in the present swirl-stabilized flexi-fuel
burner.

2.2 The Perfectly Stirred Reactor Model

The PSR is an ideal constant pressure reactor, in which perfect mixing
is assumed inside the control volume, due to high diffusion rates or
forced turbulent mixing. This means that the rate of conversion of
reactants to products is controlled by chemical reaction rates and not
by mixing processes. In addition to the fast mixing, the modeling of
PSR requires that the flow through the reactor must be characterized
by a residence time, 7,.,, which is defined accordingly to:
Vp

(2.3)

7—7‘68

where V is the reactor volume, p is the density inside the reactor and
m is the mass flow through the reactor. The PSR reactor is assumed to
be operating at steady-state, so there is no time dependence included
in the equations. Fig 2.1 illustrates the conceptual representation of a
PSR reactor.

Residence

Figure 2.1: Schematic picture showing the PSR model

Reactants is introduced through the inlet with a given species com-
position and temperature. The reactor pressure is specified, so that
the conservation equations determine the volume outflow. All proper-
ties are uniform inside the reactor (mass fractions, temperature and
pressure). The gas leaving the reactor has the composition and tem-
perature of the reactor 7;,, = T and Y, ,,, = Y;. There is no heat loss,

9
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which means that the reactor is adiabatic. The inlet conditions for the
simulations for methane-air mixture are P, = latm with two different
temperatures, T;, = 295K and T;, = 650K. Different residence times
and equivalence ratios are simulated and reported in paper I.

2.3 Optimization Strategy

The method chosen here is based on the idea that the global mecha-
nism may first be locally optimized for a set of different equivalence
ratios, and the Arrhenius rate coefficients involved for an arbitrary
equivalence ratio can then be interpolated from these optimized values.
The optimization at each equivalence ratio can be done in many differ-
ent ways, but here we compare results of PSR calculations for both a
detailed reference mechanism and the global reaction mechanism. A
similar method was used by Meredith & Black (2006). An alternative
optimization method is instead to match the laminar flame speed, this
is used by Franzelli et al. (2010).

2.3.1 Methane-Air Mixture

Gri Mech 3.0 was chosen as the detailed reference reaction mechanism.
This mechanism involves 325 reactions and is optimized to model nat-
ural gas combustion, Smith. et al. (1999). The goal of the first phase of
the kinetic modeling work was to construct a multi-step global reaction
mechanism for methane-air mixture that predicts temperatures and
emissions over a wide range of combustion conditions, e.g. equivalence
ratios 0.5 - 1.6, inlet temperatures 250K - 650K and atmospheric pres-
sure. Meredith & Black (2006) 3-step reaction mechanism was used as
a starting point for the optimization. The optimization of the 3-step
global reaction mechanism was done in the following way.

- First, modifications of the Arrhenius rate coefficients (reaction or-
ders, activation energy and pre-exponential factors) on a 3-step reac-
tion mechanism were done to improve the predictions at rich condi-
tions. Unfortunately, no improvements were achieved at rich condi-
tions despite several attempts. The PSR code was used as a tool to
judge whether the global reaction mechanism was performing well.

- The second phase was to modify the second (carbon monoxide oxi-
dation) and third (carbon dioxide reduction) reactions to be a CO —
CO, equilibrium reaction. This implied that the reaction orders were
changed to comply with the standard reaction orders for an elementary

10



CHAPTER 2. KINETICS

reaction. This modification improved the results slightly at rich condi-
tions.

- The third phase was to use the PSR code to optimize the Arrhe-
nius rate coefficients for the fuel oxidation into CO and H,0O and the
CO — CO, equilibrium reaction at lean conditions. After this step the
activation energies were held constant.

- The fourth phase was to optimize the pre-exponential factors at rich
conditions.

- The fifth and last phase was to fit these optimized pre-exponential
factors into correction functions. Here, the Franzelli et al. (2010) cor-
rection functions were used since their results were quite close to the
optimized results that were obtained here. The correction functions
were shifted slightly in terms of equivalence ratio.

To sum up, the optimization was performed in many steps, using the
work of Meredith & Black (2006) and Franzelli et al. (2010) as a start-
ing point. The improved global reaction mechanism is a result of the
PSR optimization.

