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Abstract

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

This project aims to investigate recent developments in combu s-
tion modeling and turbulence modeling in the context of engi  neering
type Computational Fluid Dynamics (CFD) analysis tools, appli  ed to
the main problem area of swirl-stabilized exi-fuel ames. To perform
a CFD simulation of reacting ows, kinetic information needs t 0 be
provided to the CFD code. Fully detailed kinetic mechanisms are  ex-
pensive in terms of computer time when coupled with CFD and henc e
the use of global reaction mechanisms is preferable. Global me cha-
nisms consist of a reduced number of reactions mostly one-way rea c-
tions which are governed by tuned Arrhenius rate expressions. The
optimization at each equivalence ratio is here done by compa ring re-
sults from Perfectly Stirred Reactor (PSR) calculations for b oth a de-
tailed reference mechanism and the chosen multi-step global re action
mechanisms.

Steady-state Reynolds Averaged Navier Stokes (RANS), hybri d Un-
steady RANS/Large Eddy Simulation (URANS/LES) and LES turbu-
lence models have been used in the CFD work. This thesis includest he
development and derivation of new 3-step global reaction mec hanism
for methane-air ames, which has been implemented and evalu  ated in
the CFD analysis for two different burner con gurations. In pa pers |
and Il an atmospheric burner test rig at Lund University (LTH) has
been modeled and the results have been compared to high qualit y ex-
perimental data (emission and Particle Image Velocimetry (PIV ) data).
There is good agreement between the CFD simulations and measure-
ments of emissions, velocity eld and ame visualization. The sec  ond
con guration that has been modeled and compared with experi  mental
data is the Sandia Flame D test case, which is reported in paper [l 1.

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

Upper-case Roman

A pre-exponential factor

Bk backward reaction rate

C constant in k- " turbulence model
Ea activation energy

Fr forward reaction rate

[ molar concentration

Ke equilibrium constant

L « von karman length scale
Pin inlet reactor pressure

Py turbulent production term
RR reaction rate

Sj strain rate tensor

S, laminar ame speed

Ssas source term in SAS model
S swirl number

T temperature

Tin inlet reactor temperature
Tout outlet reactor temperature
\ reactor volume

Y mass fraction

Y () species mass fraction

Lower-case Roman

fq correction function

fs correction function

ho total enthalpy

k kinetic energy

m mass ow rate

p pressure

Ui cartesian components of velocity vector

iX



u axial velocity component

% radial velocity component
w tangential velocity component
Greek Symbols

equivalence ratio
temperature exponent
constant in k- ! turbulence model
7 kronecker delta
" dissipation of turbulent kinetic energy
laminar dynamic viscosity
t turbulent eddy viscosity

kinematic viscosity ( = =)
density
i viscous stress tensor
res 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
wWD2 Westbrook Dryer 2-step reaction mechanism

Chemical Compunds

CO, carbon dioxide
CcoO carbon monoxide
H, hydrogen

CH4 methane

NO, nitrogen oxides
O, oxygen

Xi



Xii



Contents

Abstract iii
List of Publications Y
Acknowledgments Vil
Nomenclature IX
1 Introduction 1
1.1 Motivation . . .. .. ... .. ... 1
1.2 KineticModeling . .. ... ... ... ........... 3
1.3 Turbulence-Chemistry Interaction . . . . ... ... ... 3
1.4 Turbulence Modeling . . .. ... ... ........... 4
1.5 The Flexi-FuelBurner . . . ... .. ... ... ...... 5
1.6 ExperimentalSetup . .. ... ... ... ... ....... 6
2 Kinetics 7
2.1 Global Reaction Mechanisms . .. ... .......... 7
2.2 The Perfectly Stirred Reactor Model . . . . .. ... ... 9
2.3 Optimization Strategy . . . . . . . . . . ... 10
2.3.1 Methane-AirMixture . . . . .. ... ... ..... 10
2.3.2 SyngasMixture . ... ... ... ... ... ..., 11
2.4 Results of the Kinetic Optimization. . . . . . . ... ... 12
25 FlameSpeed . . . .. .. .. ... ... 14
3 Combustion and CFD 15
3.1 Turbulent Combustion . .. .. ... ............ 15
3.2 FRCModel ... ... ... .. . . . . ... ... 15
3.3 EDMModel . . ... ... .. . 16
4 Geometry and Mesh 17
41 TheSGT750Engine . ... .. ... .. .......... 17
4.2 CFD-Model of the Scaled Flexi-Fuel Burner . . . . . . .. 18
4.3 HexahedralMeshing . . ... ... ............. 19



