
 

 

Detached Eddy Simulation of Partially Premixed Unstable 

Flames  

 

 

                                                            By 

                                            Shadab Ejaz 

                                    (Registration No: 00000330213) 

 

                      Department of Computational Engineering 

            School of Interdisciplinary Engineering and Sciences 

          National University of Sciences & Technology (NUST) 

                                      Islamabad, Pakistan 

                                           October 2024  



 

 

Detached Eddy Simulation of Partially Premixed Unstable 

Flames 

 

 

 

                                      

                                                        By 

                                            Shadab Ejaz 

                                    (Registration No: 00000330213) 

A thesis submitted to the National University of Sciences and Technology, Islamabad,  

in partial fulfillment of the requirements for the degree of 

Master of Science in 

Computational Science and Engineering 

                                       Supervisor: Dr. Absaar Ul Jabbar 

 

               School of Interdisciplinary Engineering and Sciences 

             National University of Sciences & Technology (NUST) 

                                       Islamabad, Pakistan 

                                                     October 2024  



 

 

  



 

 

AUTHOR’S DECLARATION 

I Shadab Ejaz hereby state that my MS thesis titled “Detached Eddy Simulation of Partially 

Premixed Unstable Flames” is my own work and has not been submitted previously by me 

for taking any degree from National University of Sciences and Technology, Islamabad or 

anywhere else in the country/ world. 

At any time if my statement is found to be incorrect even after I graduate, the university 

has the right to withdraw my MS degree. 

 

                                                                      Name of Student: Shadab Ejaz 

                                             Date: 10th October 2024  



 

 

PLAGIARISM UNDERTAKING 

I solemnly declare that research work presented in the thesis titled “Detached Eddy 

Simulation of Partially Premixed Unstable Flames” is solely my research work with no 

significant contribution from any other person. Small contribution/ help wherever taken 

has been duly acknowledged and that complete thesis has been written by me. 

I understand the zero-tolerance policy of the HEC and National University of Sciences and 

Technology (NUST), Islamabad towards plagiarism. Therefore, I as an author of the above 

titled thesis declare that no portion of my thesis has been plagiarized and any material used 

as reference is properly referred/cited. 

I undertake that if I am found guilty of any formal plagiarism in the above titled thesis even 

after award of MS degree, the University reserves the rights to withdraw/revoke my MS 

degree and that HEC and NUST, Islamabad has the right to publish my name on the 

HEC/University website on which names of students are placed who submitted plagiarized 

thesis. 

Student Signature:  

                                                       Name:  Shadab Ejaz  



 

 

DEDICATION 

 

 

This work is dedicated to my family, who has always been a source of unwavering 

support and constant motivation for me in all my endeavours 

 

 

 

 

 

 

 

 

 

 

 



1 

ACKNOWLEDGEMENTS 

 

I am thankful to my family for their unconditional support and motivation. I also owe a great 

deal of gratitude to my supervisor, Dr. Absaar Ul Jabbar, for his guidance over the course of 

this thesis. I would also like to thank Mr. Hafiz Ali Haider Sehole for facilitating my 

understanding of the thesis-related topics. Lastly, I would like to thank Mr. Abdul Haseeb 

Lodhi, for generously lending me his computational resources so that I could complete my 

analysis in time for post processing and documentation. 

 

 

 

 

 

 

 

  



2 

TABLE OF CONTENTS 

TABLE OF CONTENTS 2 

LIST OF TABLES 4 

LIST OF FIGURES 5 

LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS 7 

ABSTRACT 14 

Chapter 1: Introduction 15 

1.1 Numerical Combustion Modelling 16 

1.2 Reaction Kinetics in Combustion Modelling 16 

1.3 Fuel-lean Combustion 16 

1.4 Combustion Regimes 17 

1.5 Problem Statement 18 

1.6 Thesis Objectives 18 

1.7 Methodology 19 

1.8 Thesis Outline 19 

Chapter 2: NUMERICAL MODELLING OF TURBULENT COMBUSTION 20 

2.1 Turbulence Modelling 22 

2.1.1 Reynolds Averaged Navier Stokes (RANS) 22 

2.1.2 Large Eddy Simulations 23 

2.1.3 Detached Eddy Simulations 24 

2.2 Numerical Modelling of Combustion Regimes 25 

2.2.1 Non-Premixed Combustion 26 

2.2.2 Premixed Combustion 26 

2.2.3 Partially Premixed Combustion 28 

2.3 Combustion Models 31 

2.3.1 Eddy Dissipation Concept 31 

2.3.2 Flamelet/Progress Variable Approach 33 

2.3.3 Eddy Dissipation Model 36 

2.3.4 Flamelet Generated Manifold 38 



3 

2.3.5 Conditional Moment Closure 39 

2.3.6 LES-Thickened Flame Model (LES-TFM) 40 

2.4 Reaction Kinetics in Combustion Modelling 41 

2.5 Chemical Kinetic Mechanisms 42 

2.5.1 Global Mechanisms 42 

2.5.2 Detailed chemistry and reduced detailed mechanisms 43 

Chapter 3: LITERATURE REVIEW 44 

3.1 Benchmark experimental case study 44 

3.2 Overview of the investigated experimental cases 46 

3.3 Numerical case studies differentiated by combustion model 47 

3.3.1 Eddy Dissipation Concept 47 

3.3.2 Flamelet/Progress Variable Approach 48 

3.3.3 Eddy Dissipation Model 49 

3.3.4 Flamelet Generated Manifold 49 

3.3.5 Conditional Moment Closure 49 

3.3.6 LES-Thickened Flame Model 49 

3.4 Numerical case studies differentiated by chemical kinetic mechanism 50 

3.5 Comparative overview of the case studies 51 

3.6 Research gap based on literature review 52 

Chapter 4: METHODOLOGY 55 

4.1 Review of the case studies 55 

4.2 Numerical Setup 56 

4.2.1 Computational Domain 56 

4.2.2 Boundary Conditions 57 

4.2.3 Solution 57 

4.2.4 Post Processing and documentation 57 

Chapter 5: RESULTS AND DISCUSSION 60 

5.1 Numerical Validation Analysis with model comparison 60 

5.2 Parametric analysis results 72 

Chapter 6: CONCLUSION 81 

6.1 Future Recommendations 81 



4 

 

LIST OF TABLES 

Page No. 

Table 2.1: Characteristics of combustion regimes ......................................................... 30 
Table 3.1: Characteristics of the 3 cases investigated in the DLR dual swirl experimental 

study ......................................................................................................................................... 47 
Table 3.2: Numerical Analyses of the "Flame A" case of the DLR experimental study

.................................................................................................................................................. 52 
Table 3.3: Numerical Analyses of the "Flame B" case of the DLR experimental study

.................................................................................................................................................. 53 
Table 3.4: Numerical Analyses of the "Flame C" case of the DLR experimental study

.................................................................................................................................................. 54 
Table 4.1: Boundary Conditions for the lean flame numerical analysis ........................ 58 

 

 

 

 

 

 

 

 

 

 

  



5 

LIST OF FIGURES 

Page No. 

Figure 1.1: Configurations associated with premixed (left) and non-premixed (right) 

regimes respectively [10] ......................................................................................................... 17 
Figure 2.1: The S-shaped curve obtained by solving steady-flamelet equations [57] .. 34 
Figure 3.1: 2D schematic diagram of the DLR dual-swirl combustion chamber (left) and 

top view of the inlet nozzles with fuel channels (right) ........................................................... 46 
Figure 4.1: 2D schematic diagram of the DLR dual-swirl combustion chamber (left) and 

3D computational domain of the combustor (right) ................................................................ 58 
Figure 4.2 Inner and Outer air swirler configuration in the 3D computational domain 

(left) and top view of the fuel inlet channels (blue) in the swirler assembly (right) ................ 58 
Figure 4.3: Flowchart of the thesis methodology .......................................................... 59 
Figure 5.1: Time-averaged axial velocity contours for the FPV (left) and EDC (right) 

models respectively, with IRZ outlines shown ........................................................................ 61 
Figure 5.2: IRZ (u=0) isolines for FPV and EDC combustion models compared with the 

experimental results ................................................................................................................. 62 
Figure 5.3: Axial velocity profiles for FPV (red) and EDC (yellow) combustion models 

compared with the experimental results .................................................................................. 62 
Figure 5.4: Radial velocity profiles for FPV and EDC combustion models compared 

with the experimental results ................................................................................................... 63 
Figure 5.5: Swirl velocity profiles for FPV and EDC combustion models compared with 

the experimental results ........................................................................................................... 64 
Figure 5.6: Temperature profiles for FPV and EDC combustion models compared with 

the experimental results ........................................................................................................... 65 
Figure 5.7: FPV mean mixture fraction results compared with the experimental results

.................................................................................................................................................. 66 
Figure 5.8: CH4 mass fraction profiles EDC combustion model compared with the 

experimental results ................................................................................................................. 66 
Figure 5.9: Axial velocity RMS fluctuations for FPV and EDC models ...................... 67 
Figure 5.10: Radial velocity RMS fluctuations for FPV and EDC models .................. 67 
Figure 5.11: Swirl velocity RMS fluctuations for FPV and EDC models .................... 68 
Figure 5.12: Temperature RMS fluctuations for FPV and EDC models ....................... 68 
Figure 5.13: Mean velocity streamlines for the FPV model (left image), instantaneous 

(left-half) and mean axial velocity (right-half) contours for FPV (right image) ..................... 70 
Figure 5.14: Instantaneous (left half) and mean axial velocity (right half) contours for 

EDC.......................................................................................................................................... 70 
Figure 5.15: instantaneous (left half) and mean (right half) temperature contours for FPV

.................................................................................................................................................. 71 
Figure 5.16: instantaneous (left half) and mean (right half) temperature contours for 

EDC.......................................................................................................................................... 71 
Figure 5.17: instantaneous (left) and mean (right) mixture fraction contours for the FPV 

model with lean flammability limit isolines (f = 0.0465) ........................................................ 72 
Figure 5.18: Mean u=0 isolines (IRZ shear layer) comparison between three dual swirl 

combustor configurations with increasing swirler angles ........................................................ 74 
Figure 5.19: Mean Axial Velocity comparison between three dual swirl combustor 

configurations with increasing swirler angles .......................................................................... 76 