2.3.2 Syngas Mixture

Different syngas mixtures are experimentally investigated by Sigfrid
et al. (2011a). The syngas mixtures consists of different amounts of
methane, carbone monoxide and hydrogen. The latter species makes
the optimization much more difficult since hydrogen burns relatively
easy and has a low molecular weight. The current multi-step global
reaction mechanism that is to be optimized in this project consists of
6-step global reactions and can be seen below:

CH, + %OQ = CO + 2H,

CHy+ H,O = CO + 3H,
1

CO + 502 ~ COQ

(2.4)
CO + H,O & COy + Hy

1
Hy + 502 = H,0

1
HQO = Hy + 502

11
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2.4 Results of the Kinetic Optimization

The present optimized 3-step global reaction mechanism for methane-
air gas mixture consists of two reactions:

2.5

where the first reaction is the oxidation of methane into CO and H,O
and the second reaction is the oxidation of C'O into C'O,. The backward
rate for the second reaction is based on an equilibrium assumption. Ta-
ble 2.1 shows the optimized Arrhenius coefficients (activation energy,
pre-exponential factor and temperature coefficient) that are used in the
optimized 3-step global reaction mechanism.

Table 2.1: Activation energy E,, pre-exponential factor A and temperature
exponent

Reaction A E.(J/kmol) B
20H, + 30, = 200 +4H,0 1.398762e10 1.16712e8 -0.062
2C0 + Oy < 2C0, 7.381123ell 7.65969e7 0.215

The reaction rates for the forward reactions are the following:

RR, = fi(¢) A T® e 71" [C H,] 5[ 0,] 056 (2.6)

RRy = fo(¢) AsT%e 71> [CO5)2[0s]! @.7)

where A is the pre-exponential factor, £, is the activation energy, R is
the gas constant, 7" is the temperature and f; and f, are the correc-
tion functions accordingly to Fig 2.2. The reaction orders for the first
reaction are the same as Meredith & Black (2006) used. No correction
is needed for lean conditions, ¢ < 1, since the optimized 3-step global
reaction mechanism predicts temperatures and emissions sufficiently
well in this region. This implies that both correction functions remain
constant, equal to one, and have no impact on the reaction rates. The
production of C'O, is reduced for rich mixtures when the equivalence ra-
tio increases. This is done using correction function f;, which increases
the rate of oxidation of methane. At the same time, the reaction rate
in the second reaction in the optimized 3-step global reaction scheme
needs to be reduced. Thus function f> corrects the description of the
equilibrium state. For rich combustion, correction function f, decreases
with the equivalence ratio in order to decrease pre-exponential factor
A, and to reduce the oxidation of C'O to C'O,. The 3-step global reaction
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Figure 2.2: Plot showing the correction functions f; and f>

mechanism is optimized against a detailed reference mechanism, GRI
Mech 3.0, Smith. et al. (1999), for PSR calculations. The CANTERA
software has been used for the detailed mechanism simulations and an
in-house PSR code for the global reaction mechanism. Fig 2.3 shows
comparison between the optimized 3-step global reaction mechanism
and the reference detailed reaction mechanism. The results show that
the reactor temperature is reasonably well predicted for both lean and
rich conditions for 7;,=295K and atmospheric pressure. More results
from the kinetic optimization can be found in paper 1.

2600

~~ ®=0.7 GriMech 3.0
-9 20.7 Global 3-step mechanism
T ®=0.9 GriMech 3.0
—®—®=0.9 Global 3-step mechanism
2200H ~ ~ ®=1.2 GriMech 3.0
=% =1.2 Global 3-step mechanism

2400

2000

TIK]

MH——-&-G_
1800 2o .
1600

14001

1200

Figure 2.3: Plot showing temperature comparisons of a detailed mech-
anism (Gri Mech 3.0) and optimized 3-step global mechanism for
methane-air gas mixture at equivalence ratios of 0.7, 0.9 and 1.2,
T;,=295K and atmospheric pressure
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2.5 Flame Speed

The laminar flame speed is the velocity at which the flame front prop-
agates relative to the flow of the unburnt mixture. The laminar flame
speed depends on the pressure, the fresh-air temperature and the equiv-
alence ratio. In Fig 2.4 the laminar flame speed is calculated for three
different global reaction mechanisms and for the detailed mechanism.
The present optimized global reaction mechanism capture the laminar
flames speed reasonably well at ¢ < 1.2 and ¢ > 1.6, but overpredicted
in the range of 1.2 < ¢ < 1.6 due to the correction functions. The opti-