5 Numerical Method and Turbulence Modeling
Introduction . . ... .. ... .......
Governing Equations . . . . .. ... ..
k I'SST....... ... ... ......
RNGk . ......... . ... .....
SAS-SST . ... ... ...

5.1
5.2
5.3
5.4
5.5

6 CFD Results

6.1
6.2
6.3

6.4

Boundary Conditions . . . . . ... ...
Swirl Number . . ... ... .......
SAS-SSTResults . ... .........
6.3.1 FlowField ... ..........
6.3.2 Temperature . . . ... ... ...
LES-WALEResults . . . ... ... ...

7 Summary of Papers

7.1

7.2

7.3

Paper!l . ... ... ... ... ......
7.1.1 Motivationand Work . . . ... ..
712 Results . ... ...........
Paperll . . . ... ... ... .......

7.2.1 Motivationand Work . . . . .. ..
722 Results . ... ...........
Paperill . . ... ... ... .......

7.3.1 Motivationand Work . . . ... ..
732 Results . ... ...........

8 Concluding Remarks

Bibliography

Xiv



Chapter 1

Introduction

1.1 Motivation

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

Primary energy by source

1000 EJ per year

800

600 » Other Renewables
Biomass

@ Nuclear

e Codl
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e Oil

400

200

0

2000 2010 2020 2030 2040 2050

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

During the past few years the development of combustor technol ogy
has followed a general trend towards fuel exibility and inc reased use
of bio fuels. Fuel exibility 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 oppo  rtu-

nity to operate on exi-fuel is important since fossil fuels are a limited

energy source. The use of syngas fuel (a mixture of CH,4, CO and H))
in combustors is becoming more attractive since this is a commo n de-
nominator for many gasi cation processes based on either bio fue Is or
fossil fuels.
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Regulatory requirements for limiting the emissions of pollut ants such
as nitrogen oxides ( NOy), carbon monoxide (CO), unburned hydrocar-
bons (UHC) and carbon dioxide ( CO,) often limit the fuel supply and
operability of lower cost fuels. For ideal stoichiometric com bustion of
hydrocarbon fuels, the reactants are fuel and oxidizer andt he 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 CO,, is regarded as the main
source of global warming. The most important factor that affect s the
N Oy production is the ame temperature. Lower temperature can be
achieved by operating well away from the stoichiometric cond ition, but
this results in increasing production of both CO and UHC, see Fig 1.2.
Improved combustion technology in terms of ef ciency and pol lutant

Hydrocarbons
Nitrogen
Oxides
— CO
PRI RN, . T
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 exi-fuels is very i mportant
since they have a signi cantly lower heating value than conven tional
fossil fuels.

This work involves derivation of new multi-step global mechan  isms
for methane-air mixture and syngas fuels, coupling these mult  i-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/Comb ustion
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 turb  ulence and
the chemical reactions involved have to be modeled accurate ly to pre-
dict the combustion process in the context of a detailed 3D CFD an al-
ysis. Increasing power and memory of computers and the possibili ty
to run a simulation at several processors in parallel have made it pos-
sible to use more advanced turbulence models and more species an d
reactions included in the chemistry. But, the need for simpli ed 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 rat  es depend
non-linearly on the species concentrations, Warnatz et al. (2006). Fast

chemistry assumption is often made for turbulent reacting ow. This
means that turbulent motions control the reaction rate, and hence sim-
pli es the description of the reacting ow to that of a mixing p roblem.