6 

Figure 5.20: Mean radial velocity comparison between three dual swirl combustor 

configurations with increasing swirler angles .......................................................................... 76 
Figure 5.21: Mean swirl velocity comparison between three dual swirl combustor 

configurations with increasing swirler angles .......................................................................... 77 
Figure 5.22: Axial Velocity contours of instantaneous (left half) and mean (right half) 

values for the 64 degrees configurations with u = 0 isolines ................................................... 77 
Figure 5.23: Mean temperature comparison between three dual swirl combustor 

configurations with increasing swirler angles .......................................................................... 78 
Figure 5.24: Mean mixture fraction comparison between three dual swirl combustor 

configurations with increasing swirler angles .......................................................................... 79 
Figure 5.25: Temperature contours of instantaneous (left half) and mean (right half) 

values for the 64 degrees configurations with u = 0 isolines ................................................... 79 
Figure 5.26 instantaneous (left) and mean (right) mixture fraction contours for the 64 

degrees configuration with lean flammability limit (f = 0.0465) isolines ............................... 80 

 

 

 

  



7 

LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS 

Abbreviation Full Term 

CFD Computational Fluid Dynamics 

PDF Probability Density Function 

NOx Oxides of Nitrogen 

DLR German Aerospace Center 

DES Detached Eddy Simulations 

FPV Flamelet/Progress Variable  

EDC Eddy Dissipation Concept 

SAS Scale Adaptive Simulation 

DNS Direct Numerical Simulation 

RANS Reynolds Averaged Navier-Stokes 

URANS Unsteady Reynolds Averaged Navier-Stokes 

LES Large Eddy Simulations 

EDM-FRC Eddy Dissipation Model-Finite Rate Chemistry 

FGM Flamelet Generated Manifold 

CMC Conditional Moment Closure 

TFM Thickened Flame Model 



8 

ORZ Outer Recirculation Zone 

IRZ Inner Recirculation Zone 

SST Shear Stress Transport 

SGS Subgrid Scale 

RSM Reynolds Stress Model 

RMS Root-Mean-Square 

PSR Perfectly stirred reactor 

PFR Plug flow reactor 

  



9 

List of Symbols 
 

𝜌 Density 

𝑦𝑖 Mass fraction of species 𝑖   

𝒖 Velocity vector 

𝑡 time 

𝑽𝑖 Mass diffusion velocity of species 𝑖 

𝑤𝑖 Chemical production rate of species 𝑖 

𝑁𝑠 Number of chemical species 

𝑝 Normal stress 

τ Viscous stress tensor 

𝑓𝑖 body force per unit mass of the species 𝑖 

𝜇 Molecular viscosity 

𝐒 Strain rate tensor 

𝜇𝐵 Bulk viscosity 

𝐈 Identity Tensor 

𝑒 Mixture internal energy per unit mass 

𝑘 Kinetic energy per unit mass 

𝒒 Heat flux vector 



10 

𝜅 Thermal conductivity 

𝑇 Temperature 

ℎ𝑖 Enthalpy per unit mass of the species 𝑖 

𝑅̂ Universal gas constant 

𝐷𝑇,𝑖 Thermal mass diffusion coefficient of species 𝑖 

𝐷𝑖𝑗 Binary mass diffusion coefficient matrix 

𝑥𝑗 Mole fraction of species 𝑗 

𝒒𝑹 Radiative Heat Flux vector  

𝑀𝑖 molecular mass of species 𝑖 

𝑈̅ Mean velocity 

𝑢′ Transient velocity fluctuations 

𝐺 LES filter function 

∆ LES filter cutoff width 

𝜏𝑖𝑗 SGS stress tensor 

𝑆𝑖𝑗̅̅̅̅  LES resolved scale strain rate 

𝐶𝑠 Smagorinsky constant 

𝜔 Specific dissipation rate 

𝛽∗ DES model constant for LES-like behaviour formulation 



11 

𝐷𝑎 Damkohler Number 

τχ Diffusive time scale 

τc Chemical time scale 

   uL/sL Laminar flame speed  

𝑐 Reaction progress variable 

𝐿𝑒 Lewis number 

δ𝐿 Laminar flame thickness 

𝑢𝑇 Turbulent flame thickness 

χst Scalar dissipation rate 

𝑍 Mixture fraction 

ℓ Turbulent length scale 

ℓ𝐹 Flame thickness 

𝑢𝑇,𝑝 Mean partially-premixed turbulent velocity 

𝑃̃ Filtered probability 

𝜁 EDC length fraction of fine structures 

τ∗ EDC time scale for mass exchange 

𝑐𝜁 EDC volume constant 

𝜈 Kinematic viscosity 



12 

𝜖 Turbulent dissipation rate 

𝑅𝑖̅ Reaction rate of fine structures in EDC 

𝑌𝑖
∗ Fine structure mass fraction of species 𝑖 

𝜒 Reacting fraction of fine structures (EDC) 

𝑌𝑖
° Bulk fluid mass fraction of 𝑖𝑡ℎspecies (EDC) 

𝜑 Species mass fraction vector (FPV) 

𝜔 Chemical source term (FPV) 

𝛼𝑡 Turbulent diffusivity (FPV) 

𝛼𝑧 Mixture fraction diffusivity (FPV) 

𝛼𝐶 Progress variable diffusivity (FPV) 

∅(𝑍, 𝐶) Scalar as a function of 𝑍 and 𝐶 (FPV) 

𝑃̃(𝑍, 𝐶) Joint subgrid probability density function (FPV) 

𝛹0 Flamelet library parametric variable (FPV) 

𝑅𝐹 Fuel reaction rate (EDM) 

𝑐𝑓̅ Mean fuel concentration (EDM) 

𝜀 Turbulent kinetic energy scalar dissipation rate (EDM) 

𝑟𝑓 Stoichiometric mass flow rate of oxygen (EDM) 

[𝐼] Concentration of species I 



13 

𝐴 Reactant limiting constant (EDM) 

𝐵 Product limiting constant (EDM) 

𝑊𝐼 Molecular weight of the species 𝐼 (EDM) 

𝐹𝑆 Forward reaction rate (EDM-FRC) 

𝐵𝑆 Backward reaction rate (EDM-FRC) 

𝑚 Mass flow rate 

𝑄𝑖 LES-CMC conditioning filter 

𝜂 Local mixture fraction space (LES-CMC) 

𝜓𝜂 Fine-grained PDF (LES-CMC) 

𝑾̃ Filtered chemical source term (LES-CMC) 

𝑞𝑅𝜂̃ Conditionally filtered radiation term (LES-CMC) 

𝑇𝑎 Activation temperature (LES-TFM) 

Σ SGS flame surface density (LES-TFM) 

Ξ SGS flame wrinkling factor (LES-TFM) 

  

 

  



14 

ABSTRACT 

 

 

Fuel-lean combustion is an area of significant interest in the domain of numerical combustion 

modelling as it results in the lowering of the emissions of pollutants like CO and NOx from the 

combustion chamber. However, the application of fuel-lean combustion also leads to flame 

blowout, which is why flame stabilization mechanisms like the imparting of swirling motion 

to the reactants are important to bring the instabilities resulting from lean combustion under 

control.  This work presents the numerical simulation of a benchmark experimental analysis of 

lean combustion in a dual swirl partially premixed combustor using the Flamelet/Progress 

Variable (FPV) and Eddy Dissipation Concept (EDC) combustion modelling techniques along 

with the Detached Eddy Simulations turbulence modelling approach. Performance of each 

model is analyzed based on its accuracy in capturing time-averaged parameters like axial, radial 

and swirl velocities, temperatures, mixture fractions and species mass fractions, along with 

important flow features like the development of recirculation zones. The numerical simulations 

were set up and executed in the ANSYS Fluent CFD solver, and the reaction kinetics for the 

Eddy Dissipation Concept were modelled using the GRI Mech 2.11 chemical kinetic 

mechanism. The FPV approach achieved a considerably higher level of accuracy in capturing 

the thermochemical parameters compared to EDC, which significantly overpredicted the fuel 

consumption rate and time-averaged temperatures, while also predicting an unconventional 

inner recirculation zone profile. Following the validation analysis, a parametric analysis was 

performed using three combustor configurations featuring distinct inner swirler angles of 60, 

62, and 64 degrees respectively. The major differences between the predicted flow features of 

the three geometries included a broadened inner recirculation zone for the 62 degrees 

configuration and a considerably narrow inner recirculation zone for the 64 degrees 

configuration, which also predicted a highly pronounced outer recirculation zone where mixing 

and reactions dominated as opposed to the inner recirculation zone. 

Keywords: partially premixed combustion, recirculation zone, detached eddy simulations, 

flamelet progress variable, eddy dissipation concept, Mixture fraction 
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Chapter 1: Introduction 

Gas turbine combustors have the utmost importance in the aviation industry, as they are 

used to power the aero engines for thrust generation. Increasing air traffic over the years has 

continued to raise environmental concerns, as the gas turbine emissions contain harmful 

combustion byproducts like CO and NOx that contribute to the climate crisis [1], due to which 

various regulations have been passed over the years by the International Civil Aviation 

Organization (ICAO) committee on Aviation Environmental Protection (CAEP) to limit the 

emission of pollutant gases [2]. To keep in line with the ever-updating regulations limiting the 

harmful aero emissions, gas turbine combustion technology has also experienced continuous 

upgrades and modifications over the years. One such approach is lean combustion, which is 

characterized by the reduction of fuel from the prescribed stoichiometric ratio for hydrocarbon 

burning [3]. While lean combustion reduces the concentration of NOx and CO in the emissions, 

it also leads to instabilities in the combustion process like blowoff [4][5] and thermoacoustic 

oscillations [6][7], which are caused by inefficient mixing due to deviation from stoichiometric 

ratio. One of the methods to overcome the problem of inefficient mixing in lean combustion is 

the introduction of components that ensure quick, efficient mixing, like swirlers, which impart 

angular momentum to the incoming stream of air, leading to rapid mixing between the reactants 

upon entering the chamber.  

Stabilization of lean flames approaching the blowoff limit is a topic of special interest in 

the field of computational fluid dynamics because of the reduction in pollutant emissions 

associated with it in practical applications. Various Numerical studies over the years have 

investigated lean combustion for various applications, and testing of various numerical models 

to replicate lean combustion in different configurations is important in developing an 

acceptable trade-off between computational efficiency and accuracy. An important benchmark 

study in this context is the analysis of dual swirl, partially premixed combustion in a gas turbine 

combustor by DLR [8][9] which has spurned various numerical validation studies testing the 

accuracy of different turbulence and combustion modelling techniques respectively.  

This thesis aims to perform a numerical validation analysis of the experimental 

investigation of lean partially premixed flames by DLR using the turbulence-chemistry 

modelling framework provided in ANSYS Fluent, which will be done on a 3D computational 

domain consisting of the experimental setup. 
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1.1 Numerical Combustion Modelling 

In computational fluid dynamics, combustion modelling is considered one of the most 

computationally intensive domains. A conventional flow analysis solves the momentum, 

continuity, and energy equations to resolve, or directly simulate the turbulent flow features, 

which are guided by the initial and boundary conditions. For the numerical analysis of 

combustion phenomena, however, an additional layer of complexity is added by the turbulence-

chemistry interactions. Besides turbulence modelling, a combustion analysis requires the 

incorporation of additional equations to solve for species production and consumption resulting 

from chemical reactions, as well as the determination of flame dynamics [10]. These equations 

are then coupled with the turbulence model to determine species distribution and the overall 

flow features.  