8

Flame Spfed [cm/s]

06 08 10 12 14 16 18 20
Equivalence ratio

Figure 2.4: Laminar flame speed: Detailed mechanism GRI Mech 3.0, 3-
step global mechanism by Meredith & Black (2006), present optimized
3-step global mechanism and 4-step global mechanism by Jones &
Lindstedt (1988) T;,=650K

mization work presented in this thesis was based on temperature and
emissions matching between the detailed mechanism and the global
reaction mechanism using the PSR model. An alternative way is in-
stead to select an optimization method which match the laminar flame
speed. The conclusion from the kinetic optimization is that it seems
impossible to match both PSR results and laminar flame speed. The
question is if the optimization based on the laminar flame speed would
give different correction functions and how much different from those
from the PSR optimization? This is not known at present and will be
looked into in future work.
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Chapter 3
Combustion and CFD

3.1 Turbulent Combustion

A combined turbulence-chemistry interaction model, the Finite Rate
Chemistry/Eddy Dissipation Model (FRC/EDM), in Ansys CFX, was
chosen for all CFD analyses. The combined FRC/EDM model gives two
different reaction rates for each reaction, one from the EDM model and
one from the FRC model. The minimum rate for each reaction is then
chosen in the CFD-simulations.

3.2 FRC Model

The FRC model computes the reaction rate from the following expres-
sion:

Ne Ne

Re=(F [[ 1™ =B, T 111 (3.1)

I=A,B.. I=A,B..

where [/] is the molar concentration of component I and Fj, and By, are
the forward and the backward rate constants respectively. v,, and v,
represent the reaction order of component I in the reaction k. This
reaction order is equal to the stoichiometric coefficient for elementary
reactions, but it can be different for global reactions. The forward and
backward rate constants assume Arrhenius temperature dependence
according to:

F
By = ?’“ (3.3)
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where A, is the pre-exponential factor, 3, is the temperature exponent,
E, is the activation energy and K. the equilibrium constant. The FRC
model computes one reaction rate respectively for each reaction in the
optimized global reaction mechanism.

3.3 EDM Model

In the EDM model, the reaction rate of reaction k is computed as:

Ry, = ASmin (ﬂ) (3.4)
k Vit

where A is a constant, 7 is the turbulent mixing rate, [/] is the molar
concentration of component I and v,, represent the reaction order of
component I in the elementary reaction k. The EDM model computes
one reaction rate respectively for each reaction in the optimized global
reaction mechanism. The EDM model is based on the work of by Mag-
nussen & Hjertager (1976).
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Chapter 4

Geometry and Mesh

4.1 The SGT 750 Engine

The SGT 750 is the latest gas turbine development from Siemens In-
dustrial Turbomachinery AB, Fig 4.1, which is characterized by high
efficiency and reliability. Aiming for higher efficiency in the design of
gas turbines implies higher combustion temperatures and higher pres-
sure ratios. The SGT 750 has eight combustor cans, the 4" generation
DLE burners. The gas turbine can be run on a set of different fuels
with on-load switchover between the fuels.

Figure 4.1: A Cut Through the SGT 750 Engine

Each burner consists of three different systems, the MAIN, the PILOT
and the RPL part. Fig 4.2 shows the burner in the SGT 750 engine.
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Figure 4.2: 4" generation DLE burner

4.2 CFD-Model of the Scaled Flexi-Fuel Burner

The premixed scaled 4" generation DLE burner is supplied by SIT and
was developed to be fuel flexible. The real SIT burner geometry differs
from the prototype used in the test rig at LTH. The main differences
are the air path into the main system and the scaling of the burner.
The real SIT burner has a radial inlet for the main air system while
the prototype has an axial one. The prototype has also a scaled RPL
part. The CFD-model has the same geometry as the LTH test rig. The
high swirl flow in the SIT burner is extremely challenging from an
aerodynamic and combustion point of view, especially since the com-
bustor consists of comprised of a lean premixed MAIN part, a partially
premixed PILOT and an RPL radical pool generator. These systems to-
gether create a complex geometry with many details included, see Fig
4.3. The burner is composed of three concentric sectors each with its
own equivalence ratio control. The burner can be coupled to either a
square or a cylindrical combustion liner, which terminates in a conical
contraction before dumping to exhaust.