The eddy-breakup model (Spalding (1971), Spalding (1976) an d the
Eddy Dissipation Model (EDM), based on the work by Magnussen &
Hjertager (1976) are examples of such models. The EDM is well kn  own
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 nite-rate chemi  stry, for
example the Eddy Dissipation Concept (EDC) by Gran & Magnussen
(1996), PDF-methods (Pope (1985)), amelet models (Peters (1 986))
and the Partially Stirred Reactor model (Golovitchev et al. (2000)). The
EDC model is an extension of the EDM model to include detailed ¢ hem-
ical mechanisms in turbulent reacting ows. It assumes that rea c-
tion occurs in small turbulent structures, called the ne scale S. These
small scale structures can be captured as a part of the cell, wher e
Kolmogorov-sized eddies containing combustion species are sit uated
so close together that mixing on the molecular level is taking p  lace.
The EDC model evaluates the volume of each cell, where mixingo n 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 ows are characterized by a large range of length an  d time
scales, see Fig 1.3. The turbulent spectrum is divided up into thr ee
different regions. The rst region, I, corresponds to the gener  ation of
large energy containing scales. The intermediate region stand s for the
inertial subrange were the energy is transferred from large to small
scales. In the third region, Ill, the small scales are dissipated. De-
pending on which turbulence model one use different amounts o f 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( I ) 5 I 4 *

/|

Figure 1.3: The turbulent spectrum

RANS models are very important turbulence models for engine ers in
everyday work. The models are robust and the turnaround time fo  r the
simulations is short. However, the RANS models give only the me an
solution of a problem, which is not always that useful in the desi  gn
of practical systems, since the mean solution does not really exi st. In
RANS the entire turbulent spectrum is modeled. The other extre  me is
to use Direct Numerical Simulation (DNS) where all the scalesa re re-
solved. However DNS is extremely expensive and will not be possib e
to use in the industry in the near future for the kind of applicat ions
that is considered here. LES resolves large-scale turbulent mix  ing and
is the best candidate for simulating turbulent ames. The LES sim-
ulation gives good prediction of the ame front dynamics, wh  ich is of
great help for NOy predictions. Between the RANS models and the LES

4



CHAPTER 1. INTRODUCTION

model we have the hybrid RANS-LES models. These models switch to
LES mode in unsteady ow if the resolution of the grid is satis ed an d
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 approachr ep-
resents a new class of the URANS models. Different from the RANS
formulations, the SAS model adjusts the turbulence length sca e to the
local ow. As a measure of the local ow length scale, a boundary
layer length scale introduced by von Karman is generalized fo r arbi-
trary three-dimensional ows. Both the SAS and the LES modelsa re
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 bur ner
consists of a complex arrangement of fuel and air premix ducts a nd
swirler vanes, involving a main premixed ame (MAIN), a partia Iy
premixed pilot ame (PILOT) and a con ned rich premixed lean am e
(RPL), shown in Fig 4.3. The air and fuel are premixed before the co m-

A

Figure 1.4: MAIN, PILOT and RPL systems

bustion process takes place. The RPL ame burns at rich condition s
in a pre-combustion chamber, creating hot gases with high amou  nts of
radicals. This hot gas is then mixed downstream of the RPL with pr  e-
mixed fuel/air from the MAIN and PILOT systems, which augments

the overall ame in the tube.
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1.6 Experimental Setup

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

Figure 1.5: The burner setup at LTH

dividually controlled by Alicat Scienti c Mass Flow Controlle rs (MFC).
The air ow 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 cont rolled
by a variable frequency AC driver. Flow meters at the blower ou tlet
monitor air ow 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, ow monitoring and MFC's are all couple d to
an in-house LabView control program. The experimental results a re
reported by Sigfrid et al. (2011a) and Sigfrid et al. (2011b).



Chapter 2

Kinetics

ETAILED reaction mechanisms for conventional and bio fuelsa re

huge and contain hundreds of species and thousands of reaction s.
Run-time and convergence requirements, coupled with CFD cod es, im-
ply that there is still a need for simpli ed reaction mechanisms , despite
the increasing power and memory of computers. The computation al
cost is dependent on both the number of chemical species and num ber
of reactions involved in the simulation. By systematically dec  reasing
the number of reactions and species, for a limited range of con ditions,
it is possible to construct simpli ed global reaction mechanisms that
approximate the real chemical reactions in terms of major spe  cies, tem-
perature, heat release, etc.