1.2 Reaction Kinetics in Combustion Modelling 

The accuracy of any combustion analysis is significantly dictated by the level of detail 

with which the reaction kinetics are incorporated. A combustion process realistically consists 

of several reaction steps consisting of different species, each with distinct reaction rates that 

are nonlinear functions of physical and chemical parameters. However, the need for reduction 

of the computational cost of such analyses requires a simplification of the reaction kinetics. 

The simplest way to do so is to assume fast (one-step) chemistry, in which the reactants are 

instantly oxidized without any intermediary reaction steps. While this approach suits relatively 

simpler numerical setups, more complex setups require a greater level of detail to capture the 

flow dynamics more accurately. For such cases, there exist reaction kinetic mechanisms that 

are significantly reduced from the detailed mechanisms but incorporate a greater level of detail 

compared to fast chemistry [11].  

1.3 Fuel-lean Combustion 

Fuel-lean, or simply lean combustion, has garnered a great deal of research interest in 

numerical and experimental combustion studies over the years. The main principle behind lean 

combustion is the reduction of the mass flow rate of fuel from the prescribed stoichiometric 

value (the flow rate of the fuel required for the reactants to be completely consumed in a 

chemical reaction). While the reduction of the fuel flow rate from the stoichiometric value can 

lead to unstable combustion, a major benefit of this approach is the reduction of the production 

of pollutants like oxides of nitrogen (NOx) [12]. For this reason, combustion applications in 
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various industries rely on fuel-lean combustion to keep in line with the environmental 

regulations to ensure minimum emissions of pollutants.  

1.4 Combustion Regimes 

An important aspect of numerical combustion modelling is the classification of the 

combustion regime most suited to the computational setup. The three major categories of 

combustion regimes are non-premixed, premixed, and partially premixed respectively. While 

numerical modelling approaches distinguishing each regime will be covered in the next 

chapter, their basic differences can be best explained in terms of the combustor configurations 

associated with each regime. Non-premixed combustion is characterized by the introduction of 

reactants directly into the chamber from separate streams and allowing them to achieve 

stoichiometric mixing within the chamber through diffusion, as shown in figure 1.1. As non-

premixed combustion relies on diffusive mixing, the resulting flames are referred to as 

diffusion flames. Combustor configurations associated with the premixed regime have a 

separate compartment ahead of the chamber called plenum, in which the reactants are allowed 

to perfectly mix before being introduced to the chamber, as seen in figure 1.1. Partially 

premixed combustion, as the name suggests, is a trade-off between the other two regimes. The 

configuration of a partially premixed combustor resembles that of a non-premixed one, but an 

additional component placed ahead of the chamber imparts angular momentum to the incoming 

reactants, causing them to mix rapidly upon entering the chamber, which results in a mixing 

process that is guided evenly by diffusion and turbulence. 

 

Figure 1.1: Configurations associated with premixed (left) and non-premixed (right) regimes 

respectively [10] 
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1.5 Problem Statement 

Despite the advancement in computational capabilities to simulate turbulent combustion, 

high fidelity modelling approaches for combustion analysis are still considered 

computationally expensive, and there is still room for application of numerical models for 

validating the benchmark experimental case mentioned above which achieves a compromise 

in the computational cost without degrading the replication of the experimental results to a 

great degree. One such modelling technique is the Detached Eddy Simulations (DES) 

turbulence model, and it remains to be investigated whether it achieves an acceptable tradeoff 

between computational cost and accuracy in replicating the results of partially premixed 

unstable flames that are near the extinction limit.  

Another relatively unexplored area in combustion modelling is the investigation of flow 

features as the result of varying combustor geometry, which could be important in observing 

the level at which certain physical and numerical factors influence the prediction of turbulence-

chemistry interactions. 

1.6 Thesis Objectives 

The numerical studies conducted over the years validating the DLR experimental 

analysis have utilized various turbulence models, combustion models, and chemical kinetic 

mechanisms. As per the author’s knowledge, no such validation analysis has been conducted 

using the Detached Eddy Simulations (DES) turbulence model, and no parametric study 

involving the lean combustion analysis conducted in this experimental study has been found in 

the public domain either. Based on this research gap, the main objectives of this study are as 

follows: 

• Numerical validation analysis of the fuel-lean combustion case of the DLR dual swirl 

experimental study using the Detached Eddy Simulations (DES) turbulence model. 

• A comparative analysis between the predictions of two different combustion models 

and chemical kinetic mechanism combinations, namely 1) Eddy Dissipation Concept 

and GRI-Mech 2.11, and 2) Flamelet/Progress Variable approach and joint PDF 

approach. 

• A parametric analysis involving the variation of the inner swirler angles of the 

combustor geometry to observe the changes in flow features and turbulence-chemistry 

interactions resulting from increasing swirler angles. 
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• A comparison between the results of this study and similar numerical studies 

undertaken in the past to determine the accuracy of the numerical setup utilized. 

1.7 Methodology 

The study was initiated by a literature review of the benchmark experimental study 

followed by a review of the numerical modelling techniques and studies focused on turbulent 

combustion, through which the research gap was determined. This was followed by the 

numerical setup of the domain and a preliminary simulation of non-reactive flow. Based on the 

observations of the non-reactive analysis, the combustion model was applied, and the unsteady 

reactive flow was simulated. The final step was post processing, in which results were obtained. 

1.8 Thesis Outline 

The outline of this thesis is as follows. Chapter 2 overviews the fundamental concepts 

and modelling techniques used for turbulent combustion modelling, chapter 3 presents a 

literature review of the benchmark experimental study and relevant numerical case studies, 

chapter 4 presents the methodology adopted in determining the novelty of research and the 

numerical setup, chapter 5 discusses the simulation results, while chapter 6 presents the 

conclusions derived from this analysis. 
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Chapter 2: NUMERICAL MODELLING OF TURBULENT 

COMBUSTION 

Compared to non-reactive flow, numerical modelling of combustion is relatively more 

complex and more computationally intensive. This is because the governing equations to solve 

for turbulent reactive flow not only have to model the turbulent conditions, but also must take 

the turbulence-chemistry interactions into account. 

The three major factors dictating numerical setup, and subsequently the requirement of 

computational resources for a combustion-related problem are 1) Turbulence model, 2) 

Combustion model, and 3) Chemical Kinetic Mechanism. The basic governing equations for 

gaseous combustion of ideal gases, which are valid for thermodynamic equilibrium and 

chemical nonequilibrium are given as follows [13], 

Species: 

𝜕𝜌𝑦𝑖
𝜕𝑡

+ ∇. (𝜌𝒖𝑦𝑖) =  −∇. (𝜌𝑽𝑖𝑦𝑖) + 𝜌𝑤𝑖,       𝑖 = 1,… , 𝑁𝑠 (2.1) 

Where 𝜌 represents the species density, 𝑦𝑖 represents species mass fraction, 𝒖 is the 

velocity vector, 𝑽𝑖 is the mass diffusion velocity of species 𝑖, and 𝑤𝑖 is the chemical 

production rate of species 𝑖, and 𝑁𝑠 denotes the number of chemical species 

Mass: 

𝜕𝜌𝒖

𝜕𝑡
+ ∇. (𝜌𝒖) =  0 (2.2) 

 

Momentum: 

𝜕𝜌𝒖

𝜕𝑡
+ ∇. (𝜌𝒖𝒖) =  −∇𝑝 + ∇. τ + ρ∑𝑦𝑖𝑓𝑖

𝑖

 (2.3) 

Where the normal stress is denoted by 𝑝, τ is the viscous stress tensor, and 𝑓𝑖 is the 

body force per unit mass of the species 𝑖. 

Viscous stress: 
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τ =  2𝜇 [𝐒 − 
1

3
(∇. 𝒖)𝐈] + 𝜇𝐵(∇. 𝒖)𝐈 (2.4) 

where 𝜇 is the molecular viscosity, 𝐒 is the strain-rate tensor 𝑆𝑖𝑗 = 
1

2
(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖), 𝜇𝐵 is 

the bulk viscosity, and 𝐈 is the identity tensor. 

Energy: 

𝜕𝜌(𝑒 + 𝑘)

𝜕𝑡
+ ∇. [𝜌𝒖(𝑒 + 𝑘)] =  −∇. (𝑝𝒖) + ∇. (τ. 𝐮) − ∇. 𝒒 + 𝜌∑𝑦𝑖𝑓𝑖

𝑖

. (𝒖 + 𝑽𝒊) (2.5) 

Where 𝑒 = 2.71828 is the mixture internal energy per unit mass, 𝑘 is the kinetic 

energy per unit mass, and 𝒒 is the heat flux vector with the following equation, 

𝒒 = −𝜅∇𝑇 + ∑𝜌𝑽𝒊𝑦𝑖ℎ𝑖
𝑖

+ 𝑅̂𝑇∑∑
𝑥𝑗𝐷𝑇,𝑖

𝑀𝑖𝐷𝑖𝑗
𝑗𝑖

(𝑽𝒊 − 𝑽𝒋) + 𝒒𝑹 (2.6) 

Where the first term on the right hand side represents the conduction equation, in which 

and 𝜅 is the thermal conductivity, and 𝑇 is the temperature. The second term on the right hand 

side represents the mass diffusion, where ℎ𝑖 is the enthalpy per unit mass of the species 𝑖. The 

third term represents the Dufour effect, which is defined as the heat flux caused by 

concentration gradients. In the third term, 𝑅̂ is the universal gas constant, 𝐷𝑇,𝑖 is the thermal 

mass diffusion coefficient of species 𝑖, 𝐷𝑖𝑗 is the binary mass diffusion coefficient matrix, and 

𝑥𝑗 is the mole fraction of species 𝑗. The term 𝒒𝑹 represents the radiative heat flux vector. 

Mass Diffusion: 

∇𝑥𝑖 =∑
𝑥𝑖𝑥𝑗

𝐷𝑖𝑗
(𝑽𝒋 − 𝑽𝒊)  + (𝑦𝑖 − 𝑥𝑖)

∇𝑝

𝑝
𝑗

 +  
𝜌

𝑝
∑𝑦𝑖𝑦𝑗(𝑓𝑖 − 𝑓𝑗)

𝑗

 +   ∑
𝑥𝑖𝑥𝑗

𝜌𝐷𝑖𝑗
(
𝐷𝑇,𝑗

𝑦𝑗
−
𝐷𝑇,𝑖
𝑦𝑖
)
∇𝑇

𝑇
𝑗

 (2.7) 

Where the first term on the right-hand side is the Stefan-Maxwell expression, which 

describes the diffusion velocity of species in a multicomponent system. The second term is 

the pressure gradient, the third term describes body force, while the fourth term accounts for 

the Soret effect, which models the thermal diffusion in the system. 