)

Figure 4.3: CFD-Model with a cylindrical liner
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4.3 Hexahedral Meshing

The grid generation of the scaled 4" generation DLE flexi-fuel burner
required a lot of effort since only structured hexahedral (hex)-cells were
used and all the cavities, inlets, ribs, swirler vanes etc were included in
the CFD-domain, see Fig 4.4 - Fig 4.9. The hex mesh is preferred over
tetrahedral mesh since the hex-cells give lower numerical dissipation
(the mesh cells are aligned with the general flow direction) and lower
cell count (a factor of 8 lower). It is extremely important to keep the
cell count down since it is direct proportional to the simulation time
needed for a converged solution. A grid independence study was done
both for the steady-state run and transient run. To decide if the grid is
mesh independent, transient averaged data as temperatures and ma-
jor species (CH,, COy and CO) were compared for different hexahedral
grids at different planes downstream in the burner. The number of
cells finally used was between 9-17 Mcells depending on which turbu-
lence model that was used.

Figure 4.4: Swirler vanes for the RPL system
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Chapter 5

Numerical Method and
Turbulence Modeling

5.1 Introduction

The Ansys CFX commercial software package was used to solve for
steady-state and transient simulations. Both the k£ —w SST turbulence
model by Menter (1994) and the Re-Normalisation Group (RNG) £ — ¢
turbulence model by Yakhot et al. (1992) were selected for the steady-
state simulations. A NOx model was also included for the steady-state
simulations. The model calculates NO produced in the combustion pro-
cess and does not affect the main combustion calculation since the NO
concentrations are typically very low. In Ansys CFX, the NO model
is implemented by the Zeldovich mechanism using the Arrhenius tem-
perature probability density function option. The SAS-SST by Egorov
& Menter (2007) and LES-Wall Adapting Local Eddy Viscosity (WALE)
by Nicoud & Ducros (1999) turbulence models were used for the tran-
sient simulations.

5.2 Governing Equations

The transport equations that describe the unsteady flow for reacting
flow are conservation of mass, species, momentum and energy. The
equations follow here:

Conservation of mass:

0
%,

It 8_95] (puj) =0 (5.1)
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Conservation of species:

aka 0

[p(ui + Uy,i)Yi] = g (5.2)

Conservation of momentum:

Oui o Ouil O s (2] O
Plot " ow| = ox; | P9\ 31 ) 92,00

Ou;  Ou; (5.3)
i J
+p (8% o ) +p (Z kak>
Conservation of energy:
it gy o)~ 5 = Q= gl
9 (uiry) N (5.4)
— 4 PZ Yifri - (i + Ury)
(9xj 1

5.3 k£ —w SST

The k£ — w SST model is an industry standard for complex flows with
separation and has become very popular. The £—w SST model combines
two different approaches. The model can be used all the way down
to the wall without any extra damping functions. In the outer region
(free-stream) the SST formulation switches to a £k — ¢ behaviour. The
k-equation reads:

dpk 0 — B 0 w\ Ok .
o0 T o, WUR) = 5 Ku+ Uk) 8%1 +Po—pBkw (55

and the w equation reads:

dpw 0 ~ 0 e\ Ow W 9
5 + oz, (pij) = o [(M"‘ —) 8—%} —i—ozEPk pPw
2p 1 0k Ow

RS T

(5.6)

54 RNGFk —¢

The RNG model was developed by Yakhot et al. (1992) to renormalise
the Navier-Stokes equations. The RNG approach is based on that the
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equation attempts to account for the different scales of motion in the
flow through modifications of the production term, P,. The k-equation
reads:

dpk 0 N, e\ Ok B
-t 5 (PUk) = 74— Ku + Uk) 8%} + Py, — pe (5.7)

and the ¢ equation reads:

Opc O

_ o a H/t 86 € * 62
A e

26?

5.5 SAS-SST

The SAS approach represents a new class of the URANS models. The
von Karman length scale explicitly enters the transport equations to
the SAS model. The model gives suitable RANS solutions for stable
flows. For flows with transient behavior the model reduces its eddy
viscosity according to the locally resolved vortex size represented by
the von Karman length scale. The SAS model can under those con-
ditions allow the break-up of large unsteady structures into a turbu-
lent spectrum and avoids RANS-typical single-mode vortex structure.
SAS modeling is based on the use of a second mechanical scale in the
source/sink terms of the underlying turbulence model.

The modified w equation reads:

0 0 _ 0 0
/A S R ) T

The term Sg45 stands for the SAS source term and comes from a term
in Rotta’s transport equation for the correlation-based length scale, see
Menter (1994).

The source term reads:

Sgag = (oS LN 2k (L 0w O 1 Ok Ok
SAs = Maxr | G2k Lok w? 0z, a$j’ k2 Ox; Ox; 7
(5.10)

T¢
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and the L,;, L and constants read:

¢ =351
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Chapter 6
CFD Results

HE main important CFD-results are compared to measurements
data from LTH and reported in paper I and II. Some of the impor-
tant results are presented and highlighted in this chapter.

6.1 Boundary Conditions

The mass flow rates for the different systems were obtained from mea-
surements at LTH. Mass flow rates are set on the different inlets in the
CFD-domain and are visible in Fig 6.1.

RPLAir =
Pilot Pilot.~

Air Fuel

Figure 6.1: The burner inlets for fuel and air

The preheat temperature 650K was set for the air inlets and 300K at
the fuel inlets. The outlet pressure boundary condition was set to a
pressure outlet at atmospheric pressure. All the walls in the CFD-
domain were set to adiabatic walls.
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6.2 Swirl Number

The swirl number is defined accordingly to:

T
[ puwr?dr
— YT

S
rof:;" p ulr dr

(6.1)

where p is the density, v is the axial velocity, w is the tangential veloc-
ity, r; is the inner diameter and r, is the outer diameter. Fig 6.2 shows
the local swirl number at the throat, which is located close to the RPL
exit. The inner channel in the plot represents the RPL and PILOT sys-
tems together, while the outer channel represents the MAIN system.
The average swirl number for the burner is approximately 0.8. The
swirl number in the outer channel is above one and is therefore suf-
ficiently high to break down the vortex structure and create a strong
recirculation zone.

1.5

0.5

i i i i I i i i I
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
R

Figure 6.2: The local swirl number plotted in radial direction, » = 0 is the
center of the burner

6.3 SAS-SST Results

The Ansys CFX commercial software package was used as CFD-solver.
The computational mesh contained approximately 10 Mcells for the
SAS-SST model. The CFL number was around 7-8 in average. The
timestep for the simulation was le-5s.

6.3.1 Flow Field

Fig 6.3 shows the recirculation zone and a contour plot of the time-
averaged axial velocity at a cross-sectional plane. The highest velocity
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is located in the throat section. Fig 6.4 shows streamlines released from
the inlets to the three different systems. The combustion products from
the RPL, the fresh air and the fuel from the MAIN and PILOT systems
are integrated and mixed in the quarl section before the second flame

is obtained.

H%®REEH

* s B R &E & 8T

Figure 6.3: The upper plot shows the time averaged axial velocity and the
lower one shows the recirculation zone

Figure 6.4: Streamlines released from the inlets to the three different sys-
tems. Upper one MAIN, middle one PILOT and lower one RPL
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6.3.2 Temperature

Fig 6.5 shows contour plot of the time-averaged temperatures and the
equivalence ratio in the burner. The highest temperature is located
close to throat exit, were the stoichiometric condition is obtained. The
figure also shows that the total equivalence is approximately 0.5 in the
burner and the flow field is well mixed downstream with a uniform
temperature distribution. This is important since the turbine life cycle
decreases with non-uniform temperature distribution.

Figure 6.5: Upper plot: Time-averaged temperatures, lower plot: equiva-
lence ratio in the burner

6.4 LES-WALE Results

The Ansys CFX software was also used to solve the LES simulation.
The LES WALE model was used. This model is based on an algebraic
0-equation model and retains the simplicity of Smagorinskys model.
The wall damping effects are accounted for without using the damping
function explicitly. The computational mesh contained approximately
17 M hexahedral cells. The average CFL number was around 0.6 and
the timestep was set to 1le-6s. Fig 6.6 shows regions with the highest
swirling strength in the CFD-domain. These regions are located in the
quarl and upstream position in the liner.

Fig 6.7 shows a contour plot of the time-averaged temperature at a
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Figure 6.6: Iso-regions with the highest swirling strength in the CFD-
domain

cross-sectional plane. The highest temperature is located in the quarl
were the equivalence ratio is one.

2200.00
2010.00
1820.00
1630.00
1440.00
1250.00
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680.00
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Figure 6.7: The time-averaged temperatures
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Fig 6.8 shows the contour plot of the CO concentration, the lower
a snapshot in time and the upper one the time-averaged values. The
snapshot in time shows that small eddies with typical pattern is ob-
tained in the reaction zone located in the quarl.

Noncommercial use only

' T ANSYS

0.08

- 0.07

.~ 0.06

[~ ANSYS

Noncommercial use only

2.

Figure 6.8: The upper plot shows the time-averaged CO concentration and
the lower one shows the instantaneously CO concentration plot
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Chapter 7

Summary of Papers

HIS chapter gives a short summary of the work done and the results
reported in the three papers on which this thesis is based.

7.1 Paperl

7.1.1 Motivation and Work

Paper 1 presents the results of the kinetic optimization (3-step global
reaction mechanism for methane-air mixture). The mechanism is de-
rived, evaluated and applied in CFD analyses. The paper also presents
numerical results of the 4" generation SIT flexi-fuel burner using this
optimized 3-step global reaction mechanism. The numerical results are
compared with emission data.

7.1.2 Results

The reaction rates in the 3-step global reaction mechanism are opti-
mized against a detailed reference mechanism (Gri Mech 3.0) for PSR
calculations. The range of validity of the present global mechanism
is equivalence ratios 0.5-1.6, atmospheric pressure and inlet tempera-
tures corresponding to 295K-650K. The CFD results show reasonably
good agreement with flame visualization and gas composition. The re-
sults of the 3-step global reaction mechanism show good agreement
with experimental data for the CO value. The predicted flame position
and shape are also close to the design intentions.
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7.2 Paper 11

7.2.1 Motivation and Work

Paper 2 presents numerical results from the 4" generation SIT flexi-
fuel burner, with three different configurations, which has been mod-
eled with the optimized 3-step global reaction mechanism using CFD.
The numerical results are compared with emission data at several
points, velocity profiles at different locations and OH-PLIF images.

7.2.2 Results

The results from the circular liner show that the emission data (CO and
O;) are well predicted with the CFD simulations. The results from the
second case with the squared liner show that the velocity field and the
flame position are well predicted with the SAS-SST model, while the
steady-state RANS fails in some regions. The velocity field in the open
liner (unconfined flame) is not well captured by the CFD simulations.

7.3 Paper III

7.3.1 Motivation and Work

Paper 3 presents numerical results of the Sandia Flame D burner with
the optimized 3-step reaction mechanism and WD2 using CFD. The
numerical results are compared to emission, velocity and temperature
profiles at different locations.

7.3.2 Results

The CFD results with the 3-step global reaction mechanism show rea-
sonable agreement with the experimental data based on emission, ve-
locity and temperature profiles, while the 2-step WD2 global reaction
mechanism fails to predict the emission profiles in some regions.
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Chapter 8

Concluding Remarks

N optimized 3-step global reaction mechanism for methane-air mix-

tures is derived, evaluated and applied in CFD analyses. The re-
action rates in the 3-step global reaction mechanism are optimized
against a detailed reference mechanism (Gri Mech 3.0) for PSR calcu-
lations. The range of validity of the present global mechanism is equiv-
alence ratios 0.5-1.6, atmospheric pressure and inlet temperatures cor-
responding to 295K-650K.

The flow and temperature fields in the atmospheric test rig at LTH
have been simulated with RANS, hybrid URANS/LES and LES solvers
using the full geometry of the burner. The results are compared to the
available experimental data (velocity profiles, emission data and OH-
PLIF measurements).

The Sandia Flame D has also been modeled with the optimized 3-step
scheme and WD2 using CFD. The results are compared to the available
experimental data (emissions, velocity and temperature profiles).

Future Work

The intention for future work is to use the same optimization approach
used for methane-air mixture to develop new optimized global reaction
mechanisms for different low heating value gases, e.g. syngas. The
ModeFrontier and CHEMKIN software packages are going to be inte-
grated in the optimization loop. The target for the PSR optimization
has been to match the temperatures at different equivalence ratios for
the detailed and the global reaction mechanism. The intention for fu-
ture work is to study how much the global reaction mechanism changes
if the laminar flame speed is matched instead of the temperatures in a
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PSR.

Only the FRC-EDM model has so far been used for the turbulence-
chemistry interaction. More models on the finite rate chemistry part
are going to be evaluated, e.g. the partially stirred reactor model.

The aim for future work is also going to be to compare the CFD simu-
lations with more available data from LTH considering the LCV fuels.
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