2.1 Global Reaction Mechanisms

Research on the development of reliable global reaction mech anisms
for combustion of hydrocarbons was done during the 80s by WestB rook
& Dryer (1984) and Jones & Lindstedt (1988). Westbrook and Dryer
derived 1- and 2-step global reaction mechanisms for hydrocar bons fu-
els and are well known and often used in the industry. In the singl e
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 hydro carbons
was suggested by Westbrook and Dryer, which can be seen below for
methane-air gas:

CHa+ S0,) CO+2H,0
2 X (2.1)
CO+30;) CO;

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

1
CH, + EOZ) CO+2H,
CH,+ H-,O CO+3H
4 2 )1 2 (22)
H, + 502$ HZO

CO+H,0% CO,+ H,

The rst two reactions are global reactions in one direction, w  hereas
the last two are equilibrium reactions. A promising new approa ch
to construct global reaction mechanism was reported by Meredit h &
Black (2006). They address the dif culties in constructing glo  bal mech-
anisms by invoking a more mathematical approach. In brief, th ey apply
robust optimization techniques to obtain a global mechanismt hat 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 ker osene
combustion. To predict better results at rich conditions, the vy intro-
duced correction functions, dependent on the local equival ence ratio,
for the fuel oxidation and the CO 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 regressi on
data from a detailed kinetic scheme in laminar diffusive count  er- ow
ames. These ames were assumed as a good representation of the
real ame (Buzzi & Manenti (2009), Peters (1984)). The work by C  uoci
et al. (2009) was tested on a syngas ame with promising results.

The most frequently used global mechanisms are often determined

by applying optimization techniques or by tuning to obtain t he ex-
pected results in CFD simulations. Several different reduced r  eaction
mechanisms of methane-air mixture and syngas exist in the liter a-
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 li mited op-
erating ranges and cannot account for all of the possible combu stion
phenomena (e.g. NOy, UHC, auto-ignition, etc). Also, the drawback of
most of the published global mechanisms is that they are not exi  ble
enough to cope with a wide range of equivalence ratios as is co nsid-
ered here (from 0.5 up to 1.6), which is necessary in order to han dle the
complex ame arrangement in the present swirl-stabilized exi -fuel
burner.

2.2 The Perfectly Stirred Reactor Model

The PSR is an ideal constant pressure reactor, in which perfect mix  ing
iIs assumed inside the control volume, due to high diffusion rates  or
forced turbulent mixing. This means that the rate of conversio n of
reactants to products is controlled by chemical reaction ra tes and not
by mixing processes. In addition to the fast mixing, the modelin g of
PSR requires that the ow through the reactor must be character ized
by a residence time, es, Which is de ned accordingly to:

\%
m

res

(2.3)

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

Residence

Figure 2.1: Schematic picture showing the PSR model

Reactants is introduced through the inlet with a given specie s com-
position and temperature. The reactor pressure is specied, so tha t
the conservation equations determine the volume out ow. All proper-
ties are uniform inside the reactor (mass fractions, temperat  ure and
pressure). The gas leaving the reactor has the composition and te m-
perature of the reactor Ty, = T and Yiowe = Yi. There is no heat loss,

9
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which means that the reactor is adiabatic. The inlet conditio  ns for the
simulations for methane-air mixture are Pi» = 1atm with two different

temperatures, T, = 295K and Tj, = 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 rst be locally optimized for a set of different equival ence
ratios, and the Arrhenius rate coef cients involved for an a  rbitrary
equivalence ratio can then be interpolated from these optimi  zed values.
The optimization at each equivalence ratio can be done in many  differ-
ent ways, but here we compare results of PSR calculations for bo th a
detailed reference mechanism and the global reaction mechan ism. A
similar method was used by Meredith & Black (2006). An alternati ve
optimization method is instead to match the laminar ame 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 mech anism.
This mechanism involves 325 reactions and is optimized to mode | nat-
ural gas combustion, Smith. et al. (1999). The goal of the rst phase of
the kinetic modeling work was to construct a multi-step global reaction
mechanism for methane-air mixture that predicts temperatur es and
emissions over a wide range of combustion conditions, e.g. equi valence
ratios 0.5 - 1.6, inlet temperatures 250K - 650K and atmospher ic pres-
sure. Meredith & Black (2006) 3-step reaction mechanism was useda s
a starting point for the optimization. The optimization of the 3-step
global reaction mechanism was done in the following way.

- First, modi cations of the Arrhenius rate coef cients (rea ction or-
ders, activation energy and pre-exponential factors) on a 3- step reac-
tion mechanism were done to improve the predictions at rich co ndi-
tions. Unfortunately, no improvements were achieved at ric  h condi-
tions despite several attempts. The PSR code was used as a tool to
judge whether the global reaction mechanism was performingw  ell.

- The second phase was to modify the second (carbon monoxide oxi-
dation) and third (carbon dioxide reduction) reactionsto b e a CO

CO, equilibrium reaction. This implied that the reaction orders were
changed to comply with the standard reaction orders for an ele  mentary

10



CHAPTER 2. KINETICS

reaction. This modi cation improved the results slightly at ri ch condi-
tions.

- The third phase was to use the PSR code to optimize the Arrhe-
nius rate coef cients 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 fth and last phase was to t these optimized pre-exponentia I
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 fun  ctions
were shifted slightly in terms of equivalence ratio.

To sum up, the optimization was performed in many steps, using th e
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 ma kes
the optimization much more dif cult since hydrogen burns rel atively
easy and has a low molecular weight. The current multi-step glob  al
reaction mechanism that is to be optimized in this project con  sists of
6-step global reactions and can be seen below:

CHa+ %02) CO+2H,

CH, + Hzo) CO+3H,
1
CO+ =0,, CO,
2 (2.4)
CO+ H,O, CO,+ H,

1
H, + 502) H>,O

1
H,O) H.+ éoz

11
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2.4 Results of the Kinetic Optimization

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

2CH,+30,) 2CO+4H,0

2.5
2CO0+ 0O,, 2CO; (2:5)

where the rst reaction is the oxidation of methane into CO and H,0
and the second reaction is the oxidation of CO into CO,. The backward
rate for the second reaction is based on an equilibrium assumptio n. Ta-
ble 2.1 shows the optimized Arrhenius coef cients (activati  on energy,
pre-exponential factor and temperature coef cient) thata  re 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 2(J=kmol)
2CH4+30,) 2CO+4H,0 1.398762e10 1.16712e8 -0.062
2CO0+ 0O,, 2CO, 7.381123ell 7.65969e7 0.215

The reaction rates for the forward reactions are the followin  g:

RR1 = f1( )AIT *e " [CHAJ*S[0,] 0% (2.6)

RR, = fo( )A,T 267 [COL[O]* @2.7)

where A is the pre-exponential factor, Ej, is the activation energy, R is
the gas constant, T is the temperature and f; and f, are the correc-
tion functions accordingly to Fig 2.2. The reaction orders fo r the rst
reaction are the same as Meredith & Black (2006) used. No correct ion
is needed for lean conditions, < 1, since the optimized 3-step global
reaction mechanism predicts temperatures and emissions sufci  ently
well in this region. This implies that both correction functi ons remain
constant, equal to one, and have no impact on the reaction rate s. The
production of CO; 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 reactio n 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-exponent ial factor
A, and to reduce the oxidation of CO to CO,. The 3-step global reaction

12
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3.5
_f1 Franzelli et al.
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——T, Franzelli et al.
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=
o
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=
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0 . .
0 0.5 1 1.5 2
& number,
Figure 2.2: Plot showing the correction functions fiand 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 simulationsan d an
in-house PSR code for the global reaction mechanism. Fig 2.3 show s
comparison between the optimized 3-step global reaction mech anism
and the reference detailed reaction mechanism. The results show that
the reactor temperature is reasonably well predicted for bot  h lean and
rich conditions for T;,=295K and atmospheric pressure. More results
from the kinetic optimization can be found in paper I.

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 = .

1600

14001

1200

1 [s].

Figure 2.3: Plot showing temperature comparisons of a detailed mech-

anism (Gri Mech 3.0) and optimized 3-step global mechanism fo r
methane-air gas mixture at equivalence ratios of 0.7, 0.9 and 1 .2,
Tin =295K and atmospheric pressure
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2.5 Flame Speed

The laminar ame speed is the velocity at which the ame front pr op-
agates relative to the ow of the unburnt mixture. The laminar ame
speed depends on the pressure, the fresh-air temperature and the  equiv-
alence ratio. In Fig 2.4 the laminar ame speed is calculated f  or three
different global reaction mechanisms and for the detailed me chanism.
The present optimized global reaction mechanism capture the la  minar
ames speed reasonably wellat < 1:2and > 1:6, but overpredicted
in the range of 1:2< < 1.6 due to the correction functions. The opti-

te
—e—Present Optimized 3-step Mechanism /———\
300 ——4-step JL

06 08 10 12 14 16 18 20
Equivalence ratio

Figure 2.4: Laminar ame speed: Detailed mechanism GRI Mech 3.0, 3-

step global mechanism by Meredith & Black (2006), present opt imized
3-step global mechanism and 4-step global mechanism by Jone s &
Lindstedt (1988)  Ti, =650K

mization work presented in this thesis was based on temperature and
emissions matching between the detailed mechanism and the glob al
reaction mechanism using the PSR model. An alternative way is in -
stead to select an optimization method which match the laminar ame
speed. The conclusion from the kinetic optimization is that it se  ems
impossible to match both PSR results and laminar ame speed. The
guestion is if the optimization based on the laminar ame speedw  ould
give different correction functions and how much different  from those
from the PSR optimization? This is not known at present and willb e
looked into in future work.

14



Chapter 3

Combustion and CFD

3.1 Turbulent Combustion

A combined turbulence-chemistry interaction model, the Fin  ite 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 isthe n
chosen in the CFD-simulations.

3.2 FRC Model

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

¥e 0 ¥e 00
Rk = (F« (11 B [1]4) (3.1)
I=AB: I=AB:

where [l ] is the molar concentration of component | and Fy and By are
the forward and the backward rate constants respectively. g and
represent the reaction order of component | in the reaction k. This
reaction order is equal to the stoichiometric coef cient for  elementary
reactions, but it can be different for global reactions. The f orward and
backward rate constants assume Arrhenius temperature depende nce
according to:

Fio = AT e (3.2)
Fx

B, = — 3.3

= (3.3)
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where Ay is the pre-exponential factor, ¢ is the temperature exponent,
Ek is the activation energy and K the equilibrium constant. The FRC
model computes one reaction rate respectively for each react ion in the
optimized global reaction mechanism.

3.3 EDM Model
In the EDM model, the reaction rate of reaction k is computed a  s:
T ()
Rk = A-min (3.4)
k ki
where A is a constant, R is the turbulent mixing rate, [l ] is the molar
concentration of component | and ,, represent the reaction order of
component | in the elementary reaction k. The EDM model comput es
one reaction rate respectively for each reaction in the optim ized global

reaction mechanism. The EDM model is based on the work of by Mag-
nussen & Hjertager (1976).

16



Chapter 4

Geometry and Mesh

4.1 The SGT 750 Engine

The SGT 750 is the latest gas turbine development from Siemens | n-
dustrial Turbomachinery AB, Fig 4.1, which is characterized by high
ef ciency and reliability. Aiming for higher ef ciency in t he design of
gas turbines implies higher combustion temperatures and hig  her 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.

17
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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 exible. The real SIT burner geometry  differs
from the prototype used in the test rig at LTH. The main difference S
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 whil e
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 ow 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 partia  lly
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 wit h its
own equivalence ratio control. The burner can be coupled to ei ther 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

18
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4.3 Hexahedral Meshing

The grid generation of the scaled 4" generation DLE exi-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 ove r
tetrahedral mesh since the hex-cells give lower numerical dissi  pation
(the mesh cells are aligned with the general ow direction) an  d 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 simulati on 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 an d ma-
jor species (CH4, CO, and CO) were compared for different hexahedral
grids at different planes downstream in the burner. The number of
cells nally used was between 9-17 Mcells depending on which tu  rbu-
lence model that was used.