The thermodynamic state of each species is defined by the ideal gas equation: 
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𝑝 =  𝜌∑
𝑦𝑖
𝑀𝑖
𝑅𝑇̂

𝑖

 (2.8) 

Where 𝑀𝑖 is the molecular mass of species 𝑖. 

2.1 Turbulence Modelling 

Turbulent non-reactive flows are modelled using governing equations for mass and 

momentum (Navier-Stokes equations), while reactive flows are modelled using additional 

governing equations that account for species transport and changes in enthalpy occurring due 

to chemical reactions in the domain. Turbulent flow modelling aims to either resolve or model 

the turbulence at the Kolmogorov length scale, at which the turbulent energy of the eddies is 

dissipated to heat [14].  

The solution to highly turbulent flows without applying modelling techniques requires 

the flow to be resolved up to the smallest turbulent scales. This approach is called the direct 

numerical solution (DNS) and it requires the Navier-Stokes equations to be solved directly 

without any subgrid averaging. The application of DNS requires the grid size to be smaller than 

the Kolmogorov scale in order to capture the flow features properly, due to which the mesh 

requirement for DNS is extreme. Due to this requirement, DNS is not a practical approach for 

complex flows considering the computational cost associated with it, due to which turbulence 

modelling techniques are widely used in academic research based on the computational 

capabilities at hand. The following subsections cover the major techniques associated with 

turbulent combustion modelling. 

2.1.1 Reynolds Averaged Navier Stokes (RANS) 

RANS performs a time-averaging of flow features at all turbulent scales. It operates by 

distributing every parameter being solved for in the governing equations into two parts: the 

time-averaged value, and the turbulent fluctuation from the time-averaged value. An example 

following this approach would be the velocity being described as the sum of the mean value 

𝑈̅(𝑥, 𝑡) and the fluctuating value 𝑢′(𝑥, 𝑡)  for arbitrary values of space and time [15]. 

𝒖 =  𝑈̅(𝑥, 𝑡) + 𝑢′(𝑥, 𝑡) (2.9) 

With the mean and fluctuating values separated in the governing equations, the 

Continuity equation would be as follows, 
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𝜕𝒖𝑥
𝜕𝑥

+ 
𝜕𝒖𝑦

𝜕𝑦
+
𝜕𝒖𝑧
𝜕𝑧

=
𝜕(𝑈̅𝑥 + 𝑢𝑥

′ )

𝜕𝑥
+ 
𝜕(𝑈̅𝑦 + 𝑢𝑦

′ )

𝜕𝑦
+
𝜕(𝑈̅𝑧 + 𝑢𝑧

′ )

𝜕𝑧
=

𝜕𝑈̅𝑥
𝜕𝑥

+
𝜕𝑈̅𝑦

𝜕𝑦
+
𝜕𝑈̅𝑧
𝜕𝑧

+
𝜕𝑢𝑥′

𝜕𝑥
+
𝜕𝑢𝑦′

𝜕𝑦
+
𝜕𝑢𝑧′

𝜕𝑧
 (2.10)

 

Since |𝑢′| ≪ |𝑈̅|, the fluctuation terms are canceled out, leaving only mean values in 

the continuity equation. The same approach applied to momentum equations, however, 

introduces new terms in the system representing the influence of turbulent fluctuations, which 

cannot be neglected. These terms are referred to as the Reynolds stresses, which are modelled 

through the application of turbulence models. There exist 3 major modelling techniques to 

solve for the Reynolds stresses, 2 of which are referred to as the linear and nonlinear eddy 

viscosity models respectively. These models establish a relationship between Reynolds 

stresses and velocity gradients, mapping them on a parameter called eddy viscosity, which is 

then calculated. The eddy viscosity models are categorized based on the number of 

differential equations employed. For example, Spalart-Almaras model has one ODE/PDE, 

while the more commonly used RANS models k-ɛ and k-ω solve two ODEs/PDEs. 

The eddy viscosity models are computationally friendly, but don’t achieve a high level 

of accuracy for complex configurations. Another RANS-based model called the Reynolds 

stress model (RSM) overcomes the limitations of the eddy viscosity models by directly 

modelling the stresses through transport equations. RSM is referred to as second order model, 

as it models the Reynolds stresses by calculating diffusion and turbulent energy dissipation. 

2.1.2 Large Eddy Simulations 

Large eddy simulations (LES) is a turbulence modelling approach suited for high fidelity 

CFD computations. LES operates by resolving the larger turbulent eddies while modelling the 

subgrid turbulence. Based on this approach, LES requires a higher grid resolution compared to 

RANS, due to which it has a greater computational requirement. LES also captures turbulent 

features of the flow to a great extent, only requiring the smallest turbulent scales to be modelled 

through a subgrid scale (SGS) model, which is an upgrade to the entirely time-averaged flow 

dynamics of RANS. 

To segregate the large eddies to be resolved from the subgrid eddies that need to be 

modelled, LES applies spatial filtering operation to the instantaneous Navier-Stokes equations 

[16]. The spatial filtering is defined by a filter function 𝐺(𝑥, 𝑥′, ∆) as follows, 
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∅̅(𝑥, 𝑡)  ≡ ∫ ∫ ∫ 𝐺(𝑥, 𝑥′, ∆)∅(𝑥′, 𝑡)𝑑𝑥1
′𝑑𝑥2

′𝑑𝑥3
′

∞

−∞

∞

−∞

∞

−∞

 (2.11) 

Where ∅(𝑥′, 𝑡) is the original function, ∅̅(𝑥, 𝑡) is the filtered function, and ∆ is the filter 

cutoff width. The three most commonly utilized filter functions are box, gaussian, and spectral 

cutoff filters respectively [14]. 

The LES filtering introduces an unknown SGS stress tensor 𝜏𝑖𝑗 in the Navier-Stokes 

equations, which represents the effects of the SGS motions on the resolved flow and needs to 

be modelled. There exist various approaches to model the SGS influences on the resolved flow, 

and most of these SGS models apply the eddy viscosity assumption [17] [18] (Bousinesq’s 

hypothesis) to model the SGS stress tensor with the following formulation, 

𝜏𝑖𝑗 = 2𝜇𝑡𝑆𝑖𝑗̅̅̅̅ + 
1

3
𝛿𝑖𝑗𝜏𝑙𝑙 (2.12) 

Where 𝑆𝑖𝑗̅̅̅̅  is the resolved scale strain rate and 𝜇𝑡 is the SGS eddy viscosity, which is 

described as follows by the Smagorinsky model, 

{
 
 

 
 𝜇𝑡 =  𝜌(𝐶𝑠∆̅)

2𝑆

𝑆 =  (2𝑆𝑖𝑗̅̅̅̅  𝑆𝑖𝑗̅̅̅̅ )
1
2

∆ = (∆𝑥∆𝑦∆𝑧)
1
3

 (2.13) 

Where 𝐶𝑠 is the Smagorinsky constant, which depends on the proximity of the flow to 

the domain walls and varies from 0.1 to 0.18. A further development on the Smagorinsky 

model [19] proposed a dynamic value of 𝐶𝑠, which varied depending on local flow 

conditions. 

2.1.3 Detached Eddy Simulations 

Detached Eddy Simulations (DES) is a hybrid modelling approach which selectively 

applies both LES and RANS approaches to model turbulence [20]. DES aims to lower the 

computational cost associated with LES while improving the level to which turbulent flow 

dynamics are captured by RANS. The application of the modelling approach typically depends 

on the proximity of the flow to the walls. A RANS-like model is conventionally applied in the 



25 

near-wall region, where computational efficiency is required to resolve the boundary layer, 

while the LES-like approach is applied for flows that are massively separated from the walls.  

In the DES approach, RANS and LES are not explicitly separated, but a single model is 

applied based on grid spacing and flow characteristics. This model adaptation is achieved 

through the specification of a modified length scale, called the DES length scale (LDES) [21]. 

The LDES is defined as the minimum of the RANS length scale (LRANS) and the scale 

proportional to the local grid spacing (CDES∆). The ANSYS Fluent solver treats CDES∆ as a 

“calibration constant” with a value of 0.65 [22]. 

𝐿𝐷𝐸𝑆 = min(𝐿𝑅𝐴𝑁𝑆, 𝐶𝐷𝐸𝑆∆) (2.14) 

The grid spacing in the boundary layers is usually larger than the boundary layer 

thickness, and in those regions LRANS is smaller than CDES∆, which prompts the RANS-

like modelling to be applied, and vice versa. A numerical study of dual swirl partially 

premixed combustion utilizing the DES model [23] employed the SST-k-ω model for the 

RANS-like behaviour, based on which the value of LRANS (mentioned in the publication as 

Lt,SST) was as follows, 

𝐿𝑅𝐴𝑁𝑆(𝑆𝑆𝑇) =  
√𝑘

𝛽∗𝜔
 (2.15) 

Where 𝑘 is the turbulent kinetic energy, 𝜔 is the specific dissipation rate, and 𝛽∗ is a 

model coefficient.  

This hybrid approach is confronted by the treatment of the “gray areas” where the 

transition between the LES-like and RANS-like conditions occurs. This transition depends on 

the grid and flow characteristics, which is why grid sizing carries great importance for the 

application of DES, and a sufficient resolution must be applied to facilitate LES-like 

behaviour for separated flow.  

2.2 Numerical Modelling of Combustion Regimes  

As mentioned in chapter 1, the three major classifications of combustions based on the 

type of mixing are non-premixed, premixed, and partially premixed. In this subsection, the 

major differences in the numerical modelling of each type will be overviewed. 
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2.2.1 Non-Premixed Combustion 

A non-premixed system is characterized by the introduction of fuel and oxidizer from 

separate inlets, and their mixing is guided mainly by the process of diffusion. Non-premixed 

configurations are the simplest to design and build since they do not require complex plenum 

designs for premixing the reactants. The process of non-premixed combustion however, is 

difficult to control. This is because reactions take place in zones where the reactants have mixed 

stoichiometrically through diffusion, and consequently the flame lies in those regions as well. 

The diffusive nature of non-premixed flames ensures that they do not propagate upstream 

or downstream. While this enhances the safety of the combustion process, it also means that 

turbulence greatly influences the flow field, and can lead to the extinction of flames by 

disturbing the stoichiometric reaction zones. Since the findings on the effects of turbulence in 

diffusion flames [24], there has been a significant amount of research on this topic, and the 

development of numerical models for turbulent reactive flows has been largely built on these 

foundational studies [25] [26] [27]. 

The two extreme cases in diffusion flames are characterized by the diffusive time and 

chemical time. Diffusive time (τχ), or residence time, is the time taken for the reactants to 

diffuse and mix stoichiometrically in the reaction zone, while chemical time (τc) is 

characterized by the time taken to reach 1/e of the initial reactant concentration. In the case of 

diffusion flames, the Damköhler number (Da) couples the two quantities together and defines 

the extreme cases for turbulent diffusion combustion. 

𝐷𝑎 =  
τχ

τc
  (2.16) 

For the case of perfect premixing, infinitely fast chemistry is assumed (τc → 0), and Da 

→ ∞. For the case of pure mixing without combustion, Da → 0. For chemistry controlled 

reactions, Da << 1, while for transport controlled reactions that are characteristic of non-

premixed combustion, Da >> 1. 

2.2.2 Premixed Combustion  

As mentioned in the previous chapter, premixed combustion is characterized by perfect 

mixing of the reactants prior to entering the chamber. In a typical premixed combustion cycle, 

heat from the reaction products diffuses upstream towards the incoming reactants and this heat 



27 

transfer from the products triggers a reaction [28]. A premixed combustion system is not limited 

by the mixing rate of individual reactants but is instead governed by the thermal diffusion rate 

as well as the rate of mixing between reactants and products, and all the controlling parameters 

in the premixed system are enhanced by increasing turbulence [29].  

The simplest instance of a premixed flame is represented by an unstretched laminar 

flame, which travels to the dormant reactants at a speed called the laminar flame speed denoted 

by uL [30] or sL [29]. The laminar flame speed is based on the primary transport equation for 

the progress variable c which describes the thermochemical state of the unstretched laminar 

premixed flames. The transport equation for unstretched laminar flames is developed using a 

set of assumptions, the most important of which is that of unity Lewis number (Le). Lewis 

number is the ratio between thermal diffusivity and mass diffusivity, and it has been shown that 

for turbulent flames it can be assumed to be 1 [31].  

The transport equation for c is given as: 

𝜌
𝐷𝑐

𝐷𝑡
= 𝜌 (

𝜕

𝜕𝑡
 + 𝒖. ∇) 𝑐 =  ∇. (𝜌𝐷∇𝑐) +  𝜌𝑆 (2.17) 

Where 𝒖 is the fluid field velocity, and the density ρ, diffusivity D, and reaction rate S 

are all functions of c respectively. S is dependent on a variable called the reaction time scale, 

which is denoted by τR. The laminar flame speed is inversely proportional to (D/τR)1/2. Several 

experimental methods to determine the laminar flame speed have been proposed [32], while 

there also has been notable research to determine laminar flame speeds specifically for lean 

combustion mechanisms [33].  

Another important characteristic of laminar flames is the laminar flame thickness, 

denoted by δL. Mathematically, several ways have been proposed to describe δL [34], and one 

of the simpler definitions attributes it to the distance between the regions of 5% and 95% 

temperature rise respectively. Another definition associates δL with the thermal diffusivity of 

reactants Dr and the laminar flame speed uL as follows, 

𝛿𝐿 ≡
𝐷𝑟
𝑢𝐿
 (2.18) 

For cases involving turbulent diffusion of reactant stream, the flame propagates towards 

the incoming reactants with a much greater velocity, which is referred to as the turbulent flame 
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speed, denoted as uT. Both the flame speed and flame thickness of turbulent flames are greater 

than those of laminar flames. Several methods have been proposed to determine the turbulent 

flame speed for premixed flames, and a relatively simpler approach describes it as follows, 

𝑢𝑇
𝑢𝐿
=  1 + 𝛼 (

𝑢′

𝑢𝐿
)

𝑛

 (2.19) 

where u’ is the turbulent intensity, while α and n are model parameters respectively [28].  

Several reviews discuss the formulation of these fundamental concepts for premixed 

combustion modelling and describe in detail the link between the structure and the 

thermochemical properties of the flame respectively [35] [36] [37] [38]. 

2.2.3 Partially Premixed Combustion 

The combustion regime for the solution of any combustion-related problem is determined 

mainly by the combustor geometry, but there exist cases that are considered as tradeoffs 

between the premixed and non-premixed regimes, and are modelled as partially premixed [39]. 

The injection mechanism of a partially premixed combustor is built like a non-premixed one 

but features rapid mixing of the reactants guided by turbulence prior to the establishing of the 

reaction zone [40]. As a result of this mixing, the flow no longer remains entirely diffusive, and 

the stoichiometric/reaction zone does not remain the solely important feature in the combustion 

domain. Furthermore, swirl-stabilized partial-premixing paves way for another phenomenon – 

the development of recirculation zones, which recirculate hot gases upstream [8], leading to 

stabilization of flame due to enhanced mixing between fuel, oxidizer, and burnt mixtures. 

Certain instances of partially premixed systems that feature high ratios of cooled recirculation 

zones have delivered a simultaneous reduction of Nox and soot emissions respectively for diesel 

engines [41]. 

Partially premixed combustion in gas-turbine combustors is characterized by the lift-off 

and stabilization of flames downstream of the fuel injector channel. It has been observed in 

earlier studies that flame tends to lift-off from the nozzle base when its exit velocity u0 exceeds 

a certain critical value, and will be stabilized at the point where the mean flow velocity and 

burning velocity match [42]. A reinforcement to the flame-lift off theory [43] argued that a lift-

off event becomes likely to occur when the probability of scalar dissipation rate χst, which 

governs the diffusion flamelets, falls below a certain threshold. A parametric study [44] 
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conducted to observe the variation of methane flame lift-off height with different air-fuel ratios, 

nozzle diameters d, and exit velocities concluded that the normalized lift-off height (H/d) varies 

linearly with u0, and that blow-off occurs after the value of H/d exceeds 40. 

A typical instance of partial premixing occurring in a combustion setup is characterized 

by a “triple flame” zone [45], and its structure contains regions between the minimum and 

maximum mixture fractions (Zmin <Z <Zmax) respectively, including the stoichiometric mixture 

fraction (Zst) region. A triple flame has three branches: leading edge (called the triple point) 

that propagates along a surface in the vicinity of the stoichiometric region, a premixed lean-

side branch, that lies on the fuel-lean side of the leading-edge propagation surface, and a 

premixed rich-side branch, which exists on the fuel-rich side of the propagation surface. The 

flame speed at the triple point is the highest, and it gradually decreases as one moves 

downstream from the triple point to either of the two branches. For a triple flame with uniform 

premixed front propagation velocity u, the relation for u is given as 

𝑢𝐿(𝑍)𝜎(𝑍) = 𝒖 (2.20) 

where uL and the velocity gradient σ are functions of local mixture fraction Z [46]. The 

equation mentioned above proposes the same function for the flame propagation speed for each 

point in the triple flame, based on which a more recent study [47] broke down the propagation 

speed into laminar and turbulent zones, resulting in the following relation 

𝑢𝑇(𝑍) = 𝑢𝐿(𝑍) + 𝑣
′𝑓{𝐷𝑎(𝑍)} (2.21) 

Where 𝑓{𝐷𝑎(𝑍)} = ∆s/v’, and ∆s is the difference between the laminar and turbulent 

flame velocities respectively, while v’ is the turbulence intensity. Da(Z) is the conditional 

Damkohler number which is defined as follows 

𝐷𝑎(𝑍) =  
𝑢𝐿(𝑍)ℓ

𝜈′ℓ𝐹(𝑍)
 =  

𝑢𝐿
2(𝑍)ℓ

𝜈′𝐷
 (#2.22) 

Where ℓ is the turbulent length scale, ℓ𝐹 is the flame thickness, and D is the diffusivity 

of the burnt mixture. The mean partially premixed turbulent velocity 𝑢𝑇,𝑝 is determined as 

follows 

(𝜌̅𝑢𝑇,𝑝) =  ∫ 𝜌(𝑍)𝑢𝑇(𝑍)𝑃̃(𝑍)𝑑𝑍
1

0

 (2.23) 
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Where 𝜌̅ is the favre-filtered density and 𝑃̃(𝑍) is the filtered probability of mixture 

fraction obtained from a presumed PDF function. 

The formulations described above were used to numerically simulate the stabilization 

and lift-off characteristics of a partially premixed turbulent lifted jet flame [48] in a numerical 

study which utilized the equations for the filtered mixture fraction 𝑍̃, its variance 𝑍"̃, an 

equation catering for the location of the premixed flame front denoted by 𝐺̃, and an addition 

equation to solve for the enthalpy ℎ̃. The functions describing the dependence of scalars on 

mixture fraction Z were calculated using diffusion flamelets, which were classified as either 

burnt or unburnt. Three different equations were derived to calculate the species mass fractions 

and enthalpy for the burnt region, the unburnt region, and the flame brush region. 

Table 2.1: Characteristics of combustion regimes 

Combustion Regime Reaction mechanism 
Distinct mathematical modelling 

parameter(s) 

Non-premixed 

combustion 

Diffusive mixing in the 

combustion chamber leading 

to stoichiometric zones 

Diffusion time (τχ) >> Chemical time 

(τc) 

Premixed combustion 

Premixed reactants react with 

thermally diffused hot 

products 

Laminar flame Speed (uL) 

Laminar flame thickness (δL) 

Turbulent flame speed (uT) 

Turbulent intensity (u’) 

Partially premixed 

combustion 

Diffusive mixing aided by a 

quick turbulent mixing 

mechanism leading to 

recirculation zones 

Mixture fraction (Z) 

Flame front location (G) 

Conditional Damkohler number (Da(Z)) 

Mean partially premixed turbulent 

velocity (𝑢𝑇,𝑝) 
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2.3 Combustion Models 

The numerical combustion model involves the development of a system of equations and 

parameters which interact with the governing equations of the turbulence model to provide 

solution for thermochemical quantities like mixture fraction, species mass fractions, 

temperature, species concentrations, among others. Combustion models provide a link between 

the turbulent and chemical changes that the reactive flow goes through to give accurate results 

for each quantity. This section discusses various combustion models that have been utilized in 

the analyses of dual-swirl, partially premixed lean combustion in the past, with focus on the 

two models utilized in this thesis. 

2.3.1 Eddy Dissipation Concept 

The foundation of Eddy Dissipation Concept (EDC) lies in the assumption that all 

chemical reactions occur within the fine turbulent structures, called “eddies”, and the process 

of energy transfer occurs from larger to smaller eddies in a process referred to as “energy 

cascading” [49]. These fine structures have infinitesimal, subgrid scale lengths in 2 dimensions 

but are considerably larger in the third dimension, due to which they are also referred to as 

“slabs”, “sheets” or “vortex tubes”. Based on this approach, the fine structures are considered 

as perfectly stirred reactors (PSRs). This process culminates in the dissipation of energy from 

the smallest eddy to heat. 

The EDC approach models the transfer of turbulent energy towards the fine structures, 

and determines the reaction rates occurring in these structures. 

The cascading process in characterized by the mass exchange between the reactive fine 

structures and the surrounding bulk fluid, which is assumed to be a non-reactive zone. This 

mass exchange during the cascading process is taken as a basis to determine the reaction rates 

in EDC formulations. As a result, the length fraction of fine structures (𝜁) and the time scale 

for mass exchange between the reaction zones and the surrounding fluid (τ*) are used in the 

basic numerical representation of the EDC model. 

𝜁 =  𝑐𝜁 (
𝜈𝜖

𝑘2
)

1
4
 (2.24) 

𝜏∗ = 𝑐𝜏 (
𝜈

𝜖
)

1
2
 (2.25) 
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where cζ is a volume constant, 𝑐𝜏 is a time-scale constant, 𝜈 is kinematic viscosity, 𝜖 is 

turbulent dissipation rate, and k is the turbulent kinetic energy. The reaction rate of the fine 

structures, 𝑅𝑖̅, is determined as follows,  

𝑅𝑖̅ = 
𝜌̅

𝜏∗
(

𝜁2𝜒

1 − 𝜁3𝜒
) (𝑌̅𝑖  − 𝑌𝑖

∗) (2.26) 

Where the subscript i denotes chemical species, 𝑌𝑖̅ denotes the mean mass fraction of the 

ith species, and 𝑌𝑖
∗ represents the fine structure mass fraction of the species i, and 𝜒 is the 

reacting fraction of fine structures, which is assumed to be unity for highly turbulent structures. 

After applying assumptions of constant enthalpy and pressure respectively, the system of 

equations for the PSR is as follows [50], 

𝑑𝑌𝑖
𝑑𝑡

= 𝑅𝑖̅ + 
1

𝜏∗
(𝑌𝑖

° − 𝑌𝑖
∗) (2.27) 

𝑑ℎ

𝑑𝑡
= 0 (2.29) 

𝑑𝑝

𝑑𝑡
= 0 (2.30) 

Where 𝑌𝑖
° is the mass fraction of the ith chemical species in the surrounding bulk fluid, 

and the second term on the right-hand side represents mixing between the fine structures and 

their surrounding bulk fluid, h is the enthalpy, and p is the pressure. This approach involves 

dealing with the nonlinearity of the chemical source term, due to which solving this set of 

equations can become highly computationally intensive. Another issue with this approach is 

that in some cases it can lead to periodic oscillations of the species mass fraction, making the 

solution unstable. To overcome these barriers, a proposed simplification [51] takes the mixing 

term out of consideration, as a result of which only the reaction term remains, 

𝑑𝑌𝑖
𝑑𝑡

= 𝑅𝑖̅ (2.31) 

𝑑ℎ

𝑑𝑡
= 0 (2.32) 

𝑑𝑝

𝑑𝑡
= 0 (2.33) 
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This approach transforms the PSRs to “Plug Flow Reactors” (PFRs), which are assumed 

to have no back mixing between the fine structures and their surroundings, as opposed to the 

PSRs, which indicates that while the conditions within PFRs remain adiabatic, there is no mass 

transfer with the surroundings as in PSRs [52]. Due to this simplification, the PFR approach is 

considered less accurate compared to the PSR approach, so the choice of approach must be 

determined taking the complexity of the problem as well as the computational resources into 

account.  

There have been multiple modifications to the numerical definition of the fine structure 

length scales 𝜁, leading to minor changes in the reaction rate equation [53][54], and a recent 

publication proposed dynamic adjustments to the model constants 𝑐𝜁 and 𝑐𝜏 [55] to cater for 

slower reaction rates in order to overcome the limitations of the EDC model for Moderate or 

Intense Low Oxygen Dilution (MILD) combustion.  

2.3.2 Flamelet/Progress Variable Approach 

The novelty of the flamelet/progress variable (FPV) approach lies in its definition of the 

structure of a turbulent flame by considering it to be composed of steady one-dimensional 

diffusion flamelets. The physical and chemical properties of the flamelets are stored in a 

database called the flamelet library, which consists of pre-computed solutions to flamelet 

equations.  

The precursor to the FPV approach that is widely used today for combustion modelling 

was the flamelet model proposed by Peters [56]. This initial model was proposed for suitability 

to non-premixed combustion, and the major assumption behind its mathematical approach was 

that the reaction rate is guided by the rate of diffusion of the reactants. This assumption is 

implemented in the model through a coupled diffusion-reaction equation as the species 

transport equation in the set of governing equations. 

𝜕𝜌𝑦𝑖
𝜕𝑡

+ ∇. (𝜌𝑢𝑦𝑖) = −∇. (𝜌𝑉𝑖𝑦𝑖) + 𝜌𝑤𝑖 ,     𝑖 = 1,… ,𝑁𝑆 (2.34) 

Where 𝑦𝑖 is the mass fraction of species i, 𝑢 is the velocity magnitude, 𝑉𝑖 is the mass 

diffusion velocity of the ith species, 𝑤𝑖 is the chemical production rate of the species i, and NS 

is the number of chemical species being considered. A simplification of the species transport 
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equation and the energy equation, called the steady-flamelet equation, is solved to obtain the 

relations for the parameters in the flamelet library. The steady-flamelet equation is given as, 

−𝜌
 χ

2

𝜕2𝜑

𝜕𝑍2
= 𝜔 (2.35) 

Where  is the scalar dissipation rate , Φ is the species mass fraction vector, Z is the 

mixture fraction, and the chemical source term is represented by . The scalar dissipation rate 

is linked to Z by the following relation, 

χ = 2D𝑧(∇𝑍)
2 (2.36) 

where the molecular diffusivity of the mixture fraction is represented by Z. 

The thermochemical parameters of the reactive flow like temperature and species mass 

fractions are implicitly linked to Z and χ, and are obtained using the flamelet library once the 

steady-flamelet equations solve for these two parameters. The resulting relation between 

temperature and χ results in an S-shaped curve, the upper branch of which is representative of 

stable-burning flames while the lower branch depicts the unburnt mixture. The part connecting 

the two branches represents the unstable regime. An example of such a curve can is shown in 

Figure 2.1. 

 

Figure 2.1: The S-shaped curve obtained by solving steady-flamelet equations [57] 

 



35 

A major limitation of the conventional flamelet approach is that it gives inaccurate 

solutions for flows with lower Damkohler numbers (Da), in which the respective mixing and 

chemical times become comparable. This phenomenon is observed in flows that undergo 

repetitive extinction and ignition of flames, which are characteristic of conditions close to the 

lean blowoff limit. It has also been observed that the dependence of multiple parameters on χ 

results in multiple solutions for a single value of χ for more numerically advanced cases, due 

to which the scalar dissipation rate is not a suitable parameter to represent the entire solution 

space [58].  

The FPV approach was proposed to resolve the limitations of the conventional flamelet 

model by introducing a new variable to map the thermochemical parameters onto, called the 

reaction progress variable (C) [57]. There exist other modifications to the flamelet model 

proposing similar parameters [59][60], but FPV was the first proposition of its kind in which 

C was independent of mixture fraction Z. In the FPV formulations, Z accounts for all the 

conserved scalars, while C accounts for the chemical reactions occurring in the system. This 

results in a system represented by two transport equations which provide the complete 

thermochemical state of the flames. For a system modelled using FPV and LES, the system of 

equations is, 

𝜕𝜌 ̅𝑍̃

𝜕𝑡
+ ∇. (𝜌̅𝑢̃𝑍̃) =  ∇. [𝜌̅(𝛼̃𝑧 + 𝛼𝑡)∇𝑍̃] (2.37) 

𝜕𝜌 ̅𝐶̃

𝜕t
+ ∇. (𝜌̅𝑢̃𝐶̃) =  ∇. [𝜌̅(𝛼̃𝐶 + 𝛼𝑡)∇𝑍̃] + 𝜌 ̅𝜔̃𝑐 (2.38) 

Where 𝛼𝑡 is the turbulent diffusivity, 𝛼𝑧 is the mixture fraction diffusivity, and 𝛼𝐶 is the 

progress variable diffusivity. Variables with the overbar represent the LES-filtered quantities, 

while tilde signifies density weighted quantities.  

When modelled along with LES, the unfiltered (resolved) values of the flow properties 

are all functions of Z and C, and can be obtained through the flamelet library. However, the 

subgrid variation of mixture fraction Z and the progress variable C, along with the subgrid 

values of the conserved scalars (the parameters dependant on Z and C) are obtained by 

integrating each scalar over a joint subgrid probability density function (PDF) of Z and C. The 

subgrid formulation of a filtered variable ø is as follows, 
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∅̃ =  ∫∅(𝑍, 𝐶) 𝑃̃(𝑍, 𝐶)𝑑𝑍 𝑑𝐶 (2.39) 

where ∅(𝑍, 𝐶) is obtained through the steady-flamelet library, while the joint subgrid 

PDF 𝑃̃(𝑍, 𝐶) is the product of the subgrid probability density function of mixture fraction 𝑃̃(𝑍) 

and the conditional PDF 𝑃̃(𝐶|𝑍), which is represented by the following delta function, 

𝑃̃(𝐶|𝑍) =  𝛿(𝐶 − 𝐶|𝑍̃) (2.40) 

𝐶|𝑍̃, the conditional mean, is given by,   

𝐶|𝑍̃ =  𝐶(𝑍,𝛹0) (2.41) 

Where ψ is a parametric variable used to determine the steady-state flamelet solutions. 

2.3.3 Eddy Dissipation Model 

Eddy Dissipation Model (EDM) is actively utilized for simulating non-premixed 

combustion, as its underlying formulations are developed on the assumption that reactions take 

place in the domain only after the reactants are perfectly mixed, due to which the chemical time 

scale is negligible compared to the mixing time [61]. While the model aims to predict the rate 

of reaction in the domain like the similarly named model Eddy Dissipation Concept (EDC), 

and both models show dependency on the mixing process, EDC incorporates a greater level of 

detail mathematically and is suited for more complex systems. While EDC deals with the length 

scale of fine structures along with the mixing time scale, EDM directly incorporates reactant 

properties in its basic formulations, and by showing a significant reliance on model constants, 

includes lesser number of parameters than EDC which is why it is less computationally 

intensive. 

The rate of reaction of fuel 𝑅𝐹 for purely diffusive reactions in EDM formulation is given 

as: 

𝑅𝐹 = 𝐴. 𝑐𝑓̅  (
𝜀

𝑘
) (2.42) 

where cf is the time-mean concentration of the fuel, k is the turbulent kinetic energy, and 

𝜀 is the rate of dissipation of k. A is a model constant which depends on the fuel-oxygen reaction 

mechanism. This equation is used to solve for regions in the domain where the reaction is 
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limited by the fuel concentration. For regions where oxygen is the intermittent species, the 

reaction rate is given as, 

𝑅𝐹 = 𝐴(
𝑐𝑂̅2
𝑟𝑓
)(
𝜀

𝑘
) (2.43) 

where 𝑐𝑂̅2 is the time-mean oxygen concentration, while rf is the amount of oxygen 

required to completely react with 1kg of fuel. 

For premixed or partially premixed flames, the reaction rate equation can be modified to 

solve for both mixing-dominated and reaction dominated phases. The equation describing 

reaction rate in the phase dominated by mixing has been described by as follows, 

𝑅𝑆𝐸𝐷𝑀 = 𝐴 (
𝜀

𝑘
) (

[𝐼]

𝑣𝑠𝐼′
) (2.44) 

Where A is the reactant limiting constant [I] indicates the concentration of species I, and 

𝑣𝑠𝑙′ is the exponent of species I for the reactant side.  

The corresponding equation for reaction dominated phase is, 

𝑅𝑆𝐸𝐷𝑀 = 𝐴𝐵 (
𝜀

𝑘
) (
∑ [𝐼]𝑊𝐼𝑃

∑ 𝑣𝑠𝐼
′′𝑊𝐼

𝑃

) (2.45) 

where B is the product limiting constant, 𝑣𝑠𝑙" is the exponent of species I for the product 

side, and WI is the molecular weight of the species I. The equation that gives the lower value 

of the reaction rate at each instance is chosen as the local reaction rate. 

As explained earlier, the EDM formulation relies significantly on the model constants A 

and B, which is why this model can prove too stringent for complex applications. A recent study 

proposed a modified EDM approach which dynamically adjusts the value of A based on the 

local Reynolds Number [62] which led to improved predictions compared to the conventional 

EDM approach. 

A major limitation of EDM is that it is only applicable to cases of infinitely fast chemistry, 

as its underlying principles, based on which the formulations are derived are suited to reactions 

with negligible chemical time scales. As per the author’s knowledge, all the numerical studies 

centered on dual swirl partially premixed combustion that have utilized EDM, have overcome 
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this limitation by combining it with the Finite-Rate Chemistry (FRC) model, which is why 

more recent studies utilizing this model refer to it as the EDM-FRC model. The FRC model 

solves for reaction rates in regions where chemical time scale dominates, and is described as 

follows, 

𝑅𝑆𝐹𝑅𝐶 = 𝐹𝑆 ∏ [𝐼𝑣𝑠𝐼′]

𝑁𝑆

𝐼=𝑋1,𝑋2,…

 −  𝐵𝑆 ∏ [𝐼𝑣𝑠𝐼"]

𝑁𝑆

𝐼=𝑋1,𝑋2,…

 (2.46) 

where Fs and BS are the forward and backward reaction rate constants respectively. 

2.3.4 Flamelet Generated Manifold 

Flamelet Generated Manifold (FGM) approach, proposed initially by van Oijen and de 

Goey [63] bears similarity to the flamelet approach in terms of considering a flame to be 

composed of 1D steady laminar flamelets. Like the flamelet approach, FGM stores 

thermochemical quantities in a flamelet library [64]. However, the difference between the two 

models is that while the flamelet-based approaches map the thermochemical quantities on only 

a couple of controlling variables (mixture fraction and progress variable), for FGM, the number 

of controlling variables can be made to vary depending on the availability of computational 

resources and the level of complexity of the problem. This allows for greater flexibility in 

solution. Furthermore, FGM formulations give greater consideration to the processes of 

diffusion and convection in the colder regions of the flame, due to which the flow features for 

those regions are predicted with greater accuracy. 

In the FGM model, the term “manifold” refers to the number of controlling variables that 

will be utilized to solve the problem. The simplest instance of FGM (one-dimensional 

manifold) incorporates only one controlling variable, also called the progress variable 

(different from the progress variable C in the FPV model) alongside the enthalpy h. The 

governing equations for enthalpy h and species mass fraction Yi are used to generate the 

manifold of 1D steady laminar flamelets. The scalars conserved by the chemical reactions are 

then used to calculate the burnt mixture properties, while the controlling variable itself is used 

to determine the properties of the unstable part (between burnt and unburnt regions). 

For non-premixed flames, the steady state equation for Yi is given as follows, 
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𝑚
𝜕𝑌𝑖
𝜕𝑠
 − 

𝜕

𝜕𝑠
(
1

𝐿𝑒𝑖

𝜆

𝑐𝑝

𝜕𝑌𝑖
𝜕𝑠
) =  𝜔𝑖

+ − 𝜔𝑖
−,     𝑖 =  1, …… ,𝑁, (2.47) 

where m is the mass flow rate, s represents the arc length, Le is the Lewis number, 𝜆 is 

the thermal conductivity, cp is the specific heat, while 𝜔𝑖
+ and 𝜔𝑖

− represent the production and 

reaction parts of the chemical source term respectively. A similar equation is solved for the 

enthalpy h to obtain the solution of each flamelet in terms of Yi(s) and h(s). 

2.3.5 Conditional Moment Closure  

The conditional moment closure (CMC) model was proposed to overcome the limitations 

of flamelet-based approaches in accurately modelling reactive flows in which the chemical 

time scale dominates, along with improved predictions for CO and NO mass fractions. There 

exist two variants of the CMC model to be coupled with the LES [65] and RANS [66] 

turbulence models. As per the author’s knowledge, the only numerical validation study of dual 

swirl partially premixed combustion that utilized the CMC model coupled it with LES, so the 

CMC-LES modelling approach will be discussed in this section.  

The CMC approach introduces conditional filtering to improve the interaction between 

the large turbulent eddies and the mixing of species occurring on the small scale. The 

conditional filter, Q, improves the dependency of the species mass fraction and enthalpy on the 

local mixture fraction space, which is denoted by 𝜂. 

𝑄𝑖  =  𝑌𝑖|𝜂̅̅ ̅̅ ̅  ≡  
∫ 𝑌𝜓𝜂(𝜉(𝑥

′, 𝑡) −  𝜂)𝐺(𝑥 − 𝑥′, 𝛥)𝑑𝑉′
𝑉

𝑃̅(𝜂)
 (2.48) 

where 𝑌𝑖 is the mass fraction of the i-th species, 𝜉 is the mixture fraction, G is a space 

filter with filter width 𝛥, and 𝑃̅(𝜂) is a filtered PDF (FDF) which is formulated as follows, 

𝑃̅(𝜂) = ∫𝜓𝜂(𝜉(𝑥
′, 𝑡) −  𝜂)𝐺(𝑥 − 𝑥′, 𝛥)𝑑𝑉′

𝑉

(2.49) 

while the 𝜓𝜂 referred to as “fine-grained PDF”, and is given by, 

𝜓𝜂 = 𝛿[𝜂 −  𝜉(𝑥, 𝑡)] (2.50) 

where 𝛿 represents the dirac-delta function of the expression within the brackets. 
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The same approach is then followed for deriving a conditional filter for the enthalpy h. 

The final LES-CMC equations for reactive species transport are, 

𝜕𝑄𝑖
𝜕𝑡

 + 𝒗̃𝜂𝛻𝑄𝑖  =  𝑾̃𝜂 + 
𝜒̃𝜂

2

𝜕2𝑄𝑖
𝜕𝜂2

 +  𝑒𝑦 (2.51) 

𝜕𝑄ℎ
𝜕𝑡

 + 𝒗̃𝜂𝛻𝑄ℎ  =  𝑞𝑅𝜂̃ + 
𝜒̃𝜂

2

𝜕2𝑄ℎ
𝜕𝜂2

 +  𝑒ℎ (2.52) 

where the quantities with tilde represent density-filtered terms, 𝑾̃ is the filtered chemical 

source term, 𝜒̃ is the scalar dissipation rate, 𝑞𝑅𝜂̃ is the conditionally filtered radiation term, 

while 𝑒𝑦 and 𝑒ℎ represent the fluctuations around the respective conditional mean values. 

2.3.6 LES-Thickened Flame Model (LES-TFM) 

The LES-TFM model aims to enhance the thickness of the flame front in order for it to 

be resolved by the LES model [67]. A problem often encountered in the flame front modelling 

is that the flame front thickness 𝛿𝑙
0 is less than an individual cell size ∆x, due to which the flame 

front remains unresolved. The TFM modelling approach aims to artificially increase the flame 

front thickness while keeping the laminar flame speed sl
0 the same. The is done by introducing 

a flame thickening factor F into the laminar flame speed relations. 

𝑠𝑙
0 ∝ √𝐷𝑊̅,   𝛿𝑙

0 ∝ 
𝐷

𝑠𝑙
0  (2.53) 

where D is the molecular diffusivity and 𝑊̅ is the mean reaction rate. The above-

mentioned relations are altered by multiplying the thickening factor with the diffusivities (F.D) 

and dividing with the mean reaction rate (
𝑊̅

𝐹
). F is also introduced into the species transport 

equation for fuel, which then becomes, 

𝜕𝜌𝑌𝐹

𝜕𝑡
+ 𝛻. (𝜌𝐮𝑌𝐹) = 𝛻. (𝜌𝐷𝐹𝛻𝑌𝐹) +

𝐴

𝐹
𝑌𝐹𝑌𝑜𝑒𝑥𝑝 (−

𝑇𝑎

𝑇
) (2.54)

ere 𝑌𝐹 is the fuel mass fraction, 𝜌𝐷𝛻𝑌𝐹 is the molecular diffusion flux, and 𝐴𝑌𝐹𝑌𝑜𝑒𝑥𝑝 (−
𝑇𝑎

𝑇
) 

represents the instantaneous reaction rate 𝜔̇, where A is an exponential factor, and Ta is the 

activation temperature.  
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The inclusion of F in the governing equations changes the relation between the physical 

and chemical timescales, due to which the turbulence-chemistry interactions are altered. One 

possible method to resolve this issue is through introducing a field variable G to track the flame 

front position [68], but the governing equation for G includes the turbulent flame speed ST, 

which does not have a universally accepted closure model. Owing to this limitation, the TFM 

model is developed using another approach called the flame-surface density analysis [69]. 

The flame-surface density analysis assumes a Lewis number (Le) equal to 1, which 

means that the mass and thermal diffusivities respectively are equal. This assumption leads to 

a linear relationship between reactive species mass fractions and temperature, and both can be 

linked through reaction progress variable c. The value of c lies between 0 and 1, with c = 1 

signifying a fully burnt mixture while c = 0 indicating an unburnt reactant mixture. As a result, 

the fuel-mass balance equation described above is altered as follows,  

𝜕𝜌̅𝑐̃

𝜕𝑡
+ 𝛻. (𝜌̅𝒖̃𝑐̃)  +  𝛻. [(𝜌̅(𝒖𝒄̃ − 𝒖̃𝑐̃))] = 𝛻. (𝜌𝐷𝛻𝑐)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝜔̇𝑐̅̅̅̅ (2.55) 

where the quantities with tilde are mass-weighted filtered and the quantities with bar are 

LES-filtered quantities. The right-hand side of the equation can also be represented in terms of 

flame front displacement as follows, 

𝛻. (𝜌𝐷𝛻𝑐)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝜔̇𝑐̅̅̅̅  =  𝜌𝑤|𝛻𝑐|̅̅ ̅̅ ̅̅ ̅̅ ̅ (2.56) 

while the flame front displacement term can also be expressed as, 

𝜌𝑤|𝛻𝑐|̅̅ ̅̅ ̅̅ ̅̅ ̅  =  〈𝜌𝑤〉𝑠Σ =  Ξ|∇𝑐̅| (2.57) 

where 〈𝜌𝑤〉𝑠 is the mass-weighted displacement speed, Σ is subgrid scale flame surface 

density, and Ξ is the subgrid scale flame wrinkling factor. 

2.4 Reaction Kinetics in Combustion Modelling 

The accuracy of any combustion analysis is significantly dictated by the level of detail 

with which the reaction kinetics are incorporated. A combustion process realistically consists 

of several reaction steps consisting of different species, each with distinct reaction rates that 

are nonlinear functions of physical and chemical parameters. However, the need for reduction 

of the computational cost of such analyses requires a simplification of the reaction kinetics. 

The simplest way to do so is to assume fast (one-step) chemistry, in which the reactants are 
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instantly oxidized without any intermediary reaction steps. While this approach suits relatively 

simpler numerical setups, more complex setups require a greater level of detail to capture the 

flow dynamics more accurately. For such cases, there exist reaction kinetic mechanisms that 

are significantly reduced from the detailed mechanisms but incorporate a greater level of detail 

compared to fast chemistry [11]. Another approach involves the determination of species 

distribution through joint probability density functions (PDFs) of a normalized variable called 

mixture fraction (covered in detail in the later sections). The choice of chemical kinetic 

mechanism depends on the complexity of the computational setup as well as the turbulence 

and combustion models respectively. 

2.5 Chemical Kinetic Mechanisms 

Chemical kinetic mechanisms play a major role in dictating the distribution of species 

and the temperatures in the computational domain. For the determination of reactive flow 

dynamics, transport equations take into account the chain of chemical reactions and reaction 

rate constants, the complexity of which depends on the availability of computational resources. 

These mechanisms include vital information about the species involved, their reactions, and 

the associated rate constants. Coupled with the models for turbulence-chemistry interactions, 

these kinetic mechanisms are used to forecast the course of combustion, including the 

distribution of chemical species and the temperature profile inside the combustion chamber, by 

using this data as input for computational models. These kinetic mechanisms range from 

relatively simpler global mechanisms to complex detailed mechanisms that contain a long 

chain of reactions to encapsulate the combustion process. Some notable chemical mechanisms 

used in numerical studies of the dual swirl partially premixed combustion are reviewed in the 

next subsections. Table 2.2 shows the full list of the chemical kinetic mechanisms utilized in 

these numerical validation analyses. 

2.5.1 Global Mechanisms 

To reduce the computational time of the combustion-related simulations, various global 

mechanisms have been derived over the years that range from 1-step to 5-step reactions 

respectively. While recent studies have seen an increase in the complexity of chemical 

mechanisms being utilized, global mechanisms were frequently employed in earlier studies 

owing to the higher computational cost associated with detailed mechanisms.  
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Major global mechanisms developed over the years for methane-air combustion include 

two distinct 3-step mechanisms [70] [71] that include 5 species (CH4, CO2, CO, O2 and H2O), 

another mechanism consisting of the aforementioned 5 species, but having 2-steps and different 

reaction rates [72] and, a 3-step mechanism [73] that includes 6 species (CH4, CO2, CO, O2, 

H2, and H2O). Along with the number of reaction steps, each of these chemical kinetic 

mechanisms have different reaction rates for each reaction. 

A “tuned” 5-step global mechanism was proposed to improve the accuracy of the 

previously developed chemical mechanisms in addition to predicting the formation of NO [11]. 

The model is an extension to the previously proposed 3-step reaction mechanism [71] but has 

different reaction rates. This model also offered an alternative to the prediction of NO formation 

through lookup tables in post-processing [74]. 

2.5.2 Detailed chemistry and reduced detailed mechanisms 

GRI Mech is one of the most commonly utilized detailed chemical mechanisms in 

combustion-related simulations, and as per the author’s findings, all validation studies of dual 

swirl partially premixed combustion covered in this review that employed detailed chemistry 

used GRI Mech as the chemical kinetic mechanism. So far, 3 versions of this mechanism have 

been released, and GRI Mech 3.0, [75] the most recent one, includes 53 species and 325 

elementary reactions that capture the hydrocarbon oxidation process in combustion 

simulations.  

The reduced detailed mechanisms offer greater complexity than the global mechanisms 

but are not as computationally intensive as the detailed mechanisms. These reduced 

mechanisms include used DRM22 [76], a reduced form of GRI Mech 2.11, that contains 22 

species and 104 reactions. Another such mechanism is ARM2, [77], a reduced mechanism that 

contains19 species and 15 reactions.   
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Chapter 3: LITERATURE REVIEW 

Gas turbine combustors have the utmost importance in the aviation industry, as they are 

used to power the aero engines for thrust generation. Increasing air traffic over the years has 

continued to raise environmental concerns, as the gas turbine emissions contain harmful 

combustion byproducts like CO and NOx [1], due to which various regulations have been 

passed to limit the emission of pollutant gases. To keep in line with the ever-updating 

regulations limiting the harmful aero emissions, gas turbine combustion technology has also 

experienced continuous upgrades and modifications over the years. One such approach that is 

lean combustion [3]. While lean combustion reduces the concentration of NOx and CO in the 

emissions, it also leads to instabilities in the combustion process like blowoff [4][5] and 

thermoacoustic oscillations [6][7], which are caused by inefficient mixing due to deviation 

from stoichiometric ratio. One of the methods to overcome the problem of inefficient mixing 

in lean combustion is the introduction of components that ensure quick, efficient mixing, like 

swirlers, which impart angular momentum to the incoming stream of air, leading to rapid 

mixing between the reactants upon entering the chamber. The DLR dual swirl gas turbine 

combustor, [8][9] the geometry of which will be utilized in this study, is an example of such a 

configuration. The flow behaviour resulting from such configuration resembles that of a 

premixed combustor configuration despite the DLR GT combustor having the build of a non-

premixed combustor barring the swirlers, due to which the combustion taking place is referred 

to as partially premixed.  

This chapter mainly covers the numerical validation studies featuring flow analysis of 

the dual swirl partially premixed combustion chamber domain using different boundary 

conditions and scopes of analysis. The overview of the numerical validation case studies will 

be preceded by an overview of the experimental study by DLR based on which the numerical 

analyses were conducted. 

3.1 Benchmark experimental case study 

The numerical validation case studies covered in this literature review are based on the 

experimental study conducted in a dual-swirl GTMC. The study, divided into two parts, 

analyzed 3 distinct CH4/air diffusion flame types that are differentiated based on their stability. 
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The first part of the experiment covers the flow features, temperature, and species distributions 

respectively, while the second part focuses on the turbulence-chemistry interactions.  

The experiment was conducted using non-invasive optical methods, which included 

Laser Doppler Velocimetry (LDV) for obtaining flow velocities at various heights, laser Raman 

spectroscopy for mixture fractions, species mass fractions, and temperature measurements 

respectively, Particle Image Velocimetry (PIV) for obtaining instantaneous flow fields on 

selected mid-planes, and Planar Laser Induced Fluorescence (PLIF) for the measurement of 

OH radicals. These measurement techniques were facilitated by the transparent chamber 

design. 

The combustor features a square cross-section chamber of 85x85 mm and a height of 114 

mm, which is walled on all sides by quartz plates that allow for the optical measurement 

techniques to be employed. The walls are supported by steel posts at the corners. There are 

three inlets to the chamber, two of which are air inlets, while the third one is for CH4. Dry air 

enters the combustor at room temperature via a plenum, which keeps the air and CH4 segregated 

before they enter the chamber. The airflow is divided in the plenum to be passed through 2 

radial swirlers, which lead to the central and annular inlet nozzles respectively. The central 

nozzle is 15 mm in diameter, while the annular nozzle has inner and outer diameters of 17mm 

and 25 mm respectively. The swirlers leading to central and annular nozzles consist of 8 and 

12 channels respectively. The air mass-flow ratio of annular swirler to central swirler is 

approximately 1.5. The fuel nozzle lies between the two air nozzles, to which non-swirling fuel 
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is supplied through a total of 72 channels, each one having a square cross-section of 0.5 x 0.5 

mm. The combustor schematic is shown in Figure 3.1. 

3.2 Overview of the investigated experimental cases 

The benchmark DLR dual swirl experiment investigated 3 cases called Flames A, B, and 

C respectively. All three flames were operated in globally lean conditions to observe the 

reduction in the emission of pollutants. Flame A displayed stable characteristics overall, while 

Flames B and C were observed to be distinctly unstable. Common features like V-shaped 

toroidal flame structures and zones dominated by reverse-flow called recirculation zones in the 

central and near-wall regions respectively were observed in all 3 cases, while no soot formation 

was observed in either case.  

The recirculation zone observed in the central part of the chamber is referred to as the 

inner recirculation zone (IRZ) while the corresponding near-wall zone is called the outer 

recirculation zone (ORZ), which occurred in the lower corners of the chamber. Recirculation 

zones contribute towards stabilizing the flame by transporting the hot gases towards the fresh 

stream of incoming propellants, thereby reducing the reaction time for the combustion to 

occur. Each recirculation zone was separated from the normal flow by a “shear layer” where 

the mean axial velocity, u was observed to be 0 m/s. The shear layers were also observed to 

be the regions where reaction rates were the highest in all 3 cases, and were physically 

characterized by the flame opening angles. The flame operating near lