Impact of Exhaust Gas
Recirculation on NOx emissions in non-

premixed combusted Gas Turbines using
CRN

&
(3]
a
k=
[0}
=
(2]
-
(]
2
=
o]
[0}
L=
(O]
R
=
d=
8
|_

Delft
e t University of
Technology

Challenge the future







Impact of Exhaust Gas
Recirculation on NOx emissions in non-premixed
combusted Gas Turbines using CRN

by

Abdulrahman Dastagir

in partial fulfillment of the requirements for the degree of

Master of Science
in Mechanical Engineering

at the Delft University of Technology,
to be defended publicly on Friday September 28th, 2018 at 13.30.

Chairman: Prof. Dr. Ir. S. A. Klein, TU Delft
Thesis committee:  Prof. Dr. Ir. D. J. E. M. Roekaerts, TU Delft
Prof. Dr. Ir. B. J. Boersma, TU Delft
Dr. Ir. J. S. Steimes, TU Delft

This thesis is confidential and cannot be made public until September 28th, 2018.

An electronic version of this thesis is available at http://repository.tudelft.nl/.

Delft
e t University of
Technology


http://repository.tudelft.nl/




Acknowledgment

This thesis research has been quite a journey which tested my mind, knowledge and skills. This
research pushed me beyond my limits which I'm really proud of. I'd like to give my gratitude and
appreciation to my thesis supervisor Prof. Dr. Ir. S.A. Klein for his advise, thoughts, guidance, and
encouragement throughout this project. His enthusiasm and his faith in me inspired me and gave me
zest to achieve my goals. I'd also like to thank Dr. Ir. J.S. Steimes for helping me throughout this
research with his ideas and support.

I would like to thank God for keeping my mind and health in the best condition to complete this
research. I'd like to thank my mother Mrs. Naseem Dastagir for her prayers and always telling me
that I can complete anything if I put my mind to it. I'd like to thank my siblings Mr. Mohammed Faisal
Dastagir and Ms. Fauziya Dastagir for their continuous support and cheering me on whenever I felt
low during this course. I'd not be able to complete this thesis without the final support of my friend
Mr.Vickram Srinivas. I want to extend my heartfelt appreciation to my friends and classmates who
have helped me to understand concepts and give their own input in my research even when they were
busy with their own.

This thesis and this master’s journey in Netherlands wouldn't have come together completely with-
out the love and support of my girlfriend Ms. Nquan Johsnon. She kept it together for both of us
and supported me every step of the way. She endured all the long hours of technical and research
talks even when it was nothing close to her domain of study. With her help and love, I was able to
successfuly complete my studies and my thesis work. This thesis wouldn't be mine without the input
and help from everyone.

iii






Abstract

The major challenges in the world today is to reduce pollutant emissions from gas turbines while still
being able to retain the maximum efficiency in the gas turbine. Especially due to stringent norms
on emissions, the research on gas turbines have increased to reduce NOx levels. Most of the gas
turbines have been using non-premixed combustion for power generation and since the early 90s re-
search on premixed combustion was sought after. Aircraft engines and many other CHP power plants
still currently use non-premixed combustion. Even though there have been a lot of technologies and
researches on facilitating gas turbines with premixed combustion, there are still gas turbines that use
non-premixed combustion. Changing the combustors to accommodate premixed combustion would
require a lot of investment and would drive a steep loss especially when the gas turbine has not even
reached half of it’s life cycle. So, research has been undertaken to find means and ways to improve the
existing technology with some upgrades to improve the NOx emissions levels. Exhaust gas recirculation
(EGR) was one of the major part load operations in a gas turbine which was determined to improve
part load efficiency and at the same time reduce NOx emission levels.

This thesis research would give an overview on how to model non-premixed combustion in a gas
turbine and how different parameters effect NOx emissions. The model was made using a chemical re-
actor network with cantera which was loaded with a GRI-mech 3.0 mechanism. The two main reactors
that were used are perfectly stirred reactor(PSR) and a plug flow reactor(PFR). The combustor volume
was divided equally between perfectly stirred reactor and plug flow reactor. The half of the combus-
tor where the mixing between the fuel and oxidizer and the combustion reactions occur are modelled
by three perfectly stirred reactors which contain flame sheet reactor (FSR), post-flame PSR and PSR
recirculation. The volume of FSR was determined by modelling the stoichiometric mixture fraction.
This is done by determining the scalar dissipation rate which tells the rate of mixing between the fuel
and oxidizer at the stoichiometric interface. Understanding mixture fraction gradients when fuel and
oxidizer intensively mix when they come in contact with each other inside the combustion chamber
can assist in calculating the scalar dissipation rate. The model uses the amount of oxidizer required for
stoichiometry combustion at FSR and the rest of the oxidizer is equally divided between the two PSRs
with a feedback loop between post-flame PSR and PSR recirculation. This was done to accommodate
the swirl function which diffuses the incoming fuel and oxidizer, thus creating the recirculation flame
zone. The model was then validated using different technical studies on non-premixed combustion.
The model validated an industrial furnace and also cases which utilized gas turbine combustors.

Parametric analysis was performed with this model using EGR as oxidizer and compared with results
that were obtained when using air as oxidizer. It was seen that thermal NOx which was the most
amount of NOx released during the combustion was reduced when EGR was used as an oxidizer. It
was thus proved that replacing oxygen with carbon dioxide led to a reduction of NOx but maintained a
favourable turbine inlet temperature. It was also found that the CO levels were increased when using
EGR but still remained below the level when air was used as an oxidizer. This was due to insufficient
residence time inside the combustor. When using EGR as a part load operation and at high pressures
in gas turbine, the NOx emissions were lower. The results from the pressure analysis showed that at
lower pressures the amount of NOx that was reduced was more when using EGR, but at high pressures
the amount of NOx that was reduced was quite less even though it was EGR-oxydizer compositon. It
was observed that the NOx and CO levels were still lower while using EGR compared to using inlet guide
vanes as a part load operation(IGV). While using a fuel mixture of H, and natural gas, it appeared that
the NOx levels were higher with EGR and air as an oxidizer than just using only natural gas as fuel. At
the same time CO emission levels showed that it was low for both EGR and air when fuel mixture of
H, and natural gas was used.

Keywords: Gas turbine, NOx, CO, exhaust gas recirculation, flame sheet reactor, mixture fraction,
scalar dissipation rate, air, stoichiometry.






Contents

Acknowledgment iii
Abstract v
List of Figures xi
List of Tables XV
List of symbols xvii
1 Introduction 1
1.1 Environmental impact due to emissions . . . . . .. ... ... Lo 1
1.2 GasTurbines . . . . . . o o it i e e e e e e e e e e e e e e e 3
1.2.1 Partload operations . . . . . . . . . . i i e e e e 4

1.2.2 Exhaust Gas Recirculation . . . . . . ... ... ... ... . ... 4

1.3 Motivation of the thesis . . . . . . . . . . . . e )
1.4 Research questions and philosophy. . . . . . . ... ... ... ... .. 0., 6

2 Literature review 7
2.1 Application of combustion in gas turbines. . . . . ... .. ... . oL, 7
2.2 Typesof combustion. . . . . . . . . . . . i e e e e 8
2.3 Non-premixed combustion . . . . . . . . . . . . . e e e e e 9
2.3.1 Co-flow diffusion flame . . .. .. ... ... ... 9

2.3.2 Counter flow diffusion flame . . . . . . . .. ... oL oL o L 10

2.4 Burke-Schumann flame solution . . . . . . ... ... ... .. . o oo, 10
2.4.1 Burke-Schumann flame. . . . . .. .. ... ... .. oo 10

2.4.2 Mixed-is-burnt approach . . . . . . . . . . . . e e e e e 11

2.4.3 The Mixture Fraction Coordinate . . . ... ... ... ... .. .. ...... 12

2.4.4 Order of magnitude w.r.t. Flamelength . .. .. .. ... ... ........ 15

2.5 Non-premixed Turbulent Combustion . . ... ... ... ... ... ......... 16
2.5.1 Reaction rate for theflame . . . . . .. ... ... ... .. 16

2.5.2 Turbulent transport Equation of the mixture fraction . . . . . ... ... .. 17

2.5.3 Scalar Dissipationrate . . . . ... ... .. .. e 18

2.6 Stoichiometric Fuel-to-Airratio . . . . . . . . . .. . . . e 19
2.7 Emissions in non-premixed systems . . . . . .. ... oo oo 20
2.7.1 Thermal NOx or Zel’'dovich mechanism. . . . ... ... ... ... ...... 20

2.7.2 Prompt Nitric Oxide or Fenimore Mechanism . . . . . ... ... ... .... 20

2.7.3 NNH Mechanism . . . . . . . . . . . . ittt i ettt et e 21

2.7.4 N,O or Nitrous oxide mechanism . . . . .. .. ... .. ... .. 21

2.7.5 Dependence of NOx on Residence time . . . . . . . ... ... ... ...... 22

2.7.6 Carbon Monoxide (CO). . . . . . . . o o i i i it it i et e e e 22

2.7.7 NOx reduction techniques . . . . . . . . . . . .. .. 23

2.7.8 Quantification of Emissions . . . . . . . . . . . i e e 24

2.8 Modelling the emisSSIONS. . . . . . . . o . o i it e e e e e e e e e 24
2.9 Chemical Reactor network modeling for combustion systems . .. ... ... ... 25
2.9.1 Perfectly Stirred Reactors (PSR) . . . . . . . .. ... oo oL 26

2.9.2 Plug Flow Reactors: . . . . . . . . o i i i i it i et e e e e e e e e e 27
2.10Modelling tools . . . . . . . . e e e e e e e e e e e e e e e e e 28
2.11 Examples of CRN models used for diffusion flames. . . . . ... ... ... ..... 28
2.11.1Flame sheet reactor modelling . . . . . . . . ... ... ... ... ... 29
2.11.2Recirculation zone modelling. . . . . . ... ... . ... L. 29
2.11.3Gas turbine modelling. . . . . . . . . .. L e e 30

vii



viii Contents

2.12 Summarizing the reviewed literature . . . . . . . . ... ... .. o oL, 33
3 Model development 35
3.1 Influence of Residence time. . . . . . . . . . . ... . . e 36
3.1.1 CH, dissolution vs Residencetime . .. ... ... ... ... ......... 36
3.1.2 OH formation and dissolution vs Residence time . . . . . . ... ... .. .. 37
3.1.3 Formation of NO vs Residence time . . . . . . . .. ... ... ... ...... 37
3.1.4 NOx vs Residence time with and without EGR at stoichiometric conditions 38

3.2 Reactor network model for non-premixed combustion. . . . . ... ... ... ... 38
3.3 Determining the Flame sheet reactor volume . . . . . .. ... ... ... ...... 39
3.3.1 Determining the scalar dissipationrate . .. .. .. ... ... ........ 40
3.3.2 Flame sheet reactor volume . . . . ... .. ... ... ..., 42

3.4 Constructingthe CRNmodel. . . . . . . . ... . .. 42
3.4.1 Flow Chart. . . . . . . . s e e e e e e e e e 42
3.4.2 Volume factors . . . . . . . . . L e e e e 44
3.4.3 Initial assumptions. . . . . . . . .. L. e e e e e e e 44
3.4.4 Splitting the combustor volume in volume factors . . . . ... ... ... .. 44
3.4.5 Air distribution between FSRand PSR . . . . . .. ... .. .. ... ... .. 45
3.4.6 Initial settings for the CRN network. . . . . . . .. ... ... ... ...... 45
3.4.7 CRNmodel. . . . . . . . e e e e e 45

4 Validation 47
4.1 Case-I: BERL 300kW Industrial Gas Burner (S.Orsino and R.Weber). . . . . . .. 47
4.1.1 Formation of NOX. . . . . . . . . . 0 i it e e e e e e e e e 48
4.1.2 Sensitivity analysis of combustor splitting. . . . . ... .. ... ... .... 50
4.1.3 Sensitivity analysis of FSRvolume . . ... ... ... ... .......... 50
4.1.4 Sensitivity analysis with the recirculation between the PSRs. . . . . . . .. 51
4.1.5 Sensitivity analysis of Exhaust temperature vs CO,% . . . . . . .. ... .. 52

4.2 Case-II: Direct fuel injection burner for Gas Turbines (Terasakietal). . . . . . .. 54
4.3 Case-III: Study of MS5002 gas turbine combustor (Feitelbergetal). . . . ... .. 56
4.4 Case-IV: H, enriched flames in diffusion combustors (Cozzietal). .. .. ... .. 58
4.5 Case-V: Validation of water injection for a LM2500 Gas Turbine: . . . . ... ... 59
5 Parametric study and Results 63
5.1 Partload operations . . . . . . . . . . oL e e e e e e e e e e e 63
S.1.1 NOxstudy . . . o . 0t e e e e e 64
5.1.2 COstudy. . . . v v vt e e e e e 65

5.2 Comparison between IGVand EGR . . . . . . . . . ... ... . ... . .. . ..., 66
S5.2.1 NOxstudy . . . o o o i e e e 66
5.2.2 COstudy. . . .o v v i e 68

5.3 Influence of CO, content . . . . . . . 0 o it i i e e e e e e e e e e e 69
S5.3.1 NOx study . . . o v ot e e e e e e e e 69
5.3.2 COstudy. . . . . o i i e e e e e e e 70
5.3.3 Influence of CO, at constant turbine inlet temperature . . . . . .. ... .. 72

5.4 Influence of EGR-oxydizer and air. . . . . . . . . . . . . ... . 0 0. 74
S5.4.1 NOxstudy . . . o . o o i it e e e e e e e e 74
542 COstudy. . . . .« o v i i e e e e e 75

5.5 Influence of Pressure . . . . . . . v i i i e e e e e e e e e e e e e e e e e 76
5.5.1 NOxstudy . . . o . o i e e 76
5.5.2 COstudy. . . . o oo o e 77

5.6 Influence of Hyinthefuel. . . . . . . . . .. . . . . . i 79
S.6.1 NOx study . . . . . o o i e e e e e e e 79

5.6.2 COstudy. . . . v v v v i i e e e e 80



Contents ix
6 Conclusion 81
7 Further Recommendations 85

7.1 Implementing the model for counter-flow diffusion flame . . . . . . .. . ... ... 85

7.2 Implementing heatlossinthemodel . . . . . ... ... ... ... ... ..... 85

7.3 Creating a hybrid CFD-CRNmodel . . . . ... ... ... ... ... ... ..., 85
A First CRN Design 87
B Turbulent diffusion scaling 89
C PFR model in cantera 91
Bibliography 93






List of Figures

1.1 World energy consumption [1] . . . . . . . o i i i i it e e e e e e e e e e 2
1.2 Green house gases attracting the sun’s radiation, Source:[NASA] ... .. ... .. .. 2
1.3 Gas turbine application vs power output [2] . . . . . . . . . . . o e 3
1.4 Efficiency vs load comparison for a 50MW gas turbine(light blue line) and four 12.5MW

gas turbines(dark blue line) in open cycle at 40°C ambient temperature [3] . . . . . .. 4
1.5 Flue Gas Recirculation for a gas turbine CHP plant[4] . . ... ... ... ... .... 5
1.6 Factors of EGR that contribute to a growing technology. . . . ... ... ... ..... 5
2.1 Gasturbinecycle . . ... . . .. i e e e e e 8
2.2 Representation of a premixed and a non-premixed combustion [5] . .......... 8
2.3 Co-flow diffusion flame, Source:[Center for computational sciences and engineering] . 9
2.4 Counter flow diffusion flame [6] . . . . .« « v v v i v i e e e e 10
2.5 Configuration of diffusion flame formation [7] . . . . . . . . . .. . ... . ... .. .. 10
2.6 Evolution of z diagrams when chemistry evolves from infinitely fast to finite chemistry [5] 14
2.7 The Burke-Schumann solution as a function of mixture fraction[8] . ... .. ... .. 15
2.8 Flamelength Vs Velocity [9] . . . . . o o i i i i i e e e e e e e 15
2.9 Surface of stoichiometric mixture in turbulentjet[9] .. ... ... ... ... ..... 18
2.10 Instantaneous scalar dissipation rate distribution, [10]. . . . . . . . .. . ... .. ... 19
2.11 Effect of residence time on NOXx, [11]. . . . . . . . . o o i i i i i i e e e e e 22
2.12 NOx control technologies for gas-fired industrial combustion equipment, [12]. . . . . . 23
2.13 Pre-requisites for a CRN model development [13] . . . . . . . . . . .. ... ... ... 25
2.14 Schematic of a PSR under steady-state conditions [14] . . . . . .. ... ... ..... 26
2.15 Schematic of a PFR under steady-state conditions [15]. . .. ... ... ... ..... 27
2.16 Sketch of a 2-reactor model designed by Broadwell and Lutz [16] . . ... ... .. .. 29
2.17 CRN based on the recirculation zones of the furnace(top) [17] . . . . . . . . . .. ... 30
2.18 CRN [18] based on the streamlines of the furnace(top) [19] . . . . . . . . . . . .. .. 30
2.19 Schematic representation of a CRN model for a CIAM-M combustor [20] ... ... .. 31
2.20 Schematic representation of a CRN model for a conventional diffusion flame combustor

(21 v e e e e e e e e e e e e 32
3.1 Outline of the model development. . . . . . . .. . .. .. ... 35
3.2 CH, vs Residence time for different equivalenceratios . ... ... ... ........ 36
3.3 OHvsResidencetime . . . . . . . o v v it i i e e e e e e e e 37
3.4 NO formation vs Residence time for different equivalenceratios . . .. ... ... ... 37
3.5 NOxvsResidencetimeatphi=1 ... ....... ... .. .. . ..., 38
3.6 Reactor network inside thecombustor . . . . .. ... . ... ... ... . ... 39
3.7 TheFinal CRNmodel . . . . .. . .. i it i e e et e et e e e e e e e 39
3.8 Radial profile for an axial velocity for a turbulentjet[22]. . ... ... ... ... ... 40
3.9 Flame lengths for jet flames correlated with Froude number, [23]. . . . . .. ... ... 42
3.10 Flow chart to simulate the model inCantera . . . . . .. ... ... ... . ... .... 43
3.11 Reactor network modelasseenbycantera . .. ... ... ... ... ... ...... 46
3.12 Reactor network model incorporating water/steam injection as seen by cantera . ... 46
4.1 Burner and Furnace of the Berl 300kW test [19,24] . ... ... .. ... ... .. .. 47
4.2 NOXx levels: Experimentvs Model,[18].. . . . . . . . . i i i i i i e e e 49
4.3 Evaluation of NOxthrough CRN . . . . . . . . . . . i ittt et e et e 49
4.4 Reactionpathof Nitrogen . . . . . . . . . i i i i i i it e e e e e e e e 50
4.5 Effect of splitting the combustor between PSR and PFR on NOx emissions . . ... .. 50
4.6 Varying FSR volume from -50% to +100% and it’s effeccon NOx . ... ..... ... 51

Xi



List of Figures

4.7 Varying FSR volume and PSR volume from -50% to +100% and it's effeccon NOx . . . 51
4.8 Effect of NOx emission when increasing Recirculation from 0% to 100% . .. ... .. 52
4.9 Effect of CO,% on exhaust and stoichiometric flame temperature . . . .. ... .. .. 52
410 Effect of CO,% ONNOX . . . . v v i s s e e s s e e e e e e e e e e e 53
4.11 Flame temperature VS NOX . . . . v v v v i i e e e e e e e e e 53
4.12 Schematic diagram of the experimental burner [25]. . . . . . . . . . .. ... ... .. 54
4.13 Comparison of experimental datavs modeldata . ... ... ... ........... 55
4.14 Schematic diagram of MS5002 combustor(left) [26], and the laboratory test stand(right)

122728 56
4.15 Comparison of experimental data vs model data for MS5002 GT combustor . . . . . . . 57
4.16 Schematic diagram of the combustor, dimensions are in millimeters [28] . ... .. .. 58
4.17 Comparison of experimental data vs model data for H, enriched non-premixed combustion 59
4.18 Schematic of a LM2500GT combustion chamber, Source:[Akzo Nobel]. . ... .. ... 60
4.19 Schematic of the fuel injection/air swirler, Source:[Akzo Nobel]. . .. ... ... .. .. 60
4.20 Comparison of Experimental data Vs Model data for 19 MW and 15 MW load . . . . .. 61
4.21 Amount of water required with respect to CO,% to bring the NOx levels below 75 mg/m? 61
5.1 NOx changes with respecttogas turbineload . . . ... ... .. ... ......... 64
5.2 Stoichiometric flame and Turbine inlet temperature with respect to gas turbine load . . 64
5.3 NOx emission with respect to the stoichiometric flame temperature . . . ... ... .. 65
5.4 Stoichiometric Fuel-to-Air ratio with respect to gas turbineload ... .......... 65

5.5 CO emission levels and CO emission level at equilibrium with respect to gas turbine load 66
5.6 Contribution to NOx emissions by using IGV and EGR at loads 100%, 81%, 61% and 41% 67

5.7 Stoichiometric flame temperature of IGV and EGR with respect to gas turbine load . . . 67
5.8 NOx emissions for IGV and EGR with respect to stoichiometric flame temperature ... 68
5.9 Heat capacity of IGV and EGR with respect to gas turbineload. . . . .. ... ... .. 68
5.10 CO levels of IGV and EGR with respect to gas turbineload . . . . . ... ... ... .. 69
5.11 Stoichiometric flame temperature and NOx emission change with respect to CO,% in

theoxidizer. . . . . . . o o i e e e e e e e 70
5.12 NOx levels for different CO, content in oxidizer with respect to Turbine inlet temperature

@p=11.53bar . ... e e e e e 70
5.13 Stoichiometric flame temperature and heat capacity change with respect to CO,% in the

o) (o = 71
5.14 CO levels with respect to CO,% inthe oxidizer. . . . . ... .. ... ... ... 71
5.15 CO levels calculated vs Equilibrium CO levelsat 1% CO, . . . ... .. ... ... ... 72
5.16 CO levels calculated vs Equilibrium CO levels at 2% CO, . . . ... .. ... ... ... 72
5.17 CO levels calculated vs Equilibrium CO levels at 3% CO, . . .. .. ... ... .. ... 72
5.18 CO levels calculated vs Equilibrium CO levels at4% CO, . . . ... .. ... ... ... 72
5.19 NOx and CO levels with respect to CO,% at P=11.53 barand TiT = 1385K . ... .. 72
5.20 Stoichiometric flame temperature and NOx with respect to CO,% at P=11.53 bar and

TiT = 1385 K . . . e e e e e e e e e e 73
5.21 NOx levels for EGR and air composition with respect to Turbine inlet temperature @

P=11.53 bar . . . . . e e e e e e e e e e e e 74
5.22 Reaction path diagram using Air . . . . . . . . . . . . e 75
5.23 Reaction path diagram using EGR-oxydizer . .. ... ... ... ... ... 75
5.24 CO levels for EGR and air composition with respect to Turbine inlet temperature @

P=11.53 bar . . . . e e e e e e 75
525 NOx emission @ P=1bar . . . .. .. . . i i i i ittt e e e e 76
5.26 NOx emission @ P=5bar . . .. . ... ... . . . . . e 76
5.27 NOx emission @ P=10bar . . . . . . . . . . . . i i i e e e e e 76
5.28 NOx emission @ P=15bar . . . . . . . . o i v i i e e e e 76
5.29 Percentage of NOx reduction at different pressures when using EGR-oxydizer . . . . . . 77
530 COemission @ P=1bar . . . . . . . i i i i i i e e e e e e 78
531 COemission @ P=5bar . . . . . . . . i i e e e e e 78
532 CO emission @ P=10bar . . . . . . . i i it i i it e e e e e 78

5.33 COemission @ P=15bar . . . . .« i v i i i it s e e e e e e e e e e e e e e 78



List of Figures xiii

5.34 Actual CO levels vs Equilibrium CO levelsatp=5bar . ... ... ... ... ..... 78
5.35 Actual CO levels vs Equilibrium CO levelsatp=15bar. . . ... ... ... ... ... 78
5.36 NOx emission with AIR asoxidizer . . . . . . . . . i i i i i i it e et e e e 79
5.37 NOx emission with EGR-oxydizer . . . . . . . . . . . . 0 i i i i it e e e 79
5.38 Stoichiometric flame temperature and NOx emission with respect to H, content in fuel

with AIR asoxidizer . . . . . . . v i i it s e e e e e e e e e e e e e e e e e e 80
5.39 Stoichiometric flame temperature and NOx emission with respect to H, content in fuel

With EGR-OXydizer . . . . . . . i i s i s e e e e e e e e e e e e 80
5.40 CO emission with AIR asoxidizer . . . . . . . . . v i i i i i i e e e e e e e e 80
5.41 CO emission with EGR as oxidizer . . . . . . . . . i v i i i i i i e e et e a s 80
A.l ThefirstCRN layoutcreated . . . ... . . . . . . i i i i i i it e e es 87
A.2 The results of the recirculation using the first CRN layout . . . . .. ... ... ..... 88
B.1 Turbulent dissipation rate along the length of the combustor . . . . .. ... ...... 90

C.1 PFRrepresented asseries Of PSRS . . . . . . . . . i i i i i i it i it e et e e 91






List of Tables

1.1 Harmful effects of the pollutants caused by gas turbines . . .. ... .......... 3
3.1 Initial settings giventothe codeincantera . . . . ... ... ... . ... ....... 45
4.1 Compositionof Natural Gas . . . . . . . . i i i i it e e e s e e e 47
4.2 Operational parameters for BERL-300kW, [18]. . . . . . . . . . v i v v v v v .. 48
4.3 Comparison of experimental data to the model dataresults . ... ........... 48
4.4 Operational parameters of the Direct fuel injection burner for GT,[25] . . . ... .. .. 54
4.5 Correlation between experimental data and model data for Air inlet temperature of 650
Kelvin . . . o e e e e e e e e e e e e e e e 55
4.6 Correlation between experimental data and model data for Air inlet temperature of 950
Kelvin . . . e e e e e e e e e e e 55
4.7 Operational parameters used for MS5002 GT, [27]. . . . v v v v v v v i i v e e e e e 56
4.8 Correlation between experimental data and model data for air flow rate of 3.3 kg/sec . 57
4.9 Correlation between experimental data and model data for air flow rate of 5.4 kg/sec . 57
4.10 Operational parameters for the H, enriched GT combustor,[28]. . . . .. ... ... .. 58
4.11 Correlation between experimental dataand modeldata . .. ... ........... 59
4.12 Operational data that was used to validate the case study, Source:[Akzo Nobel] . ... 59
4.13 Combustor dimensions . . . . . . . v v i i i e e e e e e e e e 60
5.1 Parameters for exhaust gas recirculation at different part load operations . . . . .. .. 63
5.2 Parameters for inlet guide vane at different part load operations . . . . ... ...... 66
5.3 Composition in mole fraction of air and different CO,% used in the oxidizer. . . . . . . 69
5.4 Correlation between CO,%, CO emission and NOx emission . . .. ... ........ 73
5.5 Correlation between CO,%, flame temperature and NOx emission . . . ... ... ... 73
5.6 Composition in mole fraction of Air and EGR used forthestudy . ............ 74
5.7 Composition in mole fraction of Air and EGR used forthestudy . ............ 76
5.8 Composition in mole fraction of Air and EGR used for thestudy .. ... ... ..... 79
5.9 Composition in mole fraction of natural gas and hydrogen blend used for the study .. 79






GREEK LETTERS

Tenemical - Chemical time scale (sec)

p - Density (kg/m?3)

&(x) - Dirac delta function

Veurp - EAdy viscosity

¢ - Equivalence ratio

V - Gradient

8999, - Half-width of the jet

Tmixing - Mixing time (sec)

Tres - Residence time (sec)

x - Scalar dissipation rate (s™1)

w - Source term

v; - Stoichiometric co-efficient of species i’
n:n - Thermal efficiency of a gas turbine
€ - Turbulent diffusion rate (m?/sec?)

PARAMETERS

D - Diffusion co-efficient/Diffusivity rate (m?/sec)
H - Enthalpy (kJ/kg)

g - Gravitational acceleration (m/sec?)
Lr - Length of the flame (metres)

Y - Mass fraction

my - Mass flow rate of fuel (kg/sec)

m, - Mass flow rate of oxidizer (kg/sec)
m; - Mass of all molecules of species ‘i’
Z - Mixture Fraction

W; - Molecular weight of species i’

F,; - Stoichiometric Fuel/Air ratio

u - Velocity (m/sec)

P - Power (Watts)

p - Pressure (bar)

R - Radius (metres)

Cp - Specific heat capacity (3/(kg.K))

T - Temperature (Kelvin)

k - Turbulent kinetic energy

V - Volume (m3)

ABBREVIATIONS

ad - Adiabatic

B.C - Boundary condition

CO, - Carbon dioxide

CO - Carbon monoxide

CRN - Chemical reactor network
EGR - Exhaust gas recirculation
Fr - Froude number

FSR - Flame Sheet Reactor
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0. List of symbols

F - Fuel

in - Inlet

IGV - Inlet guide vane

LHV - Lower heating value of fuel
CH, - Methane

MW - Molecular weight

NG - Natural gas

N, or ‘N’ - Nitrogen

NOx - Nitrogen oxides

NO - Nitric oxide

NO,- Nitrogen dioxide

out - Outlet

O - Oxidizer

0, or 'O’ - Oxygen

PSR - Perfectly stirred reactor
PFR - Plug flow reactor

st - Stoichiometric

(i.e.) - Thatis

TiT - Turbine inlet temperature
turb - Turbulent



Introduction

One of the reasons that there has been a steep increase in the level of technology especially in the
past century is due to the need for humans to have a better life and also an adventure of curiosity.
The advancement of technology has been always there to make lives of humans easier and better.
In the modern world today, the need of advancement grows hand in hand with the rapid growth of
technology. As this need increases there are also constraints determined by the government on the
amount of pollutant levels that can be produced. This is done so that we don't achieve this technology
growth in the cost of the future of this world.

As research and development moves in the path of effectively using renewable sources of energy,
there are still researches conducted to reduce pollution caused by non-renewable sources of energy.
The government enforces severe laws to force the industries to reduce the emission levels. In order
to make sure that the emissions are kept below the required level can be a difficult task to implement.
By just changing a component in a lean manufacturing industry, it takes a lot of investment from the
company to bring the emissions lower than the expected level. There has always been a fine line
between achieving high power generating efficiency and producing low pollutant emissions. So, there
has been a lot of research on improving the system to reduce the high pollution levels and at the same
time also retaining it's maximum efficiency.

The world’s demand for energy has increased tenfold due to the increase in the world population
in the past few decades. Figure 1.1 shows the demand for energy between Organisation for Economic
Co-operation and Devlopment (OECD) countries and non-OECD countries. It has been foretold by the
International energy Outlook that the world’s energy consumption will increase by 56% between 2010
to 2040 (i.e.) from 153 quadrillion Watt hour to 240 quadrillion Watt hour [1].

1.1. Environmental impact due to emissions

Due to the rapid growth of technology and demand of energy, there has been a global warming wall
struck by the world population and the technology industry. Global warming is a serious concern in
modern times, as there has been a noticeable shift in the climate change. One of the main reasons
behind climate change is due to an increase in what is called the greenhouse effect. Figure 1.2 gives
an outlook of how the greenhouse effect works. The steady increase in greenhouse gases such as ox-
ides of nitrogen, methane, and carbon dioxide is due to the advancement in technology. This caused
less amount of infrared rays to pass through the atmosphere into space due to the presence of more
amount of greenhouse gases. Most of it is reflected back to the earth’s surface heating up the surface
above it's nominal temperature. This heat is trapped in the earth’s surface making it warmer than the
required temperature for the earth to sustain itself. This change in earth’s temperature leads to other
undesired outcomes such as climate change.
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Figure 1.1: World energy consumption [1]

Sunlight passes through the atmosphere and
warms the Earth's surface. This heat
is radiated back toward space.

Most of the outgoing heat is absorbed by
greenhouse gas molecules and re-emitted in
all directions, warming the surface of the Earth
and the lower atmosphere.

Yoy

Figure 1.2: Green house gases attracting the sun’s radiation, Source:[NASA]

The major two greenhouse gases CO, and NOx are emitted by gas turbines. Apart from these
gases, there are other harmful pollutant emissions that are caused by gas turbines. Table 1.1 de-
scribes the harmful effects of the polluted gases which are emitted by our global industries. A group
of 1,300 independent scientific experts from countries all over the world under the United Nations, the
Intergovernmental Panel on Climate Change, in it's Fifth Assessment Report concluded there’s a more
than 95 percent probability that human activities over the past 50 years have warmed our planet [29].

From this it was clear that changes had to be done to make sure there is a continued survival of
every species. Leading up to this the Paris agreement was forged in 2015 by countries from all over
the world. They came to an agreement of intensively reducing carbon emissions for a sustainable
future. The agreement’s long term goal is to keep the increase in global average temperature to well
below 2°C above pre-industrial levels; and to limit the increase to 1.5°C, since this would substantially
reduce the risks and effects of climate change [30]. There was a directive that was created due to
this paris accord showcasing the maximum emission limiting value that an existing medium combus-
tion plant( 1 MWth to 50 MWth) can emit [31]. For gas turbines, the number to limit NOx emissions
were from 150 to 200 mg/Nm3. This limitation for existing plants operating below 5 MW should be
implemented by 1st January 2025 and plants operating above 5 MW by 1st January 2030 [31].
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Table 1.1: Harmful effects of the pollutants caused by gas turbines

Pollutant

Impact on health and environment

Greenhouse effect causing pollutants

Carbon dioxide (CO,)

Causes an increase in greenhouse effect
Increases the pH levels of the ocean making it more acidic

Nitrogen oxides (NOx)

Causes acid rain by forming HNO,
Photochemical smog, greenhouse gas causing climate change

Other pollutants

Carbon monoxide (CO)

Toxic gas
Reduced capacity of O, absorption by blood

Unburnt hydrocarbons (UHC)

Toxic in nature
Combines with NOx to form photochemical smog

Sulphur oxides (SOx)

Toxic and corrosive gas
Acid rain forming reactant

Soot/Smoke

Poor visibility
Allergy, Asmathic problems, Nausea

1.2. Gas Turbines

Gas turbines have been the pinacle of thermal machinery development since the late eighteenth cen-
tury. Gas turbines have actively been researched upon and developed since the 1930s/40s. A thermal
machine which could convert the energy released from combusting a fuel into useful work. This de-
veloping technology is setting the world standard in two major industrial applications in the mobility
sector(Eg:Jet engines) and the electric power generation business(Eg:combined cycle power plants)[2].
Figure 1.3 shows the application of gas turbines at various sectors and how useful gas turbines are in
the modern industries. Gas turbines find applications in diverse variety of different sectors. Micro gas
turbines are used for combined heat and power plants which give out about 50-250kW and for heavy
applications, CHP gas turbines find a wide application in the industries providing power ranging from

50 kW to 150 MW.

Cars | 30-100 kW Industry sector:
Trucks, trains [100-500 kW :
[100-s00kw]| :
E\Commned cHP [ 50-250 kW Stationary power
eat and power)
poner suppies) UPS [|BOSI00NWE Electric power
Trucks, trains |500 kW-5 MW
Ships 1-500 MW
. Aero-engines 500 kW-50 MW
Industrial Y e—_—_—
gas turbines Mechanical drives | 1-30MW | -100 MWEE“QZ::ZZT'D‘,’;;V;’;
CHP | 1-100 MW |
Simple cycles 1-70MW |
Combined cycles | 1-100 MW ]
CHP | s0-150 mw “SO“’MW
Heavy duty
gas turbines
| |

T

1kw

T T T T
100 kW 1MW

(1000 MW)

100 MW 1GW

(1000 MW)

Figure 1.3: Gas turbine application vs power output [2]



4 1. Introduction

1.2.1. Part load operations

Gas turbines have always been operated in full load in the past few decades. Since, the increase in the
use of renewable sources for energy, gas turbines have been commissioned to operate on part loads
due to less demand in power and also due to economical reasons. However, while using gas turbines
in part load operations, the efficiency of the gas turbine reduces as well due to the reduction in the
flame temperature. Figure 1.4 shows the change in load vs efficiency for gas turbines.

A
404
4 x 12.5-MW gas turbines
304
&
2 20-
=
= 50-MW gas turbine
3 104
0 1 1 1 1 1 1 1 1 :
0 10 20 30 40

Power Plant Output (MW)

Figure 1.4: Efficiency vs load comparison for a 50MW gas turbine(light blue line) and four
12.5MW gas turbines(dark blue line) in open cycle at 40°C ambient temperature [3]

1.2.2. Exhaust Gas Recirculation

Exhaust gas recirculation is an innovative technique in part load operation, especially assisting in re-
ducing NOx emissions. A portion of the combusted exhaust gas is recirculated back to the inlet of
the compressor. This is done to dilute oxygen in the incoming air stream and convert the gases to
be inert to combustion and act as absorbents of combustion heat. This also increases the specific
heat capacity(increasing the CO,% content) and thus lowering the flame temperature (reducing NOx
levels). Figure 1.5 illustrates a basic layout of EGR for a gas turbine CHP plant.

Steimes, Klein and Persico [4] mentioned in their paper that EGR has a potential in reducing emissions
and enabling efficient part load operation in gas turbines. Especially when compared to traditional
techniques such as Inlet guide vanes (IGV), decreasing Turbine inlet temperature, and compressor
air recirculation. EGR goes through a heat exchanger to reduce the heat before supplying it to the
combustor. If in case it stays uncooled, the inlet temperature of the gas turbine will rise resulting in
a lower mass flow through the installation. Also lower power production at a higher efficiency due to
stack losses reduction.
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Figure 1.5: Flue Gas Recirculation for a gas turbine CHP plant [4]

1.3. Motivation of the thesis

Before widespread research into premixed combustion started in the 1990s effectively, all gas turbines
were using non-premixed combustion. Non-premixed combustion occurs in most of the gas turbines
to produce power (aircraft engines, CHP power plants etc.) even today. Even though premixed com-
bustion is the future solution in reducing the emission level, there are still many gas turbines in use
in the industries which have a life expectancy of at least 30 years and combust under non-premixed
combustion.

Modifying or upgrading the combustion chamber to accommodate premixed combustion in a gas tur-
bine will result in a huge investment in the industry. This is the reason there has been continuing
research on improving the gas turbine with non-premixed combustion on giving high thermal efficiency
while reducing the emission levels too.

Understanding the characteristics of NOx especially when implementing EGR can result in an overview
of how NOXx or any other pollutants can be controlled by changing the input parameters. Due to the
increase of the role of renewables, the burden of using gas turbines at different load operations to
reduce the emission levels has been of such high priority. Exhaust gas recirculation can be a stepping
stone to maintaining a higher turbine efficiency, while also increasing the CO, content which can result
in effective carbon capture as well. A few of the factors that make EGR as an efficient technology to
be used can be seen in Figure 1.6.

~

Good part load

Efficient carbon capture
performace

Exhaust gas
recirculation

Changing operating

Reduced emissions
loads

Figure 1.6: Factors of EGR that contribute to a growing technology.
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1.4. Research questions and philosophy

Understanding the influence of exhaust gas recirculation (EGR) on the chemical mechanisms of NOx
formation in a non-premixed combustion, can help in reducing those emissions in a gas turbine. Thus,
to give a clear view of that, the following questions must be answered:

¢ How can non-premixed combustion in a gas turbine be modelled using a Chemical
Reactor Network?

¢ What are the emission(NOx and CO) characteristics in a non-premixed combustion in
a gas turbine with Exhaust Gas Recirculation?

* How sensitive are the emissions (NOx and CO) to parameters such as amount of CO,
in the oxidizer, pressure, blend of H, and natural gas?

Unfolding answers to these questions can lead to a better understanding of how to control NOx emis-
sions. A chemical reactor network can be modelled in such a way that the result gives an overview
of the NOx emission characteristics. The objective of this research overall is to understand the impact
of EGR (i.e.) if it is only a measure to improve part load efficiency of a gas turbine or that it can also
reduce NOx emissions.



Literature review

Combustion is a very broad and complex topic which requires extensive research and work to give a
basic understanding. The basic theory of combustion relates to three major phenomena.

» Transport phenomena
e Thermodynamics
e Chemical kinetics

Number of experiments and research is performed to understand it's process and theory. Combustion
can be described as most simply an exothermic reaction of a fuel and an oxidant. During combustion,
many chemical reactions form the final products in a very short time. It is hard to segregate between
the chemical reactions and understand the product formation. This lead to the creation of several
chemical mechanisms to follow these combustion related kinetics.

2.1. Application of combustion in gas turbines

Combustion of fuels provides ample energy to be used as work in a thermodynamic cycle. Gas tur-
bines are used to convert the energy that is produced from combustion into useful work like wide scale
electricity generation. In gas turbine applications, the fuel may be gaseous or liquid, but the oxidant is
always air. Figure 2.1 shows a typical gas turbine cycle. The incoming oxidizer is compressed by the
compressor before it is combusted along with the fuel. The energy ouput is achieved by the expansion
of these combusted products in the turbine. The combusted products are given to the turbine which
converts to mechanical work and generates power.

Equation 2.1 expresses this thermal power output in terms of the amount of fuel and oxidizer that
flows into the combustor. The exit temperature (T,,;) is known as the turbine inlet temperature at
constant specific heat capacity. The higher the turbine intlet temperature, the higher the power is gen-
erated and turbine thermal efficiency. As, will be explained later in this chapter(Section 2.7.1), higher
the temperature more NOx emission is given out. So, it is always a balance between the power output
and the impact to the environment due to emission. This combusted power output can be expressed
as:

P = (g +1mp) * Cpr * (Tour — Tin) (2.1)
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Figure 2.1: Gas turbine cycle

2.2. Types of combustion

Combustion occurs in many forms, not all of which are accompanied by flame or luminescence. This
research studies non-premixed combustion in a gas turbine. Premixed and non-premixed are classifi-
cation of flames in the most fundamental studies of flame combustion. They depend on whether the
fuel and air are mixed before combustion, or mixed by diffusion in the flame zone. A brief overview on
how these flames are represented in gas turbine can be seen in Figure 2.2

* Premixed combustion: In premixed combustion, fuel and oxidizer are mixed together before
they enter the combustion chamber to be combusted. The major chemical transformation that
occurs is primary in a thin interfacial region which separates the burned and the unburned gases.
Once, the combustion is initiated the process is self sustained to form a sTable combustion.

¢ Non-premixed combustion: In non-premixed combustion, the fuel and oxidizer enter the
combustion chamber separately and are then combusted. The fuel and oxidizer are mixed at
molecular stoichiometric proportion inside the combustion chamber where the flame is formed at
the stoichiometric interface.

Stream 1:

Fuel

Fuel \ \\
+ —

Air — /

Stream 2: /

oxidizer
(a) Premixed flame (b) Diffusion flame

Figure 2.2: Representation of a premixed and a non-premixed combustion [5]
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When the flame has been initiated at some point in the mixture (by means of a hot surface, an
electric spark, or some other ignition source), it will propagate throughout the entire volume of com-
bustible mixture. The speed at which it propagates and the factors affecting its rate of propagation
are of special interest to the designer of practical combustion systems. Turbulence is of prime impor-
tance because most flowing fuel—air mixtures are turbulent and turbulence is known to enhance flame
speeds considerably especially for non-premixed combustion [32]. For small diffusion flames, the rate
of inter-diffusion of air and fuel is considered as the rate-controlling step. For large turbulent diffusion
flames, the rate of large-scale mixing, are the rate-controlling steps [32].

2.3. Non-premixed combustion

Laminar flames in premixed systems, the chemical reaction rates can be rate controlling. In systems
which employ non-premixed combustion, the fuel and oxidant come together in a reaction zone through
molecular and turbulent diffusion[32]. The fuel can be in the form of a gaseous or a liquid(droplet)
fuel. If both the fuel and the oxidant are initially gaseous, then the flame is referred to as a diffusion
flame.

When the fuel and oxidizer come into play inside the combustion chamber, the chemical reactions
between them occurs at a fast rate. This means that the chemical time scales are smaller or shorter
than all the other flow-characteristic times (i.e.) chemical reactions occur faster than the diffusion and
the flow time scales. This is also called the equilibrium assumption[5]. When the two streams come
into the combustion chamber, the fuel and oxidizer mix at molecular level and wherever there is stoi-
chiometric mixing, the structure of the flame is formed emitting the highest temperature. The mixing
that takes place here is due to the convection and diffusion of the fuel and oxidizer species. There are
two types of diffusion flame that can be understood co-flow diffusion flame and counter-flow diffusion
flame:

2.3.1. Co-flow diffusion flame

The fuel and the oxidizer are supplied from the same side into the combustion chamber to mix at the
ignition point and generate combustion. Upon combustion the flame can be curved depending on the
stoichiometry of the the mixture and the co-efficient of reaction. Over here there is mostly species
mixing and not momentum mixing. A simple example of this type of diffusion flame is the bunsen
burner.

Fusl Inlet

Figure 2.3: Co-flow diffusion flame, Source:[Center for computational sciences and
engineering]
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2.3.2. Counter flow diffusion flame

The fuel and oxidizer are supplied into the combustion chamber in opposite direction in different veloc-
ities. The resultant diffusion flame would be flat and the stagnation point will be created mostly in the
middle of the combustion chamber to form a pure diffusion flame. An example for this type of diffusion
flame can be seen Figure 2.4.

Air
21%0, + 79%N,

Flame sheet

Stagnation
plane

Figure 2.4: Counter flow diffusion flame [6]

2.4. Burke-Schumann flame solution

2.4.1. Burke-Schumann flame

Burke-Schumann anointed the term diffusion flame as a type of flame aroused due to non-premixed
combustion. Burke-Schumann analyzed the theory of mechanism of diffusion flame due to non-
premixed combustion. They were able to predict the flame shape and the flame height by using
their analysis of infinite fast chemistry. This was done by considering two concentric pipes with the
outer pipe having infinite length and the inner pipe is of semi-infinite length. The configuration of the
experiment can be seen in Figure 2.5.

Flame g

2

2

R 7

Lo b e _g
T FUEL T
AIR AIR

2

Figure 2.5: Configuration of diffusion flame formation [7]
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When discussing about the species involved in the combustion, the species can either be fuel or
the oxidizer. Flame shape depends on the axial convection of the species and also the radial diffu-
sion of the species, whereas flame height can be determined from the flame shape by adapting the
Schvab-Zeldovich formulation [8]. Burke-Schumann adopted the following assumptions [8] to solve
the diffusion flame:

* The velocity of the incoming species is parallel to the duct’s axis(z-direction) U,=ue,, and the
velocity in the radial direction is ignored U,.=0.

e The mass flux in the axial direction is constant, pur = pu,. Therefore there is no change in
density, so the fuel and oxidizer are mixed with different diluents to achieve equal density.

¢ The effects of gravity is neglected.

8%y,

« Diffusion in the axial direction is also negligible when compared to radial diffusion (i.e.) oz <<
%, where y; is the mass fraction of the species. Axial diffusion can be assumed at low Peclet

number and neglected at high Peclet number [8]. Peclet number is ratio of rate of advection to
that of rate of diffusion. So, at higher Peclet nhumbers, advection dominates more than diffusion
thus neglecting axial diffusion.

¢ The flame sheet assumption where this corresponds directly to infinite-rate chemistry or infinite
kinetics or mixed-is-burnt approach.

By analyzing the Burke-Schumann flame approach, the mixture between fuel and oxidizer at the point
of combustion can be understood.

2.4.2. Mixed-is-burnt approach
The flame sheet assumption means that the reactants react instantaneously when they mix in stoichio-
metric proportions. This means that there is going to be a contour where fuel and oxidizer are mixed.
The flame is going to form a sheet that is coincident with the stoichiometric contour of the mixing field.
We consider only the species conservation Equation of fuel and oxidizer(Schvab-Zeldovich formulation)
given by the Equation:
V.[(pW)Y; — pDVY}] = w; (2.2a)
ViF +vp,0,— > V¢, C0; + v, oHy O (2.2b)
where,
e p is the density of the species.
7 is the velocity vector of the incoming species.

e w; is the chemical source term of species i which is determined from the reaction rate and Ar-
rehenius law.

D is the molecular diffusion co-efficient.

e jcan either be oxidizer 'O’ or fuel 'F’.
« v; is the stoichiometric co-efficient of fuel or oxidizer.
¢ Y; is the mass fraction of the species.

Since, Equation 2.2a is a single step reaction of v¢F +v,0x =Products, so v{' = 0 and therefore the
mass fraction of a species ‘i’ can be written as
m; m;

= > — == 7 2.3
Wi(v; —v;) Wv; (2.3)

14

Y;

where, m; is the mass of all molecules of species ‘i’ and W; is the molecular weight of the species 'i".
Expressing Equation 2.2a in terms of Fuel ‘F’ and Oxidizer ‘O’, we get:

V.[(pW)Yr — pDVYF] = w (2.4a)
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where, w = —F—-.
Wi(v; —v;

Now, if we take a conserved scalar quantity which in this case mixture fraction Z = Y, - Y,. Sub-
tracting Equation 2.4b from 2.4a we can express it as one homogeneous linear Equation in terms of
Z

V.[(p®)Z — pDVZ] =0 (2.5)

These fundamental equations are used to understand the flame shape and height. Combustion is
understood based on it's convection, diffusion and reactions. With the above equations the chemical
reactions aren’t considered and only convection and diffusion is considered making the combustion
s 2 2
problem a bit easier to solve. Assuming cylindrical polar co-ordinates with U = u.&, and 375 << 22

arz’
Equation 2.5 becomes
udZ 19 07

D3z 1o o) (2.6)

Equation 2.6 is now the simplified governing Equation from which the mixture fraction is expressed in
axial direction and as a laplacian of the r-component in cylindrical polar co-ordinates. Now applying
the boundary conditions to Equation 2.6. Second order of the mixture fraction with respect to r needs
2 B.Cs and the first order of the mixture fraction with respect to z needs 1 B.C. The domain has to be
first realized before applying the B.Cs. From Figure 2.5 the domain chosen is from r=0 to R and from
z=0 to «. The following are the boundary conditions that are realized with respect to the domain:

e Forallz>0and atr=0, Z—f = 0 which is the symmetry boundary condition. The partial derivative of

the mixture fraction is indirectly the partial derivative of the mass fraction. The physical meaning
of the partial derivatives of the mass fraction amounts to diffusion fluxes. From this boundary
condition there are no diffusion across the centre line because of symmetry.

e For all z>0 and at r=R, ‘;—f = 0 which is the wall boundary condition. There is no diffusion or
mass flux across the wall as there is only inviscid convective flow.

There are two Neumann B.Cs observed here. At z=0 which is at the lip of the burner, there should be
another B.C. which can be a Dirichlet B.C to make the solution more unique.

—(—£y 0<r<lL
* So, for z=0; mixture fraction,Z =1 F*F
(=) L<r<R
Wovo
From r=L to R, there is a jump in the mixture fraction, making it discontinuous. This is due to the
mixing of the fuel and the oxidizer. As the mixture flows through the domain towards the positive
z-direction, the discontinuities are smoothened out as a consequence of diffusion.

2.4.3. The Mixture Fraction Coordinate
The mixture fraction can be derived for a homogenoeus system without taking diffusion into account[8].
The global reaction Equation for the combustion of a hydrocarbon fuel is as follows:

VEF +vp,0,— > v¢0,C0; + vy, oHy O (2.7)

where, v and vy, are the stoichiometric coefficients. The reaction equation relates to each other the
changes of mass fraction of oxygen dY,, and fuel dY by[8]:

dv,,  dyy
vo,Wo,  VEWr

(2.8)

where W, denotes the molecular weight of the species and the homogenoeus system of this equation
may be integrated to:
VYF - YOZ = VYF - YOZ (2.9)
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The mass fractions Y and Y,,, are the local mass fractions of fuel and oxygen respectively in the initial
unburnt mixture.

Considering a two-feed system, the fuel stream which has a mass flux m; and the oxidizer stream
with mass flux m, entering the system. Then the mixture fraction is defined as the local mass fraction
of all elements within the mixture originating from the fuel feed[8].

7=_"TF (2.10)

Now, if we consider that the subscript ‘1’ denotes pure fuel stream and subscript 2’ denotes pure
oxidizer stream. The local unburnt mass fraction of the fuel is the same as in the original fuel stream,

YF = Yp‘lz (2.11)

Y, is the mass fraction of the fuel in the fuel stream and the mass fraction of the oxidizer stream in
the unburnt mixture can be represented by 1-Z. The local mass fraction of oxygen is as follows:

YO = Yoz’z(l - Z) (2.12)

2
where Y, , is the mass fraction of oxygen in the oxidizer stream. Now substituting Equations 2.12 and
2.11 into Equation 2.9, the mixture fraction(Z) for any state of combustion can be obtained:
VYF - YOZ + Y02,2

7 =
VYF,l + Y02,2

(2.13)

A stoichiometric mixture can be defined by vY;=Y,, and it's mixture fraction can be defined by:

va] b 1
14 (A/F)st

Z., = [1 N (2.14)

Yo, .2

where for pure fuel Y., =1, and (A/F), is the stoichiometric Air-to-Fuel ratio. The mixture fraction is a
quantity than can be conserved during combustion and it can also be related to the fuel-air equivalence
ratio. When considering infinitely fast chemistry, the reaction zone will be an infinitely thin layer at which
the mixture fraction of the unburnt mixture will the the same as that of stoichiometric mixture fraction
(i.e.) Z=Z,,. Outside of this infinitely thin layer the temperature will be a piecewise linear function of Z.
When the profiles of temperature and mass fractions are plotted as a function of mixture fraction, one
can relate it to the Burke-Schumann solution. Figure 2.6 describes the mixing and equilibrium lines for
a given fuel and oxidizer. It is noticed that there is excess of air for values below the stoichiometric
mixture fraction point and there is excess fuel for values above stoichiometric mixture fraction point.
The enthalpy release is the highest at the stoichiometric mixture fraction point which is Z=Z,, at
constant specific heat capacity and one-step chemistry (no heat losses).

(—aH)Yr,

T(Z)=T,(Z)+ CpV}ITWF Z, Z<Zy (2.15a)
(—aH)Yy, »
T =T+ ———"71-2), Z=22Z4 (2.15b)
CpVOZWOZ
TWZ)=T,+Z(T; - Ty) (2.15¢)

where T, is the temperature of the unburnt mixture and -AH can be defined as the heat of reaction
as the reaction enthalpy is negative for exothermic reactions. The specific heat(c,) and -aH can be
assumed as constant and the maximum temperature is achieved when Z=Z;, so:

(—aH)Yg,

Tse =Ty (Zse) +
st u( St) CpV}ITWF

Ze (2.16a)
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Figure 2.6: Evolution of z diagrams when chemistry evolves from infinitely fast to finite
chemistry [5]

(—aH)Yo, -

Te =Ty (Zst) +
st u( st) CpVIOZWOZ

(1—Zg) (2.16b)

The mass fractions of the reactants can also be piecewise linear functions of Z:

A
Yoz = YOZ,Z (1 - Z—St>, Z<Zy4 (2.17a)
Z—-Z
YF = YF,ll_—ZSt’ A = ZSt' (2.17b)
st

The mass fractions for the product species can also be expressed the same as in Equation 2.17. Figure
2.7 shows that at stoichiometric combustion the mass fraction of oxidizer and fuel reach zero. The
point where they reach zero is known as the stoichiometric mixture fraction point. T, and T, denote
the temperature change in oxidizer and fuel respectively and T, is the temperature of the unburnt
species. At stoichiometric combustion, the maximum temperature (T,;) will exactly be the point of
stoichiometric mixture fraction (Z,;) whuch can be seen from Figure 2.7.
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Figure 2.7: The Burke-Schumann solution as a function of mixture fraction [8]

2.4.4. Order of magnitude w.r.t. Flame length

The axial convection rate is proportional to radial diffusion. Axial convection time is the residence time
of reactants in the flame Lp/u;, where ur is the fuel flow velocity. The diffusion time scales with ~
L?/D, where L as mentioned earlier is the radius of the fuel duct. If the residence time scales with the
diffusion time then the flame length scales with ratio of the volumetric flow rate to that of the diffusion

co-efficient (i.e) Ly ~(uL?)/D~Lotumetric Jlow rate of juel g e 2 8 shows how the flame length

Dif fusion co—efficient

changes with respect to the flow velocity of the fuel. The flame length(L;) reduces when there is a
transition from laminar to turbulent.
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Figure 2.8: Flame length Vs Velocity [9]
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2.5. Non-premixed Turbulent Combustion

Non-premixed turbulent flames are used in a lot of practical combustion systems like gas turbines,
aircraft propulsion systems etc., as such flames are easily controlled[33]. Due to turbulence, the fuel
and oxidizer mix intensely inside the combustion chamber. In non-premixed turbulent flames the rate
at which the chemicals react to equilibrium is the same. To design an efficient combustor system that
employs turbulent combustion, the flame shape and size is one of the main criteria that is taken into
account along with flame stability, heat transfer and pollutant emissions[33].

2.5.1. Reaction rate for the flame

By considering mass fraction of fuel to be a function of the mixture fraction, a relationship with the
amount of fuel consumed to reach the stoichiometric point can be understood. By taking the usual
Schvab-Zeldovich assumptions, the unsteady conservation Equations for mass fraction of fuel can be

written as:
oYg

Par
where the subscript F denotes fuel species. The first term on the I.h.s describes the local rate of change
of the fuel; the second term on the I.h.s describes the convection term; and the third term on l.h.s
describes the diffusion of the fuel species. The term on the r.h.s is the source term which signifies the
rate of consumption of fuel. Bilger [34] defines the mixture fraction as a conserved scalar quantity, so
the unsteady conservation equation with respect to the mixture fraction can be written as:

dZ
Po; + puVZ —V.(pDVZ) =0 (2.19)

As understood earlier, the mass fraction of the fuel(Y;) reduces as it reaches the stoichiometric mixture
fraction point, and at stoichiometry(Z=Z,,) the mass fraction of fuel is zero. So the composition of fuel
is a unique function of the mixture fraction:

YF = YF(Z) (2.20)
Then, from Equation 2.18 the following is derived:

02,
022

wp = —pD (VZ)? (2.21)
Mixture fraction Z is a conserved scalar quantity and the mass fraction of fuel is defined as a function
of the mixture fraction. This can be only done when the species is alone a unique function of the
conserved scalar quantity. As scalar dissipation rate defined in Equation 2.30, the above equation can
be re-written as following:

. 1 0%y,
W = — E ev)-’( ﬁZF (222)
Mixing Reaction

From the above Equation it is clear that the rate of consumption of fuel depends on two factors:
» The mixing field of the species which is defined mainly by the turbulent scalar dissipation rate.
» The reaction of the species in the mixture fraction space of the combustion field.

The rate of consumption of the fuel also depends on the change in the mass fraction of the fuel. Figure
2.7 displays how the change of mass fraction can be plotted with respect to mixture fraction. From
Z=7,, to Z=1, the mass fraction of fuel seems to behave like a step function. This will lead to getting
a dirac delta function. Dirac delta function is a generalized mathematical function whose integral over
the entire real line of a specific function which is equal to zero is one.
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At Z,,, the fuel mass fraction (Y) will be completely consumed during combustion. At Z=1, Y, will
also be 1 which represents 100% fuel which is before the combustion begins. The slope of Y from Z,

to Z=1 will be ‘“;F—éz) which would make Y as a step function. Thus, representing the second derivative
of the mass fraction of fuel as a dirac delta function whose integral will yield (1-Z,;). So, we can relate
the change in mass fraction of fuel at stoichiometry by using the dirac delta function and get a final

relation as follows:

2
%ZYf =1 _1ZSt5(Z =Zy) (2.23)
where, §(Z) is the dirac delta function. So, finally Equation 2.22 can be expressed as:
_ 1 1
Wp = —Ep)tmfs(z =Zst) (2.24)

2.5.2. Turbulent transport Equation of the mixture fraction

The mixture fraction co-ordinate has been discussed in section 2.4.3 which plays an important quantity
for the theory of non-premixed combustion. The mixture fraction (Z) can be defined as the solution of
a convective diffusive Equation [9]:

0z
Po; + pU.VZ = V.(pDVZ) (2.25)
and the reactive diffusive structure of the flame is determined by the temperature Equation[9]:

dp

= (2.26)

n
aT R ;
pcpE + pcu.VT = V_(pchTVT) — Z hym; +qr +

i=1

where, Z’;l h;m; is the heat release rate in which m; is the chemical source term. The heat capacity
C, is assumed to be constant, g is the radiative heat loss which can be calculated by thin gas approx-
imation [9].

Equation 2.25 defines the transport equation of mixture fraction Z to be given in the flow field as
a function of space and time. As mentioned in section 2.4.3 the stoichiometric mixture can be de-
termined by Z=Z; and this is shown in Figure 2.9 for a turbulent jet flame. The fuel and oxidizer
inter-diffuse at the lip of the nozzle [9]. In turbulent combustion the instantaneous flame location is
not taken into account much and more considered in the form of mean quantities. This makes the
Equation 2.25 for the Favre mean mixture fraction [9]:

Z _ ~
po; +P UVZ=V.(pDVZ) (2.27)

where D is the turbulent diffusivity which is much larger than the molecular diffusivity D and hence it
has been neglected.

The Favre variance Z"2 is modeled by standard procedures as follows:

9z"2 —~ o
p—— +P VL2 =V.(pD,VZ"?) + 2pDr (V2)* — p¥ (2.28)

Here, the first term on the I.h.s represents the rate of change of the mixture fraction variance, second
term represents the convection term. The first term on the r.h.s represents the turbulent diffusion of
the mixture fraction, second term on r.h.s represents the production terms and ¥ is the mean dissipation
rate which is an important factor when it comes to turbulent combustion. It defines the dissipation of
turbulent fluctuations.

¥ = 2D (VZ)2 = ¢, =7 (2.29)
Tk
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Figure 2.9: Surface of stoichiometric mixture in turbulent jet [9]

where, ¢, =2.0, € is the turbulent diffusion rate and k is the turbulent kinetic energy. The above
equation represents the mean scalar dissipation at any given position in a mixture fraction space and
time. Scalar dissipation rate when capturing in the stoichiometric contour of the flame surface is defined
at the mixture fraction position(Z=Z,,) at a direction normal to the surface of the flame. So, the scalar
dissipation rate at stoichiometric mixture fraction (Z(x,t) = Z,;) can be represented as:

=2D 0Z2 2.30
Ast = «lr ax . (2.30)

where y,; is the instantaneous scalar dissipation rate at stoichiometric conditions. For turbulent non-
premixed combustion it must be replaced by a conditional average value(average of the large eddies)
st and has dimension 1/s (inverse characteristic of diffusion time).

2.5.3. Scalar Dissipation rate

The dissipation rate of mixture fraction in non-premixed combustion is a fundamental parameter to
understand if the flame during combustion is controlled by mixing. For infinitely fast and irreversible
chemistry, the fuel and oxidizer is independent of scalar dissipation rate. This is because the fuel and
oxidizer cannot coexist when taking it under the assumption of infinitely fast and irreversible. While
assuming finite rate chemistry, the fuel and oxidizer composition may overlap in the reaction zone de-
pending on the scalar dissipation rate [5]. This makes the modelling of diffusion flame structures a bit
less complex. Understanding scalar dissipation rate assists in modelling the diffusion flame structure
at the overlap region. At the region where fuel and oxidizer overlap, the scalar dissipation rate can be
used to find the rate of mixing at stoichiometry. For large scale, turbulent mixing is what drives the
fuel and oxidizer to mix at molecular level. It contributes to this molecular scalar mixing only indirectly
by increasing the scalar variances and thereby increasing the scalar gradients [10]. Removing these
scalar variances, molecular mixing occurs in the smallest turbulent scales and the rate of this mixing
is defined by the scalar dissipation rate. The departure of the chemical equilibrium is described by the
scalar dissipation rate at the stoichiometric mixture fraction.

Pitsch et al [10] modeled the diffusion flamelet and studied the scalar dissipation rate for a sandia
D flame using Large Eddy Simulations. A sandia D flame is a specific type of jet flame which is de-
signed and researched by the Sandia laboratory[35]. Figure 2.10 shows the instantaneous distribution
of the unconditionally filtered scalar dissipation rate. From the figure, it is seen that at the point of
ignition which is at the core of the flame the scalar dissipation rate is the highest and as the flame is
quenched the scalar dissipation rate is the lowest. The Figure also indicates the stoichiometric contour
of the flame. From this the importance of scalar dissipation rate is understood. It can be used in
modelling the stoichiometric contour of the flame where the fuel and oxidizer overlap.
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Figure 2.10: Instantaneous scalar dissipation rate distribution, [10].

2.6. Stoichiometric Fuel-to-Air ratio

The Equation(F,;) used to calculate the stoichiometric fuel-to-air ratio is simple and depends on the
amount of air/oxygen required to completely burn 1 mole of each fuel species contained in the fuel.
For example if methane is considered as the fuel used for combustion. To burn 1 mole of CH,, 9.52
moles of air is required which can be seen from the Equation 2.31.

CH, + 2 (0, + 3.76 N;) — CO, + 2H,0 + 3.76 N, (2.31)

The following Equation is used to calculate the F,;:

_ MW
"~ MW, * total air requirement(mol/mol)

Fy (2.32)

where, F,; is the stoichiometric Fuel-to-Air ratio and MW, is the molecular weight of the species. So,
in the case of methane, the following will be the stoichiometric (F/A) ratio .

R, = 16(g/mol)

¢ = 29(g/mol) x 952 07 (2.33)

The air or fuel required to combust is known from the equivalence ratio at which the combustion takes
place. Equivalence ratio is defined as following:

1 [1ig

I, (2.39)

(i):
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2.7. Emissions in non-premixed systems

The chemical kinetics that are involved in the formation of NOx is the same in premixed and non-
premixed combustion. In non-premixed combustion there is an additional physical process of mixing
and evaporation that can lead to a production of local compositions of fuel-oxidizer mixture which span
over a wide range of stoichiometries [15]. If we take for instance combustion in a Burke-schumann
flame, at some locations there are stoichiometric combustions, while at other locations the combustions
can be either rich or lean. Due to the creation of rich and lean zones inside the combustion chamber,
the formation of emissions is substantially complex in non-premixed systems[15].

Oxides of Nitrogen (NOXx)

In simple turbulent jet flames, formation of NOx was broadly studied and an overview on how the
NOx was formed is given by Turns et al and Driscoll et al [33, 36]. It can be produced by five different
mechanisms:

e Thermal NOx or Zel'dovich mechanism
e Prompt NOx or Fenimore mechanism
e NNH Mechanism

¢ N,O or Nitrous oxide mechanism

Experiments were conducted to understand OH imaging by J.Seitzman [37] as OH is one of the radicals
that breaks and oxidizes nitrogen to form NOx. It was reviewed that NO is formed in thin laminar like
flamelet regions in the lower-to-mid regions of the flame. In jet flames that involve hydrocarbons as
fuel, the NOx formation mechanism mostly observed were thermal NOx and prompt NOx among others
as well [15]. Most of the nitric oxide (NO) formed in combustion subsequently oxidizes to NO,. For
this reason, it is customary to lump NO and NO, together and express results in terms of NOx, rather
than NO. The formation of NOx behaviour is not linear and depends on different parameters such as
temperature, pressure and residence time.

2.7.1. Thermal NOx or Zel’dovich mechanism

Thermal NOx is produced by the oxidation of atmospheric nitrogen in high-temperature regions of the
flame and in the post flame gases[32]. This is endothermic and it proceeds at a significant rate only at
temperatures above around 1850 K[32]. Most of the proposed reaction schemes for thermal NO utilize
the extended Zeldovich mechanism [32]:

0, =20 (2.35a)
N, +0 == NO +N (2.35b)
N+0, ==N0+0 (2.35¢)
N+ OH == NO +H (2.35d)

Thermal NO formation is found to usually peak on the fuel-lean side of stoichiometric [32].This is a
consequence of the competition between fuel and nitrogen for the available oxygen. Although the
combustion temperature is higher on the slightly rich side of stoichiometric, the available oxygen is
then consumed preferentially by the fuel.

2.7.2. Prompt Nitric Oxide or Fenimore Mechanism
Under certain conditions, prompt nitric oxide is found very early in the flame region, a fact that is in
conflict with the idea of a kinetically controlled process. According to Nicol et al in 1994 [38], the
initiating reaction is:

N, + CH = HCN + N (2.36)
This occurs at low pressures and low temperatures. The balance of the prompt NO mechanism involves

the oxidation of the HCN molecules and N atoms. Under lean-premixed conditions, the HCN oxidizes
to NO mainly by a sequence of reactions involving HCN — CN —— NCO —— NO. The N atom



2.7. Emissions in non-premixed systems 21

reacts mainly by the second Zeldovich reaction. The influence of pressure is of special interest and
importance because prompt NO can be a significant contributor to the NO emissions produced in lean
premix (LPM) combustion [39]. For equivalence ratios less than about 1.2, the conversion of HCN into
NO is according to the following steps [15].

HCN + 0 == NCO + H (2.37a)
NCO + H == NH + CO (2.37b)
NH+H==N+H, (2.37¢)
N+OH==NO+H (2.37d)

2.7.3. NNH Mechanism

The one to introduce this mechanism was Bozzelli and Dean in 1995[40] which involves the reaction
of NNH with the oxygen atoms due to the presence of abundace of oxygen radicals e.g. lean premixed
combustion. The formation of NNH is through the reaction of nitrogen with 'H’ radical at low flame
temperatures. The following Equations illustrates the formation of NNH:

N, + H == NNH (2.38a)
NNH + 0 == NO + NH (2.38b)
NNH +0 == N,0+H (2.38¢)
NNH + O == N, + OH (2.38d)

2.7.4. N,O or Nitrous oxide mechanism

Fuel reacts with N, molecule and the oxygen radical at low flame temperatures (T<1800K) giving rise to
the species N,O. The mechanism was first proposed by Malte and Pratt in 1974 [41] and the formation
of nitrous oxide is given as a three reaction pathway and given as a third body reaction.

N, +0+M=—=N,0(:)+M (2.39a)
N, O+ M=—=N,+0+M (2.39¢)

here, M is the third body under the presence of which the reaction is carried out. With the presence
of M as the third body, N, and O reacts with it to form an unsTable intermediate N,O(*) which sub-
sequently forms N,O. Nicol et al [38] stated that the above three step reaction pathway initiates the
formation of NO. Due to the presence of nitrogen in the atmosphere, this mechanism is frequent under
combustion. Understanding the generation of N,O is important as it leads to better grasp of the for-
mation of enhanced NO. NO is produced after reacting with O radicals or H radicals or even CO which
can be seen in the following Equations[32]:

N,0 + 0 == NO + NO (2.40a)

N,0 + H == NO + NH (2.40b)
N,0 + CO == NO + NCO (2.40c)
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2.7.5. Dependence of NOx on Residence time

The residence time of fuel and oxidizer inside the combustor can greatly influence NOx emissions.
Anderson in 1975[11] researched on the influence of residence time on NOx emissions. He found that
the NOx emissions increase with increase in residence time except for very lean mixtures (¢ =0.4)
which can be seen from Figure 2.11. This is because the rate of formation is so low that NOx emission
becomes insensitive to time [32].
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Figure 2.11: Effect of residence time on NOx, [11].

Lefebvre [32] mentioned that one of main factors that contribute to the increase in emission is the
residence time in the primary zone. The larger the volume and residence time on the primary zone,
there is an increase in the NOx emissions as well. But, increasing the primary zone/combustor volume
assists in reducing the CO emission. So, there is always a balance that needs to be achieved to keep
both NOx and CO emissions at bay while designing the combustion chamber.

2.7.6. Carbon Monoxide (CO)

Apart from NOx that is emitted due to combustion, carbon monoxide is the other pollutant which is
formed in gas turbine combustors. The following are the reasons behind formation of CO as explained
by Lefebvre and Ballal [32].

o Improper mixing: When the fuel and oxidizer aren't mixed properly, there are spatial and
temporal unmixedness inside the combustor. This leads to various rich and lean pockets inside
the combustor which favours the formation of CO.

¢ Insufficient residence time or Incomplete combustion: When the residence time is low,
the fuel is not burnt completely which leads to incomplete combustion. In order to reach equi-
librium values of CO, the flow must have an infinite residence time. Incomplete combustion can
also occur due to lack of oxygen in the primary zone of the combustor.

« Flame quenching: Local quenching of flame can occur due to cooling air entrainment from the
combustor liner which leads to high amounts of CO production.
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CO is oxidation resistant and the conversion to CO, can be a rate determining step. The dissociation
of CO, to give CO and O, can be understood from the following Equation [15]:

€O, == CO + 0.50, (2.41)

The overall oxidation of CO can be split into 4 steps [15]:

C0+0,=0C0,+0 (2.42a)
0+ H,0 == OH + OH (2.42b)
CO+O0H=—=1C0,+H (2.42¢)

0, +H=—=O0H+0 (2.42d)

The rate determining step is Equation 2.42a and acts as the initiation reaction. As, OH, O and H radicals
are formed, this can accelerate the process of formation of CO, from oxidation of CO. Equation 2.42c
is the main reaction that forms CO, by removing CO.

2.7.7. NOx reduction techniques

Figure 2.12 shows the various techniques that were reported by J. Bluenstein in 1992 [12] which involve
combustion madifications and also post-combustion controls. This thesis focuses upon reducing ther-
mal NOx through the use of Exhaust Gas Recirculation among other techniques. Combustion designers
adopt preheating the incoming oxidizer to increase the thermal efficiency of the system. Reducing the
oxidizer preheat leads to the reduction of combustion temperatures and thus subsequently reducing
NOx emissions. EGR acts as diluents and how effective it is to reduce the emissions depend upon the
quantity and temperature of the recirculated gas.

Combustion Post-combustion
modifications controls
[ { | 1 I - S
Low Staged Temperature | | Low NO,| | Oxy/gas © ech;/ef 1 cat:‘l: tive
i bustion reduction burners | | combustion Reburn nomcatalytic ytic
XCess air | { com reduction reduction
] 1 | I ] | 1 |
Bumers out | | Biased | |Overfire Staged | | Staged Fiber Ammonia Urea Urea/methanol
of service || firing air air fuel burmner injection injection injection
| 1
Reduced air Water Flue gas
preheating injection recirculation

Figure 2.12: NOx control technologies for gas-fired industrial combustion equipment, [12]
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2.7.8. Quantification of Emissions

The mechanism, production, and reduction of the emission has been discussed, but the emission levels
need to have a common representation. By quantifying the emissions in a common scale, the emissions
can be compared with other technical results that were obtained either from experiments or from the
system measurements.

« Emission Index: The emission index (EI) is designed as the ratio of the mass of the pollutant
in grams to that of the mass of fuel in kg. There is a difference in units to account for the order
of magnitude difference between the two quantities [42]. EI in gas turbine is a common method
used to quantify emissions and is given as following:

Mass of pollutant(g)
Mass of fuel(kg)

(2.43)

Emission Index =

¢ 0, correction: Oxygen is diluted at various degrees. To remove that a specific O, correction

level is introduced so that the emission levels can be compared while still retaining a familiar

mole-fraction-like variable. The unit of representation apart from the EI is parts per million by

volume, dry (ppmv). After combustion, there are traces of H,O present in the product, to apply

the O, correction level and represent the emission in ppmy, the concentrations should first be

converted from wet to dry.
Xwet

Xary = — 2.44

1~ Xuyowet (249

If the correction is required for 15%, then the correction formula that is used for air as an oxidizer
that contains 21% oxygen(0.21 mole fraction O,) is given as:

0.21-0.15

= NOxgpy ———— >
XAy 021 — Xo, ary

N0x15%02 (2.45)

2.8. Modelling the emissions

Chemical reactor network (CRN) was used to model non-premixed combustion in a gas turbine. The
method used to derive this chemical reactor network can be understood from this thesis work. There
are various chemical reactor networks that have been produced for modelling non-premixed combus-
tion, to quote a few Lebedev et al [20], DeToni et al [18], and Broadwell and Lutz [16].

As quoted by Igor V. Novosselov in his PhD thesis [43], there arent many computer models that
can incorporate the full set of chemical kinetic reactions that is coupled with turbulent flow modeling.
There have been attempts made to include such complex turbulent chemistry models, but such models
are limited to rather simple systems. In order to model complex combustion systems, various sim-
plified global kinetic mechanisms have been developed which contain all the chemical kinetic history
that occurs inside a combustion process. However, these mechanisms are limited by their operating
conditions and may fail to predict CO and NOx emissions accurately.

Modelling non-premixed combustion can also be done through computational fluid dynamics using
simplified chemistry which can take weeks to converge and great amounts of computer time. If a CRN
is modelled skillfully with a robust design, the model can provide quantitative behaviour of NOx and
CO emissions leaving the combustor. These results can be very helpful in designing combustors and
also modification stages and can also aid in the reducing the emission levels in the combustion system
[43].

A parametric analysis is the main reason in this research for modelling non-premixed combustion using
a CRN. This is done in CRN as the computation time compared to CFD is in several orders of magnitude
lesser. CFD incorporates reduced chemistry which is a disadvantage, but at the same time it predicts
the flow field and also the turbulence effects. CRN models can be designed using the information from
the literature research gathered especially when it comes to the flow field of the fluid inside the com-
bustion chamber. This gives a broader idea on how a fluid in combustion reaction acts and according
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to that with a more detailed chemistry a CRN can be modelled. CRN models have been taken and im-
plemented in their thesis project by V. Prakash [13], Rosati [44], and C.Merino Madrid [45]. According
to Rosati, the methodology followed in CRN modeling is about spatially discretizing a combustor as a
chain of chemical reactors connected in series. An outline of how CFD and PIV measurements can be
used to create a CRN model has been shown by V.Prakash in his thesis [13] and can be seen in Figure
2.13. The flow field information along with velocity and temperature information can be obtained using
CFD. This information along with the information obtained form PIV results can be given as an input
to the CRN. The input from CFD and PIV measurements describes the various high temperature zones
formed inside the combustion chamber and can be recreated using PSRs to obtain accurate emission
results. This is known as the hybrid CFD-CRN method. A hybrid of CFD/CRN will always give a more
elaborate result and a much more clear understanding of the pollutant emissions which has be shown
in the works of Rishikesh Sampat in 2018[46].
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Figure 2.13: Pre-requisites for a CRN model development [13]

2.9. Chemical Reactor network modeling for combustion sys-

tems

Chemical reactor network modeling is used to understand the NOx emission and CO emission path-
ways in a combustion system depending on the CRN design. It gives the user an idea as to where the
emission initiates or on how the formation of various radicals leads to the generation of those emis-
sions. It is a valuable tool which uses less simulation time compared to that of CFD modeling and gives
an evaluation of the pollutant formation and blowout performance of the combustion systems. The
volume of the combustor inside a gas turbine can be divided into zones and represented by chemical
reactors such as perfectly stirred reactors(PSR) and plug flow reactors(PFR) which are 0-Dimensional
chemical reactors.

Chemical reactor network modelling uses simplified flow field and more importance is given to the
different chemical kinetics that occur inside the reactions of a combustion system. Modelling through
CRN gives an overview of the emissions faster.
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2.9.1. Perfectly Stirred Reactors (PSR)
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Figure 2.14: Schematic of a PSR under steady-state conditions [14]

These reactors are also known as a continuously stirred tank reactor and is assumed that mixing
occurs in molecular scale and is instantaneous compared to the chemical reaction. These chemical re-
actions occur homogeneously in the reactor. In the reactor, whatever species enters, an instantaneous
and perfect mixing is assumed.

The PSR hypotheses is valid in regions where turbulent eddy motion time scales are smaller com-
pared to the chemical time scale. Since the formation of NOx keep occuring only after the flames
in the products, it isn't crucial to describe what happens in thin local flamelets [14]. The governing
Equations used by the chemical reactors in the software can be found in the Cantera website [47] and
is given as follows.

Mass Conservation
Overall mass conservation in a control volume of the PSR is given by,

dm . . .
E = Z Min — Z Moyt + Myqu (2.46)

over here m,,,; can be neglected as it isn't used for the modeling of the combustion system and there
are absence of penetrable walls.

Species Conservation
The species conservation governing Equation of the chemical reactor is the rate at which the species k
is generated and is as follows:

mk,generated =VoMW (247)

and the rate at which the mass is changed for each species is as follows:

d(mYy) : . .
dt - Z minYk_in - Z moutyk,out + Mg generated (248)

where, Y, is the mass fraction of species k, V is the reactor volume in m3, MW is the molecular weight
of the species k in kg/mol and « is the chemical source term in mol/m3sec The mean residence time
that is used in the modeling the reactor networks is as follows:
pV
Tres = - (2.49)
where, p is the density of the species, V is the combustor volume and m is the mass flow rate of the
species through the reactor.
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Energy conservation

Inside the PSR reactor, along with mass and species even energy is conserved as every species entering
the reactor is destroyed and a new species is formed. The governing Equations for energy conservation
is as follows:

U=m quk(T) (2.50a)
2

dUu  dm dT Y,

E —U.E +mcva +mZukE (250b)

where, U is the total internal energy and m is mass in kg.

All the above Equations are given for an ideal gas reactor, that is used in this thesis for modeling
the ideal gas mixtures, which was also recommended by Rosati[44] and Vaibhav Prakash [13] in their
respective thesis.

2.9.2. Plug Flow Reactors:

In a plug flow reactor, the flow of the species entering the reactor is assumed to move as a plug and
the chemical reaction is assumed to move one dimensionally. This means that radial diffusion is alone
considered in a plug flow reactor and axial diffusion is completely neglected. This reactor is also a
steady state reactor with a continuous flow and possesses uniform properties in the axial direction
[13].This reactor is used mostly to model the exhaust of the combustor where the gases complete the
combustion process and exit the exhaust of the combustor. Similar to PSR, PFR is also governed by
mass, momentum, species and energy conservation which can be seen in Figure 2.15. As, the flow
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Figure 2.15: Schematic of a PFR under steady-state conditions [15].

is considered to be one dimensional (i.e.) only in axial direction, only the x direction of Equations is
considered in the governing Equations and is given by:

dpUxd) _

. (2.51a)
dy, oMwA
e (2.51b)
dh+ %)  gop -
—ax tm 0 (2.51¢)
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Equations 2.51a, 2.51b, 2.51c are mass conservation, species conservation and energy conservation
Equations respectively. If Equation 2.51c is expanded an expression for the temperature derivative can
be obtained. PFR can be modelled as a set of coupled PSRs in series.

2.10. Modelling tools

There are two major softwares that are used to understand the chemical kinetics of a combustion
process which are Chemkin and Cantera from python. This research uses cantera which is an open-
source suite of object-oriented software tools for problems involving chemical kinetics, thermodynam-
ics, and/or transport processes [47]. This library can be called using Python 3.6 and was also used
and recommended by Rosati[44] and V. Prakash[13] for their thesis. It allows the users to quickly and
efficiently incorporate and execute fundamental thermodynamic, chemical kinetic and species transport
calculations in their work.

Chemical Mechanisms

Cantera still needs to call several chemical mechanisms to identify the NOx kinetics in a combustion
process. The global combustion reaction for a hydrocarbon fuel in air is given as:

CxHy + (x + (¥/4)) (02 + 3.76 N;) — xCO, +y/,H,0 +3.76 (x + (v/4))N; (2.52)

There are a lot of chemical reactions that occur when it comes to combustion along with complex
chemistries. Therefore, combustion can not be considered as a single step reaction and is a sequence
of different reactions together to form the final product. From dissociation of CH, to the formation of
CO, there are number of chemical reactions and paths created in between. The library or a collection
of all these chemical reactions is known as a chemical mechanism. When it comes to natural gas
combustion, there are various chemical mechanisms that are available with different number of species
and reactions.

¢ GRI-Mech 3.0

e Konnov Mechanism

e C2-NOx Mechanism

e C1-C3 Mechanism (Version 1412)

In this thesis, GRI-Mech 3.0 is used due to it's robustness, newer modifications on reactions rates. The
main advantage behind using this mechanism is that it includes the kinetics of C,Hs and C;Hg which
are some of the important constitutents of natural gas.

GRI-Mech 3.0 was first developed in 1999, by Smith et al. [48] of the Gas Research Institute and
University of Berkeley. When modelling while using this mechanism, it simulates natural gas combus-
tion along with NOx formation and reburn chemistry. GRI-Mech 3.0 consists of 325 reactions and 53
species.

2.11. Examples of CRN models used for diffusion flames

The idea of using a chemical reactor network to model a combustor with a PSR-PFR was first introduced
by Bragg in 1953[49]. He proposed that the chemical time inside the PSR is assumed to be slower
than the mixing time and thus chemistry would be the rate limiting step of a combustion process. He
also mentioned that the combustor volume inside the combustor can be split into two distinct zones,
with the flame contained in the PSR and the dilution zone as the PFR.
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2.11.1. Flame sheet reactor modelling

Broadwell and Lutz [16] in 1998 proposed a two reactor model that can be seen in Figure 2.16. They
modelled a turbulent jet chemical reaction to find the amount of NOx that was produced in the jet
flames. They observed the flame sheets into the core of the flame from the experiments done by Chen
et al in 1991. They understood that the fuel enters the flame sheet and the products are returned by
diffusion [16].

This process was approximated by replacing the flame sheet at every axial location by a PSR. The
core of the reactor is modelled by a PSR where the output from the FSR is given and the feedback
from the core reactor is given back to the FSR as the diffusive reactions take place inside the core PSR
reactor. They found that most of the NOx and CO are produced in the core especially in the region
around flame tip. They concluded that the reactions that occur in the flame sheet reactor needs to be
treated only approximately and that the two-reactor configuration is adequate.

'

Core Flame-sheet 2
[ <&—— Surroundings
Reactor Reactor

Figure 2.16: Sketch of a 2-reactor model designed by Broadwell and Lutz [16]

2.11.2. Recirculation zone modelling

Pedersen et al in 1997 [17] published their works explaining the residence time distributions in a con-
fined swirling flames of a pulverised coal flame. As combustion systems are developing, the use of swirl
gives rise to the reduction of NOx. The incoming oxidizer is swirled to create a recirculation zone which
enhances the mixing of the oxidizer and the fuel to give a homogeneous mixture within a short time.
Recirculation also heats up the incoming oxidizer which results in self-sustaining combustion reactions
inside the combustion chamber. This helps in reducing the emissions and at the same time gives better
combustion of fuels which results in more power.

Figure 2.17 shows the various models introduced by Pedersen et al to model a recirculation zone inside
the furnace. According to the authors, the recirculation and dispersed zones can be modelled as stirred
regions of the flame zones, while the central and the post-flame zone can be modelled using a plug flow
reactor. This describes the distribution of residence time inside the combustor chamber of the furnace.

This theory introduced by Pedersen et al was adopted by DeToni et al in 2013 [18] to calculate the NOx
emission from a BERL-300kW industrial gas burner. DeToni et al instead of using a PFR to model the
post-flame zone, used a PSR. This was because the software Chemkin did not allow the recirculation
of reagents between PFR and PSR. They used a PSR as a recirculation by taking the feedback from
the post-flame zone which was modelled using a PSR as well. The author also introduced a PFR at the
exhaust of the combustion chamber representing the dilution of the burnt mixture. Figure 2.18 shows
the streamline flow in the furnace considering the symmetry which was adapted from Silva [19] and
the CRN model that was developed by DeToni et al [18].
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Figure 2.18: CRN [18] based on the streamlines of the furnace(top) [19]

2.11.3. Gas turbine modelling

The technical papers that were found describes how the authors designed a working CRN model for
a non-premixed combusted gas turbine. The authors described the zones inside the combustor based
on the mixture fractions gradients and the diffusive properties of the flame. These CRN designs were
later used by the authors to perform parametric analysis and study the NOx emission characteristics.
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¢ A.B. Lebedev et al.:

A.B. Lebedev et al in 2009[20] did a modelling study of a gas turbine combustor emission. Based
on a 3-D CFD simulation, the authors designed a CRN model for a diffusion type gas turbine com-
bustor. The combustor that was used in this model was a CIAM-M combustor from a research
institute. The authors divided the whole combustor volume based on the mixture fraction gradi-
ents. They found regions with uniform values of the mixture fraction and divided those regions
in the combustor volumes as domains.

The authors modelled the fuel rich regions as 1-PSR and then allowed that mixture to enter the
flame front which was divided between two other-PSRs. The flame front consists of almost stoi-
chiometric region, so fuel and air was accordingly divided and added to bring it to a stoichiometric
region of combustion. Two PSRs were used to model the upstream flame front region and the
downstream flame front region. The combustor volume was divided based on residence times,
giving each flame front reactor a residence time and was evaluated by the following Equation
20]:

(0] Flame front thickness

Tres = (2.53)

Flow velocity

where the flame front thickness was calculated using the following Equation:

Dy AZ?
X

(2.54)

Flame front thickness =

where, Dy is the diffusion coefficient and AZ is taken to be 0.01 and is the difference in mixture
fraction which determines if the region is above or below the stoichiometric mixture fraction (rich
or lean). Figure 2.19 shows the schematic diagram of the CRN model that was designed by the
authors to model the gas turbine emission. Using this CRN design they were able to validate the
NOx values obtained form model with the experimental data.
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Figure 2.19: Schematic representation of a CRN model for a CIAM-M combustor [20]
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¢ Andreini and Facchini:

Andreini and Facchini in 2004[21] provided with a CRN model for a conventional diffusion flame
combustors in a gas turbine. This CRN model was later then compared with the MS7001F gas
turbine combustor. They used this design to understand and evaluate the NOx emissions of the
gas turbine at different turbine inlet temperatures. They described that their primary zone model
of the combustion chamber was derived from the idea of Broadwell and Lutz which was explained
earlier in Section 2.11.1. They modelled the rest of the combustion chamber by dividing it into
flame stablization zone and recirculation zone.

The downstream flame stablization zone was modelled as a post-flame zone of PSR. This rep-
resents the axial propagation of the flame and a maximum temperature rise is developed un-
derstanding that the flame still is intact with it's diffusive properties. The authors used a PFR to
model the flame zone and a PSR to model the outer-flame zone.

As the gas turbine has a air cooling flow entry, the diffusive features of the flame are reduced
and this forms the secondary zone of the combustion chamber. The authors used a PSR to
model these secondary zones, and also understood that due to quenching effects caused by the
reaction of small mass fractions near the combustor walls, these zones were simulated using spe-
cific PSR reactors. The authors then designed the analogous dilution zone which is towards the
end of the combustor using a PFR which represents the best central flow. Figure 2.20 shows the
schematic representation of the conventional diffusion flame combustor designed by the authors.

l air lair i air l air

PSR Near Wail ™ Near Wall
FSR «outflame» SZ DZ
< 7 L] \y\
FOR PFR
PSR SZ
fuel Ll «flame» PFR DZ >
/

air f

Figure 2.20: Schematic representation of a CRN model for a conventional diffusion flame
combustor [21]
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2.12. Summarizing the reviewed literature

The information that was found in this chapter lead to an understanding on how a non-premixed com-
bustion occurs and how it can be modelled. The Burke-Schumann flame solution gave a descriptive
overview on how important mixture fractions are when it comes to a diffusion flame. The mass fraction
of fuel can be used as an unique function of the mixture fraction when describing a flame. At stoichiom-
etry the fuel mass fraction is completely consumed and the rate of consumption of fuel is described
by it's mixing field and the reaction field. The rate of mixing at stoichiometry is defined by the scalar
dissipation rate. Scalar dissipation rate is the base parameter which is used to understand the mixing
aspect of the fuel and oxidizer molecules during non-premixed combustion. Using this information the
flame contour at stoichiometry can be modelled.

The emission mechanisms that occur during combustion is also understood and it assists in under-
standing the combustion profile better. Different methods to model the combustion process were also
studied. It was understood that between CFD and CRN modelling, CRN modelling would have given an
acceptable result with less computational time. Therefore, various CRN models were studied to know
the design aspects of creating a successful CRN model. These CRN examples give an idea on how a
non-premixed combustion can be modelled inside a gas turbine and implemented to understand the
NOx emissions. These examples displayed CRN designs that models the stoichiometry contour of the
flame, the recirculation zone of the flame and how mixture fraction and residence time can be used to
model combustion for a gas turbine.






Model development

From the previous chapter all the information was understood to develop a working CRN model. This
chapter will discuss on how a turbulent non-premixed flame inside a combustor can be modelled using
a CRN. This CRN model can capture emissions at different zones(flame zone, recirculation zone etc.)
of the combustor. The CRN model takes into account different assumptions which will be discussed
later in this chapter. The base of the model lies in creating the flame sheet reactor(FSR) volume. To
develop a FSR volume, the theory behind it must first be understood.

Flame Sheet Reactor Design

Information available Model requirements

--------------------------------------------------------------------------------

Flame | |

Temperature ‘

¢ Stoichiometry ' '

— Mixture

; . fraction

Residence | | gradients
Time ' ’

Figure 3.1: Outline of the model development.

Figure 3.1 describes on how the idea was formulated to develop the FSR design. It is a well known
fact that the most common and highest NOx created is the thermal NOx in a gas turbine. Thermal NOx
is described in section 2.7.1 and is released when the flame temperature is above 1850 K. When the
fuel and oxidizer mixes at molecular level at stoichiometry that's where the highest flame temperature
is formed in a non-premixed combustion. The time taken for the stoichiometric flame contour to be
formed depends on the residence time inside the combustion chamber. Using this information that was
available, lead to the parameters required to developing the model. Scalar dissipation rate provides
the information of rate of mixing between the fuel and oxidizer at stoichiometry. This rate of mixing
information is provided by the mixture fraction gradient (i.e.) when fuel and oxidizer molecules come

35
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together and mix intensely inside the combustion chamber. At stoichiometric mixture fraction, the fuel
and oxygen molecules are completely consumed. The diffusion of the fuel and oxidizer molecules at
stoichiometric mixture fraction will give the highest flame temperature. So, using scalar dissipation
rate the region where the highest flame temperature formed is computed. Using this structure, the
final FSR design is developed and modelled.

3.1. Influence of Residence time

To design the FSR volume one of the main aspect was to understand the influence of residence time
during combustion. Cantera has an inbuilt combustor.py program that was used to understand how
the software worked and how the code was compiled. This code simulates a simple combustion where
it takes two separate stream - one pure methane and the other air, both at 300 K and 1 bar to flow into
an adiabatic combustor where they mix and burn. So, this program in cantera was used to understand
the influence of residence time on CH,, OH and NO. The program’s oxidizer and fuel parameters were
edited. The fuel that was defined was Natural gas and the oxidizer used was AIR. The combustor
volume was specified in cantera and the following Equation was used to calculate the residence time

and simulate in cantera:

4
Tres(sec) = % (3.1)

where, p(kg/m3) is the density of the products inside the PSR, V(m?3) is the combustor volume and
m(kg/sec) is the mass flow rate given to the PSR.

3.1.1. CH, dissolution vs Residence time

The impact of residence time on CH, was analyzed at different equivalence ratios. From the Figure 3.2
there are still some traces of CH, available after combustion for a rich fuel combustion compared to it's
stoichiometric and lean combustion. As the equivalence ratio increases the amount of time required
for the CH, to react and combust reduces. This is only until it reaches stoichiometric combustion as
the fuel readily combusts with the exact amount of oxidizer. During rich combustion there is more
fuel than oxygen which takes CH, longer to be completely consumed. During lean combustion the
residence time is more for CH, to completely burn inside the PSR. So, CH, would require more time
inside the PSR to burn completely.
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Figure 3.2: CH, vs Residence time for different equivalence ratios
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3.1.2. OH formation and dissolution vs Residence time

OH radical plays an important role in the formation of NOx, as it acts as a bridge for nitrogen to react and
form NOx. Figure 3.3 shows the formation and dissolution of the OH radical for different equivalence
ratios. OH is formed earlier on during combustion and then due to increase in temperature, the OH
radical bond is broken after the maximum amount of OH is formed. As the residence time increases,
OH is then dissolved to ‘O” and ‘H’ radical to go ahead and create other reaction pathways. So, at
shorter residence time, it is less likely for NOx to be formed as the OH radical doesn’t break.
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Figure 3.3: OH vs Residence time

3.1.3. Formation of NO vs Residence time

The impact of residence time on NO production was computed at various equivalence ratios. Figure
3.4 shows that as the residence time increases, the amount of NO formed also increases. For phi =
0.8, the NO production stops at 0.006 seconds and for phi = 1.2 it stops at 0.012 seconds. At phi
= 1.0, the NO production is more than when combusting at phi = 1.2. This can be because of the
stoichiometric flame temperature being more at phi=1.0 than at phi=1.2 which activates the thermal
NOx mechanism. So at shorter residence times most of NO is formed after combustion. This figure
also shows why lean-premixed combustion is a good technique to minimize NOx formation in a flame.
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Figure 3.4: NO formation vs Residence time for different equivalence ratios
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3.1.4. NOx vs Residence time with and without EGR at stoichiometric condi-

tions

The influence of residence time on NOx when using EGR-oxydizer was computed. The composition that
was used for EGR is- CO,-1.3%, 0,-18.4%, N,-80.1%, H,0-0.2%, it is the same composition Evulet
et al used to understand dry low NOx combustors using EGR [50]. Figure 3.5 shows the formation of
NOx when using air and when using EGR-oxydizer. At shorter residence time there was a steep rise
in NOx as the combustion is initiated. After the introduction of EGR-oxydizer, the amount of NOx that
was released was less compared to taking air as an oxidizer. Due to the replacement of oxygen with
EGR, the oxides of nitrogen formed were also less. This concludes that at the same residence time,
EGR-oxydizer produces less NOx compared to when using air.
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Figure 3.5: NOx vs Residence time at phi = 1

3.2. Reactor network model for non-premixed combustion

In a system where either the mixing rates are high or the chemical reaction rates are slow, the chemi-
cal kinetics constrains the burning rates in the mixture, and the residence time is the most important
parameter of the reactor [15]. Figure 3.6 shows how a CRN model is created inside a combustor to
capture the NOx emission. The flame sheet reactor is used to catch the stoichiometric flame zone
(where fuel and oxidizer are combusted at stoichiometric interface), which afterwards the output of
the FSR is given as an input to the the subsequent PSRs. Finally the emissions are calculated at the
exit of the combustor. All the emissions simulated from each PSR is given to PFR which is created at
the exhaust of the combustor. As explained in section 2.5.3, when assuming infinitely fast chemistry,
the fuel and oxidizer react instantaneously thus making it independent of scalar dissipation rate. As-
suming finite rate chemistry (i.e.) assuming that the chemistry is the rate-limiting step assists us in
modelling the CRN using PSRs and using the scalar dissipation rate as well. In large scale modelling
of combustion, this assumption does not make sense, as large scale mixing occurs. Since we model
small scale mixing inside the combustion chambers using the PSRs, then this assumption becomes valid.

As the PSRs are placed away from the inlet of the combustor, the equivalence ratio decreases to a
lean combustion as the combusted products from FSR is diluted with the oxidizer. By the end of the
combustor, the final PSR is considered as the PSR dilution. The combusted products inside PSR dilution
are at the equivalence ratio at which the user would like the combustion to take place. The reactor
network was coded using python 3.4 which was loaded with cantera 2.3.0.
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Figure 3.6: Reactor network inside the combustor

3.3. Determining the Flame sheet reactor volume

The finalized layout is based on the works done by Pedersen et al[17] and De Toni et al[18]. They
suggested that only one recirculation PSR is required where the combusted product information can be
passed on from the post-flame PSR. According to the authors the recirculation and dispersed zones are
the stirred regions, while the central or the post-flame flow is more like a PFR. The final layout which
was employed from the works of Pedersen et al[17] and DeToni et al[ 18] was more simple and gave a
more accurate result. The validation of this model will be discussed more in detail in chapter 4. The
final layout can be seen in Figure 3.7. It is the CRN model that is used to perform a parametric and
sensitivity analysis.
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Figure 3.7: The Final CRN model
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3.3.1. Determining the scalar dissipation rate

Sections 2.5 and 2.5.3 discusses how scalar dissipation rate is an important factor in turbulent non-
premixed combustion. As mentioned scalar dissipation explains the rate of mixing that happens when
the mixture of fuel and oxidizer is diffused within each other and is given as follows [5]:

Xst = 2Dr( ox )2 (3.2)

where Dy is the turbulent mass diffusion rate, and 22 is the mixture fraction gradient in the flame. The
following parameters that are defined are used to construct the model.

e Turbulent diffusion rate: Although turbulent diffusion rate needs to be known to calculate
the scalar dissipation rate, some assumptions given by Turns [15] is taken to equate turbulent
diffusion rate to eddy viscosity. For an axisymmetric turbulent jet flow, Stephen R. Turns[15]
derives the value for eddy viscosity as v;,,, = 0.0285 * Uy, Rp. By assuming Schmidt number,
Lewis number and Prandtl number to be unity, one can substitute turbulent momentum diffusivity
for turbulent mass diffusivity and thermal diffusivity [15] (i.e.)

Dr = Viyrp = 0.0285 * Upyyp R (3.3)
where U, is the incoming turbulent fuel velocity and R is the radius of the fuel nozzle.

¢ Mixture fraction gradient: The flow information of the species is contained in the scalar
dissipation rate. Applying all the empirical information and experiment found by Schlicting et
al in 2000[22] which shows that for an axisymmetrical turbulent jet, dZ/dx = dZ/dr = 1/Ar =
1/8599, = 1/(2.57112). Where 8q99, is the half-width of the jet that is measured from the centerline
to the radial location where maximum axial velocity has decayed by 1%. Also, r;, is the jet radius
where the axial velocity has fallen to half of it's value. Figure 3.8 shows the measurements that
were taken to understand the relationship between r;,, and the maximum axial velocity.
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Figure 3.8: Radial profile for an axial velocity for a turbulent jet [22].

The turbulent jet's velocity decay and spreading rate does not depend on the Reynold’s number unlike
the laminar diffusion flames [15] as long as the jet is a fully developed turbulent flow. Assuming
that the jet spreading rate contains the information of the mixture fraction gradient, and according to
Turns,[15] the jet spreading rate for an axisymmetric turbulent jet is :

Where, x is the axial distance from the centre of the jet. Evaluating the equation closer to the lip of
the nozzle where the maximum diffusion takes place when fuel and oxidizer come in contact with each
other(10% of the length of the flame), then the final half-width of the jet would become:

S99 = 2.5 * 0.08468 * 0.1 % Ly (3.5)
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Flame Length: Different definitions were found in the literature to understand the length of the
flame. Investigators performed experiments on turbulent diffusion flames/jet flames to understand
this definition. The definition used by these investigators for flame length in non-premixed combustion
is that it is the axial location when the mean mixture fraction is at it's stoichiometric point on the flame
axis. Froude number is one of the important dimensionless number while understanding the length of
the flame. Froude number describes a relation between the initial jet momentum flux to that of the
external buoyant forces that is incurred during combustion. The factors that affect the flame length
can be characterised as follows [15]:

« Importance of initial jet momentum flux and buoyant forces acting on the flame, Froude number.
e Stoichiometry in which the flame is combusted (F,;).

« Ratio of nozzle fuid to ambient gas density, pr/pc-

* Initial jet diameter, d;.

Flame length can finally be calculated by the following Equation:

Ld; 3.6
PR (3.6)
L* is a dimensionless flame length. If Froude number > 5 then L* = 23, if it is less than 5:
oo 135+ Fr?/5 3.7
= @+ 0.07Fr)is (3.7)
d; is the momentum diameter and is calculated by:
d;=dj* (p—‘p)l/2 (3.8)
J Po
Calculating the jet flame length first depends on the Froude number [15]
U * (fst)3/2 (3.9)

= Taa—T;
(o)A x g+ dy] /2

where, U is the velocity of the incoming fuel; pr and p, is the density of the fuel and the oxidizer re-
spectively; d; is the incoming jet nozzle exit diameter; T, is the adiabatic flame temperature; and Fs;
is the stoichiometric fuel-to-air ratio. From Figure 3.9 different flame lengths are observed for different
fuels used. These correlations formed can be used to extract the dimensionless flame length.

From Figure 2.7, it is evident that the fuel mass fraction reaches it's stoichiometric mixture frac-
tion when there is no more fuel left to burn. Equation 3.5 can be used to represent the mixture fraction
gradient at stoichiometry. The scalar dissipation rate which is Equation 3.2 can be re-written as follows:

1
2.5 % 0.08468 * 0.1 * L
_ 127 % Upyrp * R
Xst = (0 1L,)2

where U, is the incoming turbulent fuel velocity and Ry is the radius of the fuel nozzle.

Xst = 2 % 0.0285 * Upyppp * R * ( )? (3.10a)

(3.10b)
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Figure 3.9: Flame lengths for jet flames correlated with Froude number, [23].

3.3.2. Flame sheet reactor volume

The flame sheet reactor is defined by using scalar dissipation rate which contains the information of
rate of mixing of fuel and oxidizer. Scalar dissipation rate at stoichiometry is what is used to create
the FSR volume. For calculating the amount of consumption of the fuel species at Z,;, Equation 2.24
is integrated across the volume of the field where the stoichiometric reaction occurs (i.e.) at Z = Z,,.

, 1 1
mp = f EP(z:zst)X(zqst)l_—Zstfs(Z =Zs)dV (3.11)

The volume of the FSR depends on the mass flow rate of the fuel as well as it's density which is evident
from Equation 3.11. Therefore, the volume of FSR at stoichiometry depends on the mixing and the

reaction field and is given by:
2mp(1—-2Z
Vesr = 2= ) (3.12)
p(z:zst) * X(Zzzst)

3.4. Constructing the CRN model

3.4.1. Flow Chart

Figure 3.10 describes how the program would calculate and display the emission results. It starts with
defining all the parameters which are the combustor dimensions, fuel and oxidizer composition, input
flow rates and finally the temperature and pressure at which the fuel and oxidizer is combusted. The
program would take all these parameters and calculate the stoichiometric equivalence ratio and the
equivalence ratio. The program will then take the combustor dimensions and use the information to
calculate the scalar dissipation rate and thus calculating the FSR volume.

With all this information the program divides the FSR, PSR and PFR volume accordingly and also divide
the oxidizer flow rate for FSR and each PSR. FSR and the PSRs are defined as the reactor network.The
program then iterates this reactor network until the FSR reaches it's steady state and then gives the
information as an input to the PFR. All the emissions are calculated at the output of the PFR.
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Figure 3.10: Flow chart to simulate the model in Cantera
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3.4.2. Volume factors
Volume factors are calculated to divide the combustor volume between the FSR, PSR and the PFR. The
following Equation is used to create the FSR volume factor inside the combustor:

Vesr
FSR vol tor = 1
volume factor Volume of combustor (3.13)

Since emissions are calculated from the output of PFR, 50% of the combustor is used to define the
PFR volume, (i.e.) PFR volume factor = 0.5. The rest of the combustor is divided between the PSRs.

PSR volume factor =1— (FSR volume factor + PFR volume factor) (3.14a)
Vosg = PSR volume factor * Volume of combustor (3.14b)

Vi
Volume of each PSR,Vpsp, = PSR (3.14¢)

Number of PSRs

3.4.3. Initial assumptions
The following assumptions are taken into account while modelling the CRN:

* Mixing time is smaller than the chemical reaction time (tpixing < Tchemicar)-

 All mixtures are ideal gas mixtures and modeled with ideal gas reactors.

Adiabatic combustion is assumed and that there is no heat loss or cooling air in the dilution zone
to reduce the temperature.

Molecular transport of species, momentum and thermal energy is neglected compared to turbu-
lent transport.

The combustion that takes place inside the FSR is modelled to have achieved the highest adiabatic
flame temperature.

Taking all of these assumptions into account, a CRN network is developed and used to understand the
NOx emissions of a gas turbine for a diffusion flame.

3.4.4. Splitting the combustor volume in volume factors

The combustor volume was split based on initially the FSR volume factor and the PFR volume factor
as given in Equation 3.13 and 3.14a. Whatever the volume of the PSR that was found, it was divided
equally between PSR postflame and PSR recirculation. The flame, post-flame and recirculation zone
which determines the intense mixing and turbulence effects, will be represented by the PSRs. The
downstream zone where only radial mixing takes place and not axial mixing is represented by a PFR.
This splitting of the flame in the combustor between PSR and PFR was proposed also by V.Prakash[13].
The splitting of the combustor volume has been shown as the final CRN model and can be seen in
Figure 3.7.

The flame zone is mainly covered by the FSR and the PSR. The flame zone comprises of the flame
sheet which is modelled using FSR, where the stoichiometric flame contour is formed. For modelling
the stoichiometric flame contour, a perfectly stirred reactor is used and this specific PSR is called as
the flame sheet reactor(FSR). The immediate post-flame zone and the recirculation zone is modelled
using the PSR as the information from the FSR is passed on to PSR while computing the zones. The
parameters involved in creating the CRN model has been carefully chosen. These choices have been
validated in section 4.1 using an industrial furnace case study.
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3.4.5. Air distribution between FSR and PSR

The air distribution between the FSR and PSR is one of the main functions that this model does.
Equivalence ratio is the base at which the air is distributed among the FSR and the PSR. First the
fuel to air ratio is found at stoichiometry, this will give the air required to burn the incoming fuel at
stoichiometry. To calculate the air required to burn the oxidizer in FSR, Equation 2.34 is rearranged:

m
Mair,FsR = m @(¢rsr = 1) (3.15)
After the required air flow rate is calculated to burn at stoichiometry, rest of the air is divided equally
among the PSRs. From Figure 3.7 it can be understood that the FSR is burnt at equivalence ratio of
1, and as the rest of the air is distributed equally. The combustion that takes place becomes leaner at
post-flame PSR and then leaner at recirculation PSR. After reaching it's prescribed equivalence ratio,
the information is passed from the PSR postflame to the PFR.

3.4.6. Initial settings for the CRN network

After setting the volumes of the reactors, each reactor is connected to each other by a mass flow
controller. The post-flame PSR is connected to an exhaust reservoir defined in the model by using a
valve. This is done so that a constant combustor pressure is maintained which can be seen from Figure
3.11

The igniter is a reservoir which is filled with H radicals. This igniter is used to combust the fuel-
oxidizer mixture and is numerically modelled as a gaussian time varying mass flow of H radicals. Once
the combustion is self-sustained the model makes the stream to die out after a certain period. The
igniter does not alter composition of the emission but it can rather be seen as a starter for the flame
to sustain. The igniter is modelled using the following Equation:

4log(2) (t—to)z
migniter ® = Ae fwhm?

(3.16)

Table 3.1 displays the initial conditions set for the flame reactor, the convergence critieria, and the
initial setting used to model the flame in cantera. The values of the valve coefficient and the igniter
amplitude are chosen based on trial and error method and also by reducing the stiffness problem in
the code.

Table 3.1: Initial settings given to the code in cantera

Input Unit Value
Chemical Mechanism - GRI-Mech 3.0
Convergence criteria K Terae-T: = 0.02
Fuel - Natural Gas
Valve coefficient kg/s-Pa 1E-5
Igniter amplitude - 0.01

PFR volume factor - 0.5

3.4.7. CRN model

The way cantera compiles the whole CRN model can be seen in Figure 3.11. This figure is the same
as Figure 3.7, but it just shows the different streams from the reservoirs that flow into the FSR, PSR
post-flame and PSR-recirculation. There is a feedback loop provided between the PSR postflame and
PSR recirculation that can be controlled by the USER(0% to 100%). The emissions are calculated and
taken from the PFR.
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Figure 3.11: Reactor network model as seen by cantera
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The CRN model was modified to implement water/steam injection and the updated CRN model can
be seen from Figure 3.12. A new reservoir which contains water either in it's liquid phase or vapour
phase is created. The amount of water to be injected into FSR is controlled by the USER (0% to 100%)
and the rest of the water is equally distributed between PSR postflame and PSR recirculation. The
USER has the ability to toggle between injecting water in it's liquid phase or vapor phase(Steam).
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Figure 3.12: Reactor network model incorporating water/steam injection as seen by cantera



Validation

This chapter discusses on how different experimental and technical data which was available in the
combustion community validates the developed CRN model. This gives the model more robustness,
which will allow the user to simulate different combustion scenarios in gas turbines. The composition
of natural gas that was used for the purpose of validation can be seen from Table 4.1

Table 4.1: Composition of Natural Gas

Compound | Mole fraction %
CH, 96.5%
C,Hq 1.7%
CsHg 0.2%
CO, 0.3%
N, 1.3%

4.1. Case-I: BERL 300kW Industrial Gas Burner (S.Orsino and
R.Weber)

This technical paper was primarily used to scale the natural gas flames to improve burner design to
reduce the NOx emissions. As shown in Figure 3.7, the schematics of the burner and the furnace
were adapted from Orsino et al[24] and Silva[19]. This was used by DeToni et al[ 18] to model a CRN
for a BERL 300kW inustrial gas furnace(Figure 4.1) based on the experimental and CFD results of the
furnace and presents a parametric NOx analysis.
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Figure 4.1: Burner and Furnace of the Berl 300kW test [19, 24]
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The technical CRN model paper by De toni et al[18] describes a furnace that uses non-premixed
combustion and provides all the available data required to simulate the model. Table 4.2 displays all
the operational parameters that was used to simulate the model. The combustor dimensions are taken
from Figure 4.1.

Table 4.2: Operational parameters for BERL-300kW, [18].

Parameters | Units | Value
Combustor parameters

Diameter of combustor meter 1.066
Length of combustor meter 2.016
Pressure Pa 1E5
Fuel parameters

Fuel - Natural gas
Diameter of fuel inlet meter 0.144
Inlet temperature Kelvin 308.15
Fuel flow rate kg/sec 0.00637
Oxidizer parameters

Oxidizer - Air
Diameter of oxidizer inlet meter 0.174
Inlet temperature Kelvin 312.5
Air flow rate kg/sec 0.13022

The CRN model data results and the experimental data was compared and can be found in Table 4.3.
This concludes that the developed CRN model can simulate emissions which gives values very close to
the experimental ones.

Table 4.3: Comparison of experimental data to the model data results

Quantity Experimental data | CRN model data
Flame temperature (Kelvin) 1945.0 1935.0
External recirculation zone temperature (Kelvin) 1350.0 1395.0

NOx emission (g NOx /kg NG ) 1.3 1.6

The model data values were compared with experimental values and also the results from differ-
ent mechanisms. Figure 4.2 shows the comparison of different mechanisms with the experimental
data. It can be seen that the NOx emission is a bit higher compared to the experimental data. This
can be because of the mechanism GRI mech 3.0 that was used to solve the emission. Even though
Konnov 4.0 gives results closer to the experimental values, GRI-mech 3.0 is still used. This was done
because GRI-mech 3.0 follows the same trend and the mechanism was easy to use and load in cantera.

Using the same combustor of the industrial furnace all the sensitivity analysis was performed on the
developed CRN model to understand the influence of each parameter on the NOx emission. This is to
show that the developed CRN model can give acceptable and appreciable results.

4.1.1. Formation of NOx

NOx formation was first understood using the developed CRN model. Figure 4.3 shows how majority
of the NOx was formed at the FSR. The highest temperature was recorded at the FSR and gradually
reduces as it exits the combustor. As the program is simulated through the whole CRN network, the
NOx that was recorded by the PFR at the combustor exit is only 35% of the total NOx formed.
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Figure 4.2: NOx levels: Experiment vs Model,[18].
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Figure 4.3: Evaluation of NOx through CRN

Figure 4.4 shows the reaction path of Nitrogen element since the start of the combustion to the
combustor exit (i.e) from FSR to PFR. The reaction path shows how the ‘N’ as a radical breaks and
then attaches with ‘O’ radical to form different compounds. When the arrow is thicker and darker, it
represents more contribution to forming that radical or compound. The figure shows that the most
contribution towards formation of NO is from ‘N’ radical. Equation 2.35c shows the thermal NOx
chemical reaction. This concludes that the model can simulate thermal NOx mechanisms.
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Figure 4.4: Reaction path of Nitrogen

4.1.2. Sensitivity analysis of combustor splitting

The combustor volume is equally split between the PSRs(FSR, PSR post-flame, PSR recirculation) and
the PFR. However, a sensitivity analysis is done to understand the influence of splitting the combustor
volume on the NOx emission. The sensitivity analysis was compared to that of the experimental values
of the BERL-300kW test which can be seen in Figure 4.5. It was noticed that the closest trendline to
the NOx values was with the PSRs having 30% of the combustor volume and PFR having 70% of the
combustor volume. Nevertheless, the outcome of the sensitivity analysis shows us that the trend is
the same. This allows the CRN model to use the 50-50 combustor volume split.
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Figure 4.5: Effect of splitting the combustor between PSR and PFR on NOx emissions

4.1.3. Sensitivity analysis of FSR volume

Since most of the NOx is formed in the FSR, the volume of the FSR had to undergo a sensitivity anal-
ysis on it's influence on NOx emissions. Figure 4.6 shows the increase of the FSR volume to twice it's
original calculated volume. The volume of the PSR also depends on the volume of the FSR, so the
sensitivity analysis first took place by varying the FSR volume alone from -50% to +100%. However,
while performing this analysis the PSR volume was kept constant. It was observed that as the volume
of FSR increases the NOx emissions also increases. So the NOx emissions do also depend on the FSR
volume.
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Figure 4.6: Varying FSR volume from -50% to +100% and it’s effect on NOx

The FSR volume was then varied while it was also varying the PSR volume. From Figure 4.7 it can
be seen again that there is influence on the NOx emissions by varying the FSR volume from -50% to
+100% of the calculated FSR volume. The analysis shows the dependence of NOx on the FSR volume
and how important FSR volume is in controlling the NOx emissions.
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Figure 4.7: Varying FSR volume and PSR volume from -50% to +100% and it's effect on NOx

4.1.4. Sensitivity analysis with the recirculation between the PSRs

The percentage of recirculation between PSR post-flame and PSR recirculation was increased. Due to
this the NOx emission also reduced gradually. This was because the combusted products were able to
react with the oxidizer coming into PSR recirculation. As more combusted products reacted with the
oxidizer in the PSR recirculation, different chemical pathways were formed thus reducing emissions.
Thus validating that the recirculation between PSR-postflame and PSR-recirculation can be used to re-
duce NOx emissions. This can be seen as recreating the recirculation zone inside the combustor.

After carefully analyzing the sensitivity of each parameter the final CRN model was created(Figure
3.7). The gas turbine conducted researches were used to validate the developed CRN model. Using
this model, the parametric analysis has been performed for a gas turbine to determine the impact of
NOx on gas turbines when using EGR-oxydizer.
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4.1.5. Sensitivity analysis of Exhaust temperature vs CO,%

The primary objective of this thesis research was to check the influence of exhaust gas recirculation
on NOx. Oxygen was replaced with CO, and a sensitivity analysis was performed. Figure 4.9 shows
the change in flame temperature and exit temperature with increasing CO, content in oxidizer. The
replacement of O, with CO, led to a reduction in NOx as CO, is an inert gas altering the reaction
kinetics.
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Figure 4.9: Effect of CO,% on exhaust and stoichiometric flame temperature

The increase in CO,% led to an obvious reduction in NOx emission as seen in Figure 4.10. The stoichio-
metric fuel to air ratio reduces as there is an increase in CO, content thereby increasing the amount
of oxidizer to be burnt with the fuel at stoichiometry. Thus, the NOx formation reduces as the flame
temperature reduces.
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Figure 4.11 shows as stoichiometric flame temperature reduces so does the NOx production. The
NOx production calculated at both the FSR and the PFR shows a reduction along with stoichiometric
flame temperature reduction. This shows that the developed CRN model can incorporate EGR in it's
oxidizer and can thus reduce NOx emissions.
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4.2. Case-II: Direct fuel injection burner for Gas Turbines (Terasaki

et al)

An experiment was conducted using a Direct fuel-injection burner for gas turbine combustors by
Terasaki et al to understand the NOx emission [25]. They used a unique double swirler burner and
compared it to the traditional small-hub swirl and a large-hub swirl burner. Since, the double-hub swirl
burner swirls the incoming oxidizer flow twice, it is assumed that it would be a premixed flame. As this
research covers only non-premixed combustion, the model data was compared to the data obtained
from a non-premixed small-hub swirl burner.

The incoming oxidizer temperature was varied between 650 Kelvin and 950 Kelvin with an inlet ox-
idizer velocity of 10m/sec. Keeping the incoming air flow rate constant and using Equation 2.34, the
fuel flow rate was found for different equivalence ratios. The operational parameters that was used to
obtain the emissions are given in Table 4.4 and the schematic diagrams of the combustor and burners
(double swirler and small-hub swirler) can be seen from Figure 4.12.
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Figure 4.12: Schematic diagram of the experimental burner [25]

Table 4.4: Operational parameters of the Direct fuel injection burner for GT,[25]

Parameters | Units | Value
Combustor parameters

Diameter of combustor meter 80E-3
Length of combustor meter 0.3
Pressure Pa 1E5
Fuel parameters

Fuel - Natural gas
Diameter of fuel inlet meter 20E-3
Inlet temperature Kelvin 300
Fuel flow rate kg/sec 0.00617
Oxidizer parameters

Oxidizer - Air
Diameter of oxidizer inlet meter 36E-3
Inlet temperature Kelvin 650/950
Air flow rate kg/sec 0.11399
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Figure 4.13 shows the comparison of the experimental data obtained from the paper to that of the
CRN model that was simulated. The trend shows that as the fuel flow rate increases, NOx emissions
also increases. There is especially steep increase in NOx after equivalence ratio of 0.5 with an inlet air
temperature of 950 Kelvin. Although, the data values between the experimental and model varies, the
trend appears to be the same. This variation in data can be due to the type of burner that was used
while performing the experiment. The model doesn't take into account different types of swirl burners
that are used in gas turbines and only a general overview of the recirculation zone caused due to a
swirl induced combustion.
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Figure 4.13: Comparison of experimental data vs model data

The correlation between the experimental data and model data was made to understand the strength
of the relation between the variables. Table 4.5 and 4.6 show the correlation for air inlet temperature
650 Kelvin and 950 Kelvin respectively. As the correlation between the variables are closer to +1, it
means that they are strongly related to each other. That is if one parameter increases, then the other
parameter strongly increases along with it or it means that both the parameters strongly depend on
each other.

Table 4.5: Correlation between experimental data and model data for Air inlet temperature of

650 Kelvin
Experimental phi | Experimental NOx | Model phi | Model NOx
Experimental phi 1
Experimental NOx 0.9786 1
Model phi 0.9959 0.9598 1
Model NOx 0.9392 0.9186 0.9414 1

Table 4.6: Correlation between experimental data and model data for Air inlet temperature of

950 Kelvin

Experimental phi | Experimental NOx | Model phi | Model NOx
Experimental phi 1
Experimental NOx 0.9946 1
Model phi 0.9997 0.9939 1
Model NOx 0.9987 0.9902 0.9987 1
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4.3. Case-III: Study of MS5002 gas turbine combustor (Feitel-
berg et al)

A laboratory diffusion flame combustor was developed similar to that of the MS5002 gas turbine
combustor[27]. This is to understand the difference in the NOx emitted between the standard MS5002
combustor and the laboratory developed combustor. The experiment was performed with two different
air flow rates. The air flow rates were 5.4 kg/sec and 3.3 kg/sec at 5 bar and 3.1 bar respectively.

The NOx emission was plotted with respect to the combustor exit temperature. Since, the fuel flow
rates weren't provided, using a simple energy balance Equation(Equation 4.1) the fuel flow rates were
calculated.

mp * LHVy = (1 + mg) * Cp * AT (4.1)

The combustor dimensions were taken from [26], but the fuel inlet diameter wasn't specified. The
dimensions were estimated based on the standard fuel injectors for MS5002 GT. The operational pa-
rameters can be seen in Table 4.7. Figure 4.14 shows the dimensions of the combustor and the
schematic diagram of laboratory MS5002 combustor test stand.
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Figure 4.14: Schematic diagram of MS5002 combustor(left) [26], and the laboratory test
stand(right) [27]

Table 4.7: Operational parameters used for MS5002 GT, [27].

Parameters | Units | Value
Combustor parameters

Diameter of combustor meter 40.5E-2
Length of combustor meter 112E-2
Pressure Pa 3.1E5/5.0E5
Fuel parameters

Fuel - Natural gas
Lower heating value kJ/kg 53,700
Diameter of fuel inlet meter 4.4E-2
Inlet temperature Kelvin 300
Oxidizer parameters

Oxidizer - Air
Diameter of oxidizer inlet | meter 27E-2
Inlet temperature Kelvin 573

Air flow rate kg/sec 3.3/5.4
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Figure 4.15 displays the experimental data for a standard MS5002 combustor compared to that of
the model data. The trend between the experimental results and the results obtained from simulating
the CRN model seems to be the same. Since the trend is validated, the CRN model is considered to be

a working model.
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Comparison of experimental data vs model data for MS5002 GT combustor

A correlation between the experimental data and model data was analyzed to understand how strongly
the two data are related to each other. This can be seen in Tables 4.8 and 4.9 for air flow rate of 3.3
kg/sec and 5.4 kg/sec respectively.

Table 4.8: Correlation between experimental data and model data for air flow rate of 3.3 kg/sec

Experimental temperature | Experimental NOx | Model temperature | Model NOx
Experimental temperature 1
Experimental NOx 0.9925 1
Model temperature 0.9866 0.9938 1
Model NOx 0.976 0.984 0.993 1
Table 4.9: Correlation between experimental data and model data for air flow rate of 5.4 kg/sec
Experimental temperature | Experimental NOx | Model temperature | Model NOx

Experimental temperature
Experimental NOx

Model temperature

Model NOx

1
0.9934
0.9858
0.9903

1
0.9908
0.9856

1
0.9953

The correlation for the data lies between +1 and -1. The closer the correlation lies to +1, it means that
the two variables are strongly related to each other. Which means if both the parameters are closer
to +1, then if one parameter increases, then the other parameter will also increase. If the parameters
are closer to -1, then if one reduces then the other will also definitely reduce.
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4.4. Case-1IV: H, enriched flames in diffusion combustors (Cozzi
et al)

An experiment was conducted to understand the influence of hydrogen enriched combustion in a dif-
fusion combustor [28]. In a co-flow configuration the fuel was burnt at ambient temperature and
pressure. A fuel mixture of natural gas and volumetric fraction of hydrogen ranging from 0% to 100%
was used. The operational parameters used for the model can be seen in Table 4.10. Figure 4.16
shows the schematic diagram of the laboratory developed combustor.

Hood

Thermocouple

Quartz Cilinder
—_—>

Burner Head

Figure 4.16: Schematic diagram of the combustor, dimensions are in millimeters [28]

Table 4.10: Operational parameters for the H, enriched GT combustor,[28].

Parameters | Units | Value
Combustor parameters

Diameter of combustor meter 0.192
Length of combustor meter 0.3
Pressure Pa 1E5
Fuel parameters

Fuel - Natural gas/H,
Fuel flow rate kg/sec 0.425E-3
Diameter of fuel inlet meter 8E-3
Inlet temperature Kelvin 300
Oxidizer parameters

Oxidizer - Air
Diameter of oxidizer inlet meter 36E-3
Inlet temperature Kelvin 300
Air flow rate kg/sec 9.48E-3

The hydrogen volume fraction was increased in the model and at the same time equally reducing
the volume fraction of natural gas. The experiments were carried out at different equivalence ratios for
different volume fraction of H,. Figure 4.17 shows the comparison between the experimental results
that were conducted to that of the results given by the CRN model simulation.

It is seen that when the hydrogen content in the fuel mixture reached 80%, there was a maximum NOx
emission that was attained. Cozzi et al explained that even though temperature along the burner axis
was reduced, the mean temperature that was measured near the burner head showed a blue flame
zone. This blue flame zone increased by 50% when hydrogen was added to the fuel mixture which
justifies the higher NOx(thermal) that was produced. This CRN model that was developed was used
to check the validation of H, as a fuel as it can be a future fuel replacement source. The model data
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seem to follow the experimental data trend, but there is still a difference in the values. This can be
because GRI mech-3.0 mechanism was used, but further study needs to be performed with different
chemical mechanisms to bring the values closer to each other.
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Figure 4.17: Comparison of experimental data vs model data for H, enriched non-premixed
combustion

A correlation data for this study can be seen in Table 4.11 to understand the strength of the rela-
tionship between the variables from experimental data and the model data.

Table 4.11: Correlation between experimental data and model data

Experimental temperature | Experimental NOx | Model temperature | Model NOx
Experimental H,% 1
Experimental NOx 0.8802 1
Model H,% 0.9921 0.8287 1
Model NOx 0.7796 0.8232 0.7716 1

4.5. Case-V: Validation of water injection for a LM2500 Gas Tur-

bine:

Injecting water or steam allows the reduction of flame temperature and therefore also assists in re-
ducing NOx. This method is widely used especially in non-premixed combusted gas turbines to keep
NOx below the required level. LM2500 gas turbine is used in Akzo Nobel and it uses a non-premixed
combustor (also known as SAC combustor). The data required to validate this study was obtained
from Akzo Nobel with the help of Prof. Dr. Ir. S. A. Klein. While performing this validation study, the
CRN model from Figure 3.12 was used. Figure 4.18 shows the schematic diagram of the combustion
chamber. There are a total of 30 fuel injectors/air swirler combinations which can also be seen from
Figure 4.19. The operational parameters for each combustor that was used to validate this study can
be seen from Table 4.12.

Table 4.12: Operational data that was used to validate the case study, Source:[Akzo Nobel]

MW | Air flow rate (kg/sec) | Fuel flow rate (kg/sec) | Water injection (kg/sec) | Pressure (bars) | Air inlet perature (° C) | Fuel inlet perature (° C)
19.19 1.77 0.047 0.0205 17.02 446 60

19.74 1.8 0.0482 0.028 17.23 449 60
19.79 1.81 0.049 0.037 17.46 454 60
15.2 1.64 0.038 0.0092 15.3 434 60

15.09 1.65 0.039 0.023 15.5 436 60
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Figure 4.19: Schematic of the fuel injection/air swirler, Source:[Akzo Nobel].

Table 4.13 shows the combustor dimensions that was used in calculating the volume of the cham-
ber. The diameter of the air and fuel nozzle weren't available, so based on the schematics that were
shown above it was intuitively guessed and incorporated into the model.

Table 4.13: Combustor dimensions

Parameters Unit | Value
Length of the combustor meter 1
Internal diameter of the combustor | meter 0.2
Overall diameter of the combustor | meter 0.5
Diameter of the air nozzle meter | 0.08
Diameter of the fuel nozzle meter | 0.007
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Experimental data and the values obtained from the model data were plotted together and can
be seen from Figure 4.20. Since, the combustor fuel nozzle and air nozzle diameter were intuitively
estimated, the volume of the FSR was accordingly modified along with the amount of water to be
injected into the FSR. This was done so that the model data curve can come as close as possible to
the experimental data curve.

Model NOx ===Experimental NOx

NOx (mg/m3) @ 15% O,

Flame temperature (Kelvin)

Figure 4.20: Comparison of Experimental data Vs Model data for 19 MW and 15 MW load

To understand the robustness of the model and how much fuel can be saved using EGR an analysis
was performed. This analysis shows how the water injection can be saved and thus saving fuel. The
NOx emissions were kept at a set reference value of 75 mg/m3. At this newly set NOx value, the water
injection was calculated when EGR-oxydizer was used and compared to that when air was used. It was
noticed that as the CO, levels increased in the oxidizer, the amount of water required to bring the NOx
levels down below 75 mg/m3 reduced as well and this can be seen from Figure 4.21. When 14% of
EGR was recirculated ( CO,% at 1.3% in the oxidizer), 3% of the fuel was saved due to the reduction
of water injection into the combustor for 19 MW and 15 MW load.
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Figure 4.21: Amount of water required with respect to CO,% to bring the NOx levels below 75
mg/m?3






Parametric study and Results

To understand the influence of EGR on emissions, the combustor dimensions from MS5002 gas tur-
bine(Section 4.3) is used for the parametric analysis. The combustor dimensions are given in Table 4.7
and the schematic diagram for the combustor can be seen in Figure 4.14. The composition of natural
gas that was used for this parametric analysis is the same as which was used for validation of the

model(Table 4.1).

5.1. Part load operations

To maintain a set turbine inlet temperature and at the same time reduce emissions, EGR is used in the
oxidizer when gas turbines operate at part load. For every part load operation, the oxidizer composition
changes to accommodate the EGR composition so that the required turbine inlet temperature is gen-
erated. This study analyses the NOx and CO emitted by the gas turbine at part load compared to it's
full load operation. Table 5.1 gives all the data that was used in the model to calculate the emissions.

Table 5.1: Parameters for exhaust gas recirculation at different part load operations

GT load | Unit | 100% 91% [ 83% | 75% [ 68% | 64% | 63% | 54%
Fuel and air input parameters

Fuel flow kg/s | 2.36E-03 | 2.20E-03 | 2.08E-03 | 1.96E-03 | 1.87E-03 | 1.81E-03 | 1.79E-03 | 1.67E-03

Air flow kg/s | 1.24E-01 | 1.17E-01 | 1.12E-01 | 1.07E-01 | 1.03E-01 | 9.98E-02 | 9.90E-02 | 9.50E-02

TiT Kelvin | 1377.5 1377.5 1377.5 1377.5 1377.5 1377.5 1377.5 1354.55

P combustor inlet bar 11.56 10.96 10.48 10.04 9.66 9.376 9.307 8.883

T combustor inlet Kelvin | 618.75 633.65 648.65 664.65 678.75 689.15 691.65 701.55
Composition of oxidizer

Mole percent of N, % 77.29 77.02 76.7 76.29 75.74 75.16 74.99 73.9
Mole percent of O, % 20.74 19.98 19.05 17.87 16.32 14.66 14.16 11.05
Mole percent of CO, % 0.03 0.3755 0.796 1.33 2.031 2.784 3.01 4.42
Mole percent of H,0 % 1.009 1.697 2.534 3.597 4.993 6.491 6.94 9.747

Mole percent of Ar % 0.9309 0.9276 0.9237 0.9187 0.9122 0.9052 0.9031 0.89

63
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5.1.1. NOx study

NOx emissions were calculated at the end of every gas turbine load. Figure 5.1 shows how much the
NOx reduces when introducing EGR-oxydizer during part load operations. One of the major reasons
behind NOx emission in non-premixed combustion is due to the high temperature. This shows that the
replacement of oxygen with EGR composition lowers the stoichiometric flame temperature.
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Figure 5.1: NOx changes with respect to gas turbine load

Introduction of EGR is suppose to maintain a good turbine inlet temperature while reducing the stoi-
chiometric flame temperature. Figure 5.2 shows the changes in flame temperature and turbine inlet
temperature as the gas turbine load increases. The heat energy which is released from combusting
oxygen and fuel is reduced. This high heat energy breaks the ‘N’ triple bond to form NOx also known
as Thermal NOx. Thermal NOx is the key mechanism in NOx production inside the gas turbine. Thus
understanding that EGR reduces stoichiometric flame temperature but still maintains an acceptable TiT
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Figure 5.2: Stoichiometric flame and Turbine inlet temperature with respect to gas turbine load
The decrease in stoichiometric flame temperature during the part load operation limits the Thermal

NOx mechanism. Figure 5.3 shows the decrease of NOx as there is a decrease in flame temperature.
So, NOx is linearly proportional to the stoichiomeric flame temperature.
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Figure 5.3: NOx emission with respect to the stoichiometric flame temperature

The impact of replacing oxygen with EGR in combustion is looked into. Figure 5.4 shows how the
stoichiometric fuel to air ratio increases with increase in the gas turbine load. The stoichiometric fuel
to air ratio increases with the reduction in gas turbine load. As the oxygen levels reduces and the
amount of CO,% increases in the oxidizer, the absence of oxygen leads to requiring more oxidizer to
complete stoichiometric combustion. Thus introducing part load operations with EGR-oxydizer results
in requiring more oxidizer to complete stoichiometric combustion.
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Figure 5.4: Stoichiometric Fuel-to-Air ratio with respect to gas turbine load

5.1.2. CO study

The impact of using part load operation in gas turbine on CO levels was studied. Figure 5.5 shows
the comparison of CO levels and CO equilibrium levels with respect to that of the gas turbine load. As
the EGR % increases in the oxidizer, the amount of CO levels increases proportionally. CO emission
increases due to the availability CO, in the oxidizer and equally due to the absence of O, as well. CO
emission levels at equilibrium represents infinite residence time. The time to reach equilibrium for CO is
insufficient during part load. Thus concluding that using part load operations with EGR-oxydizer leads
to a decrease in NOx levels as the stoichiometric flame temperature reduces. While at the same time
the introduction of EGR causes an increase in CO levels too.
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Figure 5.5: CO emission levels and CO emission level at equilibrium with respect to gas turbine
load

5.2. Comparison between IGV and EGR

Inlet guide vanes are located at the first stage of the compressor of the gas turbine and is useful to
control the amount of air into the compressor. This increases the efficiency of the gas turbine at part
load and is very useful when it comes to part load operations of the gas turbine. A comparison was
derived to understand which part load technique gives the least NOx emission while still retaining it's
output efficiency. Table 5.2 shows the parameters that were used to calculate the emissions for IGV
and draw the comparison between EGR and IGV.

Table 5.2: Parameters for inlet guide vane at different part load operations

GT load [ Unit | 100% | 91% | 81% | 71% | 61% | 51% | 41%
Fuel and air input parameters

Fuel flow kg/s | 2.34E-03 | 2.16E-03 | 2.00E-03 | 1.81E-03 | 1.62E-03 | 1.44E-03 | 1.25E-03

Air flow kg/s | 1.24E-01 | 1.11E-01 | 1.02E-01 | 1.02E-01 | 1.02E-01 | 1.02E-01 | 1.02E-01

TIT Kelvin | 1371.15 | 1373.65 | 1371.75 | 1303.05 | 1232.85 | 1160.85 | 1086.55

P combustor inlet bar 11.53 10.34 9.539 9.277 9.005 8.72 8.419

T combustor inlet Kelvin | 618.25 595.45 587.55 583.95 580.05 575.85 571.25

Composition of oxidizer

Mole percent of N2 % 77.29 77.29 77.29 77.29 77.29 77.29 77.29
Mole percent of 02 % 20.74 20.74 20.74 20.74 20.74 20.74 20.74

Mole percent of CO2 % 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Mole percent of H20 | % 1.009 1.009 1.009 1.009 1.009 1.009 1.009
Mole percent of Ar % 0.9309 0.9309 0.9309 0.9309 0.9309 0.9309 0.9309

5.2.1. NOx study
NOx emissions were calculated and compared for both of the part load operations to understand the
difference in the emissions. Figure 5.6 shows NOXx levels reduce more when using EGR than using
IGV. Only up to 80% of the part load operation uses IGV and thereafter turbine inlet temperature is
reduced. Air was used in the oxidizer and the air flow rate was kept constant from 81% part load
operation in the gas turbine. So, the only major difference in both the part load operations was the
oxidizer composition. This factor evidently plays an important role in reducing NOx emissions.
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Figure 5.6: Contribution to NOx emissions by using IGV and EGR at loads 100%, 81%, 61%

and 41%

Stoichiometric flame temperature was then compared between IGV and EGR. Figure 5.7 shows the
trend on how the stoichiometric flame temperature reduces very little while using IGV compared to
that of EGR. Stoichiometric flame temperature depends on the composition of the oxidizer. For IGV

the oxidizer used was air, thus a very low drop in the flame temperature.
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Figure 5.7: Stoichiometric flame temperature of IGV and EGR with respect to gas turbine load

From Figure 5.8 for EGR the NOx values reduce proportionally with the stoichiometric flame tem-
perature. As for IGV part load operation, the NOx reduces but not much as the stoichiometric flame
temperature is almost the same as IGV uses air in it's oxidizer. Thus providing the information that
EGR-oxydizer plays a vital role in reducing NOx emissions.
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Figure 5.8: NOx emissions for IGV and EGR with respect to stoichiometric flame temperature

The thermodynamic property specific heat capacity of both the part load operations was then calcu-
lated and compared which can be seen from Figure 5.9. The specific heat capacity of IGV as a part load
operation reduces when compared to it's counterpart which increases. The oxidizer is kept constant,
while the fuel flow rate reduces in the case of IGV. While in EGR also the fuel flow rate reduces but
the composition changes with respect to the gas turbine load. From this, it is understood that using
air as an oxidizer is one of the main attribute contributing to a high stoichiometric flame temperature
thus high NOx emissions.
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Figure 5.9: Heat capacity of IGV and EGR with respect to gas turbine load

5.2.2. CO study

The CO levels were compared as well to give a broader perspective on the difference in using both
these part load operations. The results to the CO emissions from using these part load operations can
be seen from Figure 5.10. Since inlet guide vanes contain almost 0% of CO, content, the CO levels are
lower than the EGR operation. Thus confirming that introducing higher amounts of CO, in the oxidizer
will lead to increase in CO levels.
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Figure 5.10: CO levels of IGV and EGR with respect to gas turbine load

5.3. Influence of CO, content

To understand the influence of EGR-oxydizer in the combustor during non-premixed combustion, an
analysis on the influence of CO, on the emissions was studied. To study this, all the parameters that
was used in the 100% load operation of Table 5.1 were kept constant throughout. The fuel flow rate
was only reduced thus reducing the turbine inlet temperature. This keeps the stoichiometric flame
temperature constant for each oxidizer composition. Table 5.3 shows the composition of EGR-oxydizer
in molar fraction that was used in this study.

Table 5.3: Composition in mole fraction of air and different CO,% used in the oxidizer

N, 0, o, H,0 Ar
Air 77.29% | 20.74% | 0.03% | 1.009% | 0.9309%
CO, @ 1% | 76.29% | 17.87% | 1.33% | 3.597% | 0.9187%
CO, @ 2% | 75.74% | 16.32% | 2.031% | 4.993% | 0.9122%
CO, @ 3% | 74.99% | 14.16% | 3.01% | 6.94% | 0.9031%
CO, @ 4% | 73.9% | 11.05% | 4.42% | 9.747% | 0.89%

5.3.1. NOx study

Figure 5.11 shows the dependence of NOx on the stoichiometric flame temperature. It can be clearly
observed as the CO, content inside the oxidizer increases, the flame temperature reduces and this
also reduces the NOx emissions as well. CO, being an inert gas alters the chemical kinetics inside the
combustion chamber greatly. These altered chemical kinetics changes the chemical pathways which
limits the NOx production. This shows that adding CO, in the oxidizer reduces the stoichiometric flame
temperature.

With CO, being the inert species, the reaction kinetics which lead to the formation of NOx is reduced
greatly. Due to the reduction of ‘O’ radical in the reaction during combustion, the NOx formation is
reduced which can be understood mainly from the following equation:

N, +0==NO+N (5.1)
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Figure 5.11: Stoichiometric flame temperature and NOx emission change with respect to
CO,% in the oxidizer.

The formation of NOx was studied with respect to the TiT. Figure 5.12 shows how NOx changes
at different CO,% in the oxidizer compared to that of air. This analysis was performed with constant
pressure of 11.53 bar. As CO, content in the oxidizer increases, the NOx emission reduces. At 4%
CO,, the NOx is completely low compared to that with air as an oxidizer. Due to having a constant sto-
ichiometric flame temperature for each oxidizer composition the respective NOx doesn’t reduce much.
At each oxidizer composition the stoichiometric flame temperature drops. As little as introducing 1%
of CO,, the NOx drops a lot since the stoichiometric flame temperature drops. This shows that thermal
NOx mechanism plays a vital role in NOx production. Thus understanding how much the presence of
CO, in the oxidizer influences the formation of NOx during combustion.
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Figure 5.12: NOx levels for different CO, content in oxidizer with respect to Turbine inlet
temperature @ p=11.53 bar

The change in oxidizer content also influences the heat capacity which can be seen in Figure 5.13. The
depletion of oxygen leads to requiring more fuel to produce the same heat energy. Thus the increase
in heat capacity and reduction in flame temperature. The absence of oxygen in the oxidizer can limit
the NOx reaction kinetics. This concludes that, adding controlled amounts of CO, inside the oxidizer
enhances the reduction of NOx.

5.3.2. CO study

Due to the increase in heat capacity of the fluid, a higher amount of fuel is required which can lead to
low residence time and thus incomplete combustion. Figure 5.14 shows how CO levels increase with
increase in CO, content in the oxidizer. This shows the limitation of using EGR-oxydizer as a part load
operation in a gas turbine. CO, in the oxidizer effects the equilibrium reaction between CO and CO,
and may favour the formation of CO [13]. At higher CO,% more CO is formed. The dissociation of
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Figure 5.13: Stoichiometric flame temperature and heat capacity change with respect to
CO,% in the oxidizer.

CO, when reacted with hydrogen radical forms CO which can be seen from Equation 5.2. Le Chatelier’s
principle states that increasing the concentration of the reactants will drive the reaction to the products
and vice versa which can be noticed from the figure below.

CO, + H == CO0 + OH (5.2)
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Figure 5.14: CO levels with respect to CO,% in the oxidizer.

To understand the reason behind the influence of CO emission with respect to CO,% in the oxidizer,
CO levels at equilibrium were calculated and compared. The comparison was plotted at each CO,%
which is 1%, 2%, 3% and 4% inside the oxidizer. It is considered that at infinite residence time the
CO levels would be at equilibrium.

From the figures that were plotted, the equilibrium CO levels are lower than the CO levels calculated at
each CO,% content inside the oxidizer. Since, the residence time of the combustion process inside the
combustor is for a finite amount of time and limited, the calculated CO levels are higher. This study
thus concludes that the CO levels increase due to insufficient residence time and it also increases with
increase in CO, content in the oxidizer. Thus showing that the presence of CO, substantially reduces
the NOx levels due to a drop in stoichiometric flame temperature but at the same time increases the
CO levels.
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5.3.3. Influence of CO, at constant turbine inlet temperature

The influence of CO, in the combustion process was also analysed by keeping the turbine inlet tem-
perature constant and calculating the NOx and CO levels. This was done to understand a different
approach while analysing the NOx emissions and also make a correlation between these parameters.

Figure 5.19 shows how NOx and CO levels change when keeping turbine inlet temperature constant
and keeping pressure constant at 11.53 bar.
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Figure 5.19: NOx and CO levels with respect to CO,% at P=11.53 bar and TiT = 1385 K
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A correlation was analysed between CO,% in the oxidizer, CO and NOx emission data. This is to
understand the strength in the relationship between the parameters and this can be noticed in Table

5.4,

Table 5.4: Correlation between CO,%, CO emission and NOx emission

CO,% | CO emission | NOx emission

C0,%
CO emission
NOXx emission

1
0.9914
-0.782

1
-0.706 1

From the correlation results that were analyzed, CO, was strongly related to CO emission. This means
that as CO,% increases there is a high and strong probability that CO emission will also increase. The
dependence of CO emission on NOx emission is less. Thus giving the idea that how much ever CO level
increases, the NOx level decreases. It is not as strongly dependent as between CO and CO,. Figure
5.20 shows stoichiometric flame temperature and NOx emissions were also calculated and plotted in

the same graph.
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Figure 5.20: Stoichiometric flame temperature and NOx with respect to CO,% at P=11.53 bar
and TiT = 1385 K

A correlation was formed and analysed between CO,, NOx and flame temperature to understand the
dependency on each other. This can be seen form Table 5.5.

Table 5.5: Correlation between CO,%, flame temperature and NOx emission

CO,%

Stoichiometric flame temperature

NOXx emission

C0,%

1

Stoichiometric flame temperature | -0.998

NOXx emission

-0.782

1
0.81

The correlation shows that CO, has a higher impact on stoichiometric flame temperature than the NOx
emissions. So as CO,% increases in the oxidizer the stoichiometric flame temperature will strongly
reduce. As CO, content increases, there is a strong probability that NOx emissions will reduce as
well. This concludes that CO, has a big influence on NOx emissions and the stoichiometric flame
temperature. At the same time CO,’s increase in the oxidizer also strongly increases CO emission.
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5.4. Influence of EGR-oxydizer and air

From the previous section the importance of EGR in a part load operation was understood. The com-
parison between EGR-oxydizer and air is then studied. Table 5.6 shows the composition in mole fraction
of EGR and air that was given to the oxidizer. The EGR-oxydizer that was used to perform this study
was from the part load operation of 91%. This was done to understand the little difference the oxidizer
composition can cause in pollution emissions. This analysis was performed by keeping all the param-
eters constant that was used in the 100% load operation of Table 5.1. Only the fuel flow rate was
reduced thus reducing TiT. This keeps the stoichiometric flame temperature constant for each oxidizer
composition.

Table 5.6: Composition in mole fraction of Air and EGR used for the study

N, 0, o, H,0 Ar
Air | 77.29% | 20.74% | 0.03% | 1.009% | 0.9309%
EGR | 77.02% | 19.98% | 0.3755% | 1.697% | 0.9276%

5.4.1. NOx study

NOx emissions were calculated using both EGR-oxydizer and air in the oxidizer. The results were plot-
ted and compared against each other and can be seen in Figure 5.21. The difference in NOx emission
between EGR-oxydizer and air is at least 0.4 g/kg fuel. Thus showing the influence of a little amount
of EGR in the oxidizer.
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Figure 5.21: NOx levels for EGR and air composition with respect to Turbine inlet temperature
@ p=11.53 bar

The stoichiometric flame temperature was 2472 Kelvin for air and 2417 Kelvin for EGR-oxydizer. At a
constant stoichiometric flame temperature, the reduction in NOx for both air and EGR-oxydizer was
less. This showed that NOx depended mostly on flame temperature. At the same time the addition
of EGR-oxydizer lead to making the inert gases such as CO, to reduce the reaction kinetics. As little
as 0.38% of CO, presence in the oxidizer can lead to almost 10% reduction in NOx emission. As the
turbine inlet temperature was increased in the case of air, the NOx emission also increased. When
comparing this to EGR-oxydizer, the NOx remains almost the same when the turbine inlet temperature
increases. From this it can be understood that oxygen content in the oxidizer plays a vital role in the
formation of NOx. The concentration of ‘O’ radical drops when using EGR-oxydizer thus inhibiting the
formation of oxides of nitrogen (Equation 5.1).

Using the reaction path tool in cantera, the reaction pathways after combustion following N, was
plotted. Figure 5.22 and 5.23 shows the reaction path following ‘N, for air and EGR-oxydizer respec-
tively. If the arrow path is darker and thicker, it shows the amount of contribution to the formation
of that specific compound or radical. The scale(at the bottom of the Figure) represents the rate of
formation. Due to the introduction of EGR-oxydizer, the rate of formation of NO is slower compared
to when using air. This is because EGR suppresses the formation of NO by forming other compounds
such as NNH and resisting the compounds to further break to form NO or NH.
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5.4.2. CO study

When comparing EGR to air with respect to TiT, the CO levels were almost the same at higher tem-
peratures. Figure 5.24 shows the CO levels that were calculated at a constant pressure(11.53bar). At
lower temperatures, CO emission due to EGR was about 0.3% lower than that of the emission calcu-
lated when air was used. Replacing oxygen with a small amount of CO, can lead to an increase in
CO levels. The formation of CO, after combustion is inhibited due to the replacement of O,. Thus
introduction of a small amount of EGR leads to a larger decrease in NOx. For CO levels the increase is
less compared to the amount of NOx that is reduced. Thus concluding that EGR is a preferable oxidizer
while operating gas turbines.
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Figure 5.24: CO levels for EGR and air composition with respect to Turbine inlet temperature
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5.5. Influence of pressure

The influence of pressure on the NOx emissions for a given EGR was studied and compared with that
of air in the oxidizer. The emissions were calculated at 1 bar, 5 bar, 10 bar and 15 bar of pressure.
The composition that was used in the oxidizer is given in Table 5.7. All the parameters that was used
in the 100% load operation of Table 5.1 were kept constant throughout. Only the fuel flow rate was
reduced thus reducing TiT. This keeps the stoichiometric flame temperature constant for each oxidizer

composition.

Table 5.7: Composition in mole fraction of Air and EGR used for the study

NZ 02 co2 H2 o Ar
Air | 77.29% | 20.74% | 0.03% | 1.009% | 0.9309%
EGR | 77.02% | 19.98% | 0.3755% | 1.697% | 0.9276%

5.5.1. NOx study

The figures below display the NOx emissions that were calculated. As pressure increases, so does the
NOx emission for both EGR and air. Although the NOx levels increases while using EGR in the oxidizer,
it still remains to be lower than the NOx level when using air as an oxidizer.
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At lower pressures (@ P=1 bar) there appears to be a huge difference in the NOx emission between
EGR and air. As the pressure increases the difference in the NOx emission between EGR and air re-
duces. At higher temperatures the NOx emissions are due to thermal NOx and are dependent on
pressure [51]. So, at higher pressures the reaction rates towards thermal NOx are accelerated. So,
this implies that at higher pressures, the role of inert gases is less in limiting the NOx emissions.
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The difference in the amount of NOx that is reduced can be seen from Figure 5.29. At pressure
of 1 and 5 bar there is a high percentage of NOx reduction for EGR-oxydizer. At pressures of 10 bar
and 15 bar, the amount of NOx that is reduced due to the EGR-oxydizer becomes less. This can be
useful for boilers as they operate at low pressure unlike gas turbines.
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Figure 5.29: Percentage of NOx reduction at different pressures when using EGR-oxydizer

5.5.2. CO study
The figures below show the CO levels that were calculated at different pressures with respect to the

TiT. At a pressure of 1 bar and at lower turbine inlet temperature, the CO level given out by EGR is
more. This is because at lower pressure the CO, dissociation occurs easily and rapidly. As the temper-
ature increases the formation of CO, is again favoured due to the increasing consumption of oxygen
at higher temperatures. This goes for both EGR and air that act as an oxidizer.

As the pressure increases, the chemical dissociation of CO, is limited. As EGR has more CO, content
in the oxidizer, the equal proportion of CO that should be emitted is also limited. For air as an oxidizer,
as the pressure builds up, oxygen tends to readily react and combust to form CO,. This also eventually
dissociates to form CO compoiund. As per Le Chatelier’s principle, as the pressure increases, the re-
action shifts towards the side which has lesser number of moles of gas which can be understood from

the following Equation:
C0, == C0+0.50, (5.3)
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As discussed before the CO levels which were calculated were above their equilibrium levels due to
insufficient residence time. Figures 5.34 and 5.35 show the difference between actual CO levels and
equilibrium CO levels at pressure of 5 bar and 15 bar respectively. As the pressure increases, the actual
CO levels come closer their equilibrium levels. This shows that there is even a higher suppression of

CO, dissociation at high pressures.
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These results conclude that at higher pressures where gas turbines are favorable to operate on, using
EGR-oxydizer gives appreciable and lower CO levels. Even though the amount of NOx reduced is lower
at high pressures compared to that of lower pressures, using EGR-oxydizer still favours NOx reduction,

more than that of CO reduction.

1450
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5.6. Influence of H, in the fuel

The concept of introducing a blend of H, and hydrocarbon fuel is introduced to limit the instability which
can cause in the flame due to the loss in the reactivity. Mixing H, in the fuel can widen the flammability
limits due to the high reactivity factor in H,. This boosts the reaction rate. Wider flammability limits
and higher flame speeds of H, as compared to natural gas should be able to sustain non-premixed
combustion under very lean conditions[28, 52]. This study performs analysis of H, with EGR to sustain
non-premixed combustion at high EGR ratios.

Table 5.8 and 5.9 shows the composition of the oxidizer and blend of H, and NG in molar fraction
respectively. In oxidizer, the EGR composition that is used consists of 0.38% of CO, to understand the
sensitivity due to the presence of small amount of EGR. The study was carried out with reducing fuel
flow rate, while the rest of the parameters were kept constant. The oxidizer flow rate, pressure, and
the inlet temperature values were taken from the 100% gas turbine load of Table 5.1.

Table 5.8: Composition in mole fraction of Air and EGR used for the study

N, 0, o, H,0 Ar
Air | 77.29% | 20.74% | 0.03% | 1.009% | 0.9309%
EGR | 77.02% | 19.98% | 0.3755% | 1.697% | 0.9276%

Table 5.9: Composition in mole fraction of natural gas and hydrogen blend used for the study

CH, C,H, | CH; | CO, N, H,
Natural gas-100% 96.5% | 1.7% | 0.2% | 0.3% | 1.3% | -
Natural gas-80%; H,-20% | 77.2% | 1.36% | 0.16% | 0.24% | 1.04% | 20%
Natural gas-75%; H,-25% | 72.375% | 1.275% | 0.15% | 0.225% | 0.975% | 25%

5.6.1. NOx study

Figure 5.36 and 5.37 shows the amount of NOx that was calculated when introducing H, in the fuel
for air and EGR acting as oxidizer. The solid line shows the NOx levels emitted when only natural gas
is used as fuel during combustion.
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Figure 5.36: NOx emission with AIR as oxidizer Figure 5.37: NOx emission with EGR-oxydizer

The blend with highest content of H, shows higher NOx emission for both EGR-oxydizer and air. The
chemical kinetics of NOx is altered when combusting under the presence of H,. This is because H, has
high reactivity. EGR is used to slowdown these kinetics which is counteracted due to the existence of
H, during combustion. Due to hydrogen’s ability to have a stable flame, results in a sTable flame front.
This will lead to a temperature increase and thus activating thermal NOx.
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Figures 5.38 and 5.39 show the change in stoichiometric flame temperature and NOx emission with
respect to increasing H, content in the fuel for air and EGR respectively. It can be noticed that the
addition of H, in the fuel mixture leads to an increase in the stoichiometric flame temperature. This
activates the thermal NOx mechanism, thus increasing the NOx levels. Therefore showing that adding
H, into the fuel would result in an increase in NOx emission.
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5.6.2. CO study
The CO levels were calculated for air and EGR and the results can be seen in Figures 5.40 and 5.41.
The solid line indicates the CO emission from using only natural gas as fuel. Results indicate that CO
emission does not favour the addition of H, gas in the fuel. This indicates that due to a better flame
stability since the addition of hydrogen, CO emission has been reduced. When H, is combusted, the
following reactions occur:
H, + 0, == 0H+0 (5.4a)
CO+OH==C0,+H (5.4b)
When hydrogen reacts with oxygen, it breaks to form an hydroxyl radical and an oxygen radical(Equation
5.4a). This hydroxyl radical reacts with CO to form CO, (Equation 5.4b). Also due to the fact that there
is a decrease in carbon content in the fuel due to the replacement with H,, CO levels might have re-

duced. Thus, blending hydrogen in the fuel along with natural gas sees a decrease in carbon monoxide
but also a slight increase in NOx emissions.
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Conclusion

This thesis enlightened an approach on modelling non-premixed combustion using a CRN and under-
standing the NOx and CO formations for a MS5002 gas turbine combustor. All the Research questions
that were formulated at the beginning is re-introduced. This thesis is concluded by providing answers
to all those questions.

* How can non-premixed combustion in a gas turbine be modelled using a Chemical
Reactor Network?

1. The modelling of the combustor was done using a CRN method and invoking the GRI-mech
3.0 mechanism to understand the chemistry of combustion. The CRN uses two main reactors
which is a perfectly stirred reactor and a plug flow reactor. The combustor volume is split
equally between the PSR and PFR to model the flame. The first half of the combustor where
intense mixing and high temperature occurs is modelled using three PSRs (FSR, PSR post-
flame and PSR recirculation). The second half of the combustor where only radial diffusion
and non-axial interaction occurs is modelled using a PFR. The PSR models the flame sheet
reactor along with the post-flame zone and also the recirculation zone of the combustor.
Residence time is imposed on these reactors by imposing the right volume for each reactor
in this model. Flame sheet reactor models the stoichiometric combustion of the flame where
most of the NOx is released. When the fuel and oxidizer are combusted at stoichiometry
inside the flame sheet reactor, this will produce the highest temperature inside the combustor
which activates thermal NOx. FSR volume is modelled by understanding the mixture fraction
gradients inside the combustor.

2. The mixture fraction at stoichiometry describes the point where the fuel and oxidizer reacts
with each other to undergo complete combustion. This mixing field is described by the scalar
dissipation rate. The scalar dissipation rate describes the rate of mixing of fuel and oxidizer
inside the combustor after combustion. This scalar dissipation rate is used to estimate the
stoichiometric mixing field and therefore impose a flame sheet reactor volume inside the
combustor. Since, this model is used to validate turbulent combustion, molecular transport
of species, momentum and thermal energy is neglected compared to turbulent transport.
When assuming turbulent Lewis number, Prandtl number and Schmidt number to be unity,
turbulent momentum diffusivity becomes equal to turbulent mass diffusivity and thermal
diffusivity. Here, the turbulent momentum diffusivity is taken to be the eddy viscosity which
is an extension of the mixing length hypothesis for the constant density jet. After imposing
the flame sheet reactor volume, the rest of the first half of the combustor volume is divided
equally between the PSRs. The output from the FSR is given to the PSR post-flame which
then is given to a recirculation PSR on a feedback loop. Recirculation is done to recreate the
recirculation zone inside the combustor. After using the stoichiometric amount of oxidizer in
the FSR, the rest of the oxidizer which is available is divided equally between both the PSRs.
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6. Conclusion

3. Combustion is the most complex phenomenon and cannot be uniquely modelled and pre-
dicted with precision especially by using only a CRN model. The adiabatic assumption inte-
grated on the CRN model may not give the exact results and the results might be over or
under predicted. This model was developed to understand the trend when different param-
eters are changed. This CRN model gives an overview of the NOx emissions. The model
was validated by a number of different combustors. The results that were computed with
the model was then compared with the experimental. The trendline showed to be the same
and when the model and experimental data were correlated with each other, it was found
that the parameters between both the data were strongly related to each other.

* What are the emission(NOx and CO) characteristics in a non-premixed combustion in
a gas turbine with Exhaust Gas Recirculation?

1. The influence of EGR was studied for part load operations in gas turbines. It was found that
due to the introduction of EGR in the oxidizer, the NOx emission was reduced by at least 40%.
As the gas turbine load reduced, the EGR-oxydizer composition in the oxidizer increased.
Due to the replacement of of O, with CO,, the stoichiometric flame temperature reduced.
Stoichiometric fuel to air ratio reduced as gas turbine load increased, this was because
the oxidizer molecular weight reduced. Thus requiring more oxidizer flow to combust at
stoichiometry. This gives a lower stoichiometric flame temperature and thus lowering the
NOx emissions. Studying the CO levels for part load operations showed an increase in the
emission. The calculated CO levels was more than the equilibrium CO levels. This shows
that the increase in CO levels was due to insufficient residence time inside the combustor.

2. The EGR results were compared with the results when using IGV as a part load operation.
NOx released when using EGR was less due to drop in stoichiometric flame temperature
when compared to using IGV and reducing TiT. This is because IGV uses only air as it's
oxidizer and has a constant oxidizer flow rate after 80% gas turbine load. IGV and EGR had
an increase in heat capacity with reduction in gas turbine load. EGR required more amount
of fuel to burn at the same temperature due to O, depletion. CO levels with IGV operation
was much lower than that of EGR. The major difference between both the operations was
the oxidizer composition. This concludes that compared to IGV that used only air in it's
oxidizer, using EGR results in a lower NOx emission but higher CO emission levels.

3. It can be concluded that most of the NOx that is released is due to the thermal NOx activation.
As the presence of inert gases increase in the oxidizer, the reaction kinetics that produce
NOx are changed as well. A small presence of EGR in the oxidizer leads to a large reduction
in NOx and a small increase in CO emission levels. Therefore EGR can be said that it is a
useful part load technique to reduce NOXx levels in gas turbine.

+ How sensitive are the emissions (NOx and CO) to parameters such as amount of CO,
in the oxidizer, pressure, blend of H, and natural gas?

1. A study was performed to understand influence of CO, in the oxidizer. This was done
by keeping all the parameters constant and changing only the oxidizer composition and
reducing the fuel flow. This gives a constant stoichiometric flame temperature at each
oxidizer composition. As the CO,% increased in the oxidizer, it was found that the NOx
levels reduced. The least NOx was produced with highest content of CO, in the oxidizer.
As the CO,% increased, the stoichiometric flame temperature dropped. At each oxidizer
composition, due to constant flame temperature, the NOx levels were almost the same.
This showed the influence of thermal NOx mechanism in non-premixed combustion. As
the CO, content increased in the oxidizer, the CO levels also increased. The CO levels
were also higher than their equilibrium levels which is due to insufficient residence time in
the combustor. It was found through correlation that at constant TiT, an increase in CO,
content showed a strong increase in CO levels. Even though the NOx emission levels would
reduce, it looked like the formation of CO was more favourable than the reduction of NOx
emission. Thus, it is concluded that adding controlled amounts of CO, in the oxidizer would
give a reduction in NOx but also an increase in CO levels.
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2. An analysis was performed for pressures of 1 bar, 5 bar, 10 bar, and 15 bar. It was shown
that as the pressure increased, the amount of NOx levels increased for both EGR and air.
At pressure of 15 bar the amount of NOx reduced was less with EGR-oxydizer compared
to pressure at 5 bar. At higher pressures, thermal NOx is directly dependent on pressure
which favours NOx emission levels. At higher temperatures and pressures, the reaction rates
towards thermal NOx is accelerated. So at higher pressures the role of EGR in limiting the
NOx emissions is less. When studying the CO levels, at lower pressure EGR had higher
CO levels as there is more CO, content in EGR. When looking at higher pressures, the rate
of dissociation of CO, is suppressed. Even when comparing the actual CO levels to the
equilibrium CO levels, at pressure of 15 bar, both were coming close to each other. This
makes EGR to emit lower CO levels at high pressures. This study concluded that while using
EGR-oxydizer at high pressures the amount of NOx reduced is less, but it still produced lower
NOx than air. EGR-oxydizer also produced less CO, making it the most effective part load
operation for gas turbines that always operate at high pressures.

3. When studying the impact of mixing NG with H, at different blends, it was found that the
NOx levels increased with an increase of H, in the blend. It was also noticed that H, allowed
an increase in stoichiometric flame temperature temperature due to high reactivity ability of
H,. This led to an increase in thermal NOx emission. It was also shown that due to lesser
number of carbon atoms in the fuel, less CO levels were emitted. When H, reacts with
oxygen it forms a hydroxyl radical which supports the formation of CO, from CO. Therefore
this study showed that NOx levels and CO levels are still lower for EGR-oxydizer than air.
Thus concluding that a mixture of H, in the fuel would increase the NOx levels but at the
same time reduce the CO levels for both EGR-oxydizer and air.

This thesis research concluded that non-premixed combustion can be modelled using a CRN. The
results of this model only gives an overview or trend or an understanding on the emissions. Performing
parametric analysis on MS5002 gas turbine combustor concluded that EGR is definitely a very effective
part load operation to reduce NOx emissions.






Further Recommendations

This chapter will discuss all the recommendations that can improve this research work.

7.1. Implementing the model for counter-flow diffusion flame

Modelling counter-flow diffusion flame can be helpful in understanding the burners which incorporate
this type of diffusion flame. One dimensional diffusion flames are essentially represented by the counter
flow flames. The CRN model in this research is created for a co-flow diffusion flame. Most of the jets,
use counter-flow combustion where oxidizer and fuel are injected at opposite directions to each other.
The mixing and turbulence is far greater than co-flow diffusion flames. The scalar dissipation rate is
calculated using the strain rate of the diffusion flame. This strain rate is caused due to the interaction
between the oxidizer and fuel when coming in contact with each other and forms a stagnation point.
This strain rate provides an important information about the extinction and ignition of the flame.

7.2. Implementing heat loss in the model

This model incorporates adiabatic combustion, which means that it does not take into the effects of
heat loss are any other cooling effects. This isn't true in reality when it comes to combustion inside gas
turbines. So, the turbine inlet temperature that is obtained using this model in reality is less when taking
heat loss into consideration. When convective and radiative heat losses are implemented, there would
be a difference in the local temperature inside the combustor and thus giving changes in NOx emissions
that is recorded at the PFR. Heat loss can be implemented by creating a wall in cantera between the
PFR and the outside environment(modelled as a resevoir). When defining the heat transfer coefficient
between the wall PFR and the wall, the heat is extracted from the PFR and given to the environment.
Fractional heat loss can be defined to know how much of the heat should be extracted. Implementing
this would give a much better prediction of the NOx emissions by the model.

7.3. Creating a hybrid CFD-CRN model

In the current model, the flow field is only assumed and chemical reactors are split based on mixture
fraction gradients and residence times. As explained in the literature, creating a hybrid CFD-CRN model
will give a better NOx emission values. CFD can be used to extract the flow field information during
combustion and also implement turbulence. This information can then by given as as input to the
CRN model. The CRN model applied all the reduced and simplified chemistry to calculate the NOx
emissions. The size of the grid and the computed velocities can provide information of local combusted
zones which can be modelled as PSRs. This could lead to a large increase in computation time, but it
can improve the accuracy of NOx emissions as well substantially.
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First CRN Design

There were two different CRN layouts that was drafted initially based on the combustor and program
settings. The final layout has been discussed in Chapter-3. Both the CRN layouts showed promising
results, but only one of them was finalized due to it's affinity to model the recirculation zone of the
flame. In the first layout that was initially modeled, recirculation (modelling the recirculation zone) was
done by making the products of the final PSR given a reverse direction back to the initial PSR as seen
in Figure A.1. This was done to understand how cantera solved the CRN model. To understand if each
PSR would take the product of it's subsequent PSR as an incoming reactant or just add the incoming
reactant along with the combusted product which is present inside the reactor. Recirculation through
swirling results in the formation of toroidal recirculation zones. Recirculation also reduces combustion
lengths by producing high rates of entrainment of the ambient fluid and fast mixing, especially near to
the boundaries of recirculation zones.

It was seen that cantera did not recognise the incoming products being given as an input to each PSR.
Instead the recirculation was recognised as an addition to the combusted product and not complete
mixing. Increasing the recirculation, increased the NOx production and then after 20% recirculation
the NOx coming out of each PSR dropped but the final NOx recorded at PFR stayed steadily high which
did not make sense. This led to finalizing the second layout.
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Figure A.1: The first CRN layout created
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Figure A.2 shows the results of increasing the recirculation between the PSRs. When the recircula-
tion increased, the NOx increased coming out of each PSR upto the point of 20% apart from the NOx
coming out of the FSR. After that as the recirculation increased, the NOx reduced as well other than
that of the NOx coming out of the PFR. There was a large difference in the NOx coming out each PSR
and to the one recorded at PFR. This made the fact that the recirculation zone cannot be regulated us-
ing this layout and should be kept always at 100%. Even though the CRN layout at 100% recirculation
showed promising NOx results and most of it was from the FSR. This CRN layout was not chosen as
the final layout to perform the parametric analysis, but can still be used to calculate NOx emissions.
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Figure A.2: The results of the recirculation using the first CRN layout



Turbulent diffusion scaling

To understand the turbulent diffusion rate for non-premixed combustion at macro-scale or micro-scale,
a scaling analysis can be performed to relate each parameter of the eddies to the diffusion rate. The
scaling analysis is done for an axis-symmetric turbulent jet flow. The mixing length hypothesis helps
in understanding eddy viscosity (v.,,,) Which is Prandtl’s hypothesis [53]. For a given turbulent flow,
the turbulent viscosity is proportional to the product of the fluid density and a characteristic kinematic
eddy viscosity [53] (i.e.):

Heurb = Viurb * P (B.1)

A simple dimensional analysis shows that the eddy viscosity relates to the length over which there is
high interaction of vortices in a turbulent flow field [53],

Veurb ~ lm * Uturb (B.Z)

where, U, is the turbulent velocity of the fuel jet.

In an one Equation model, the turbulent kinetic energy can be expressed as:
1 — — —
k= E(u2 + v2 + w?) (B.3)

So, the above Equation can be scaled and related to the turbulent viscosity giving the following relation
of turbulent viscosity to turbulent kinetic energy,

Veurb ~ lm *\/E (B-4)

Now turbulent viscosity is expressed in terms of the turbulent kinetic energy, so a PDE is developed
for turbulent kinetic energy which makes the turbulent stress and turbulent fluxes as functions of the
kinetic energy,

5 3%, = —puiuja—xj — BGipUitareeeeenn, (P, + Gy) (B.5)
9 1 — __ ok
- a—xj(zpui uj +pu; — ua—xj) .................. (D) (B.6)
U, aU;
_“a_xja_xj ............... (€1) (B.7)

where, ¢ is the turbulent dissipation rate, and from dimensional analysis we obtain,

[ 3
aU; oU; k=2
s (B.8)

€=M, %, I
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By, rearranging Equation B.4 in terms of turbulent kinetic energy, eddy viscosity can be scaled with
turbulent dissipation rate.

1 Vturb 3 (Vturb)3
_( ) ~ 7

b~ lm lm
Now, after relating the mixing length and eddy viscosity to the turbulent dissipation rate, next step is
to define the mixing length with relation to the free flowing axis-symmetric turbulent jet. For a wide

variety of flows, the mixing length functions are given by Launder et al [54]. For a free axis-symmetric
jet, mixing length is defined by [15] as,

E~

(B.9)

lm = 0.075699% (B.].O)

where, 8449, is the half-width measured from the jet-centerline to the radial location where the maximum
axial velocity is decayed by 1% of it's centerline value. Since, 6444, grows with increasing axial distance
from the centre of the fuel nozzle, the mixing length can be known as a function of the axial distance
as well and can be scaled to the axial distance from the origin.

b ~ x (B.11)

where x is defined as the axial distance at every point from the origin. Stephen R Turns derives the
eddy viscosity for an axis-symmetric turbulent jet and defines it as [15],

Veurs = 0.0285U4y 4R (B.12)

where, R is the radius of the fuel nozzle. By scaling all of this to the turbulent dissipation rate we get
the following relation:

(UturbR)3

€ ~ T

With this relation, it is evident that the turbulent dissipation rate reduces as the axial distance from the
origin of the jet increases which can be seen in Figure B.1

(B.13)

0.0008 -

0.0006 -

0.0004 -

0.0002 -

Turbulent dissipation rate (m2/sec3)

0.0000 -

T T T T T

025 050 075 100 125 150 175 200
Length of combustor

Figure B.1: Turbulent dissipation rate along the length of the combustor

From Figure B.1 the turbulent dissipation rate drops exponentially as the distance from the centre of
the fuel inlet nozzle is increased. So, the turbulent dissipation rate is calculated at 10% of the length of
the combustor which is used to find the scalar dissipation rate at stoichiometry. This can be understood
as the highest turbulent diffusion occurs near the inlet of the combustor as the fuel and oxidizer mix
instantaneously.



PFR model in cantera

In cantera the plug flow reactor is modelled in two ways:

1. Flowreactor( ): There is a built-in module inside cantera that can simulate steady state plug
flow reactor. This can be done only with a fixed cross sectional area. Along the length of the
combustor time integration is applied and is a part of the module. This module cannot implement
mass flow controllers and valves and therefore can sustain pressure loss. This would violate the
assumption of 100% combustor efficiency.

2. PSRs in series: In cantera PFR can be modelled also by using PSRs in series. As explained in
the Chapter-2, PFR assumes that there is only radial diffusion and not axial diffusion. Using this
assumption, the PFR volume is spatially discretized as a series of 1000 PSRs (the number can be
changed) and then it is integrated individually. The output of the PSR is given as an input to the
next subsequent PSR. All these PSRs are placed according to the PFR length which is described
by the USER based on the combustor length. This way of creating PFR has been also used and
recommended by Vaibhav Prakash [13] and Rosati[44] in their respective thesis. This way of
integrating the PFR into cantera has been proved to produce good results and thus has been
used in this thesis as well. Figure C.1 shows how the PFR is discretized as a series of PSRs.

Figure C.1: PFR represented as series of PSRs

_— I PSR 1 PSR 2
eservoir
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