Figure 4.4: Swirler vanes for the RPL system
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Figure 4.5: Swirler vanes for the MAIN system and ribs

Figure 4.6: Swirler vanes for the MAIN system and ribs

Figure 4.7: Fuel injectors for the MAIN system - Rods

20
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Figure 4.8: Cooling holes and cavities

Figure 4.9: Inlets and cavities upstream in the burner
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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. Boththe  k ! SST turbulence
model by Menter (1994) and the Re-Normalisation Group (RNG) kK
turbulence model by Yakhot et al. (1992) were selected for the steady-
state simulations. A NOx model was also included for the steady-st ate
simulations. The model calculates NO produced in the combustio n pro-
cess and does not affect the main combustion calculation sincet he NO
concentrations are typically very low. In Ansys CFX, the NO mod el
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 thet ran-
sient simulations.

5.2 Governing Equations

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

Conservation of mass:

@ @ _
@t+@—?((uj)—0 (5.1)
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Conservation of species:

@, @

“at @x[ (Ui + Ugi) Yid] = wi (5.2)
Conservation of momentum:
eu, @ _@ . 2 @u
@t "@x @ 3 @ 6 a
. @u, @ 3 “ (5.3)
. . k! k
@x @x o1 i
Conservation of energy:
@h 6 @ @p @q
——+ —(ujh — = —
et ex"™ er ¢ ex .
Qu; ji) + '
— Yifii (Ui + Uy
@x . ki (u ki)
53 k ! SST
The k ! SST model is an industry standard for complex ows with

separation and has become very popular. The k ! 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:

@k, @ @ t @k
—+ — ik = — o P k! :
et ex U Tex ey ™ 5:9)
and the ! equation reads:
@+_@ j! = _@ +_t @ + !_Pk 1 2
@t @x @x r @x k (5.6)
va pplleke
! 12! @X@K
54 RNG k

The RNG model was developed by Yakhot et al. (1992) to renormalise
the Navier-Stokes equations. The RNG approach is based on that the

24



CHAPTER 5. NUMERICAL METHOD AND TURBULENCE

MODELING
equation attempts to account for the different scales of moti  on in the
ow through modi cations of the production term, Px. The k-equation
reads:

@k, @ @ t @k
= T+ = Uk = = + - — +P 5.7
@t @x '~ @x « @x - (5.7)
and the equation reads:
@ @ @ t @ > 2
—+ — U = — +— — +C, P C,— 5.8
@t @?( J @?( @?( 1 K k 2 Kk ( )

5.5 SAS-SST

The SAS approach represents a new class of the URANS models. The
von Karman length scale explicitly enters the transport equat  ions to
the SAS model. The model gives suitable RANS solutions for stable
ows. For ows with transient behavior the model reduces its e ddy
viscosity according to the locally resolved vortex size represen ted 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 stru  cture.
SAS modeling is based on the use of a second mechanical scale in the
source/sink terms of the underlying turbulence model.

The modied ! equation reads:

@4._@ UJ.!:Q +_t@+ !_pk 12
@t @x @x @ K (5.9)
[
ER IR s

R + S
12! @x@x SAS

The term Ssas stands for the SAS source term and comes from a term
in Rotta's transport equation for the correlation-based leng  th scale, see
Menter (1994).

The source term reads:
" #
L % 2k 1@ @ 1 @k@k
Scas = max ,S?%? — C—max — - 0
SAS ? L 2@y @K k2 @x@x
(5.10)
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and the L ¢, L and constants read:

%
— y
L= gy
@
kl=2
L = IC 1=4
C=2
=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 | and Il. Some of the impor-
tant results are presented and highlighted in this chapter.

6.1 Boundary Conditions

The mass ow rates for the different systems were obtained fromme  a-
surements at LTH. Mass ow rates are set on the different inlets in t he
CFD-domain and are visible in Fig 6.1.

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 sett o0 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 de ned accordingly to:

lo

clouwr 2dr
S= 'R (6.1)

Mo rr u 2r dr

where is the density, u 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 closetot he RPL
exit. The inner channel in the plot represents the RPL and PILOT sys-
tems together, while the outer channel represents the MAIN syste  m.
The average swirl number for the burner is approximately 0.8. Th e
swirl number in the outer channel is above one and is therefore  suf-
ciently high to break down the vortex structure and create a st rong
recirculation zone.

Figure 6.2: The local swirl number plotted in radial directio n, r =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 t he
SAS-SST model. The CFL number was around 7-8 in average. The
timestep for the simulation was 1e-5s.

6.3.1 Flow Field

Fig 6.3 shows the recirculation zone and a contour plot of the t ime-
averaged axial velocity at a cross-sectional plane. The highestv elocity
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is located in the throat section. Fig 6.4 shows streamlines rele  ased from
the inlets to the three different systems. The combustion produc  ts 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  ame
is obtained.

Figure 6.3: The upper plot shows the time averaged axial veloc ity 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

29



Abdallah Abou-Taouk, CFD Modeling of Combustion in Flexi-Fuel
Burners at Gas Turbine Conditions

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 lo  cated
close to throat exit, were the stoichiometric condition is obt ained. The
gure also shows that the total equivalence is approximately 0 .5 in the
burner and the ow eld 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 pl ot: 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 m  odel.
The wall damping effects are accounted for without using the da  mping
function explicitly. The computational mesh contained appro  ximately
17 M hexahedral cells. The average CFL number was around 0.6 and
the timestep was set to 1e-6s. Fig 6.6 shows regions with the high est
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
were the equivalence ratio is one.

Figure 6.7: The time-averaged temperatures
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Fig 6.8 shows the contour plot of the CO concentration, the low er
a snapshot in time and the upper one the time-averaged values. Th e
snapshot in time shows that small eddies with typical pattern is o b-
tained in the reaction zone located in the quarl.

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

Summary of Papers

T 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 Paper |

7.1.1 Motivation and Work

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

7.1.2 Results

The reaction rates in the 3-step global reaction mechanism are o pti-
mized against a detailed reference mechanism (Gri Mech 3.0) for PSR
calculations. The range of validity of the present global mech anism
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 ame visualization and gas composition. Th e re-
sults of the 3-step global reaction mechanism show good agreemen t
with experimental data for the CO value. The predicted ame po  sition
and shape are also close to the design intentions.
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7.2 Paper Il

7.2.1 Motivation and Work

Paper 2 presents numerical results from the 4" generation SIT exi-
fuel burner, with three different con gurations, 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 pro les at different locations and OH-PLIF i mages.

7.2.2 Results

The results from the circular liner show that the emission data ( COand
0O,) are well predicted with the CFD simulations. The results from th e
second case with the squared liner show that the velocity eld and the
ame position are well predicted with the SAS-SST model, whil e the
steady-state RANS fails in some regions. The velocity eld in the open
liner (uncon ned ame) is not well captured by the CFD simulati ons.

7.3 Paper lll

7.3.1 Motivation and Work

Paper 3 presents numerical results of the Sandia Flame D burner w ith
the optimized 3-step reaction mechanism and WD2 using CFD. The
numerical results are compared to emission, velocity and tempe rature
pro les 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 pro les, while the 2-step WD2 global r eaction
mechanism fails to predict the emission pro les in some regions.
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Chapter 8

Concluding Remarks

N optimized 3-step global reaction mechanism for methane-airm  ix-
tures is derived, evaluated and applied in CFD analyses. The re-
action rates in the 3-step global reaction mechanism are optim ized
against a detailed reference mechanism (Gri Mech 3.0) for PSR cal cu-
lations. The range of validity of the present global mechanismi s equiv-
alence ratios 0.5-1.6, atmospheric pressure and inlet tempera tures cor-

responding to 295K-650K.

The ow and temperature elds 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 comparedt o the
available experimental data (velocity pro les, emission dat a 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 pro les).

Future Work

The intention for future work is to use the same optimization app roach
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 optimiz  ation
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 cha nges
if the laminar ame speed is matched instead of the temperature sina
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PSR.

Only the FRC-EDM model has so far been used for the turbulence-
chemistry interaction. More models on the nite 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 fu els.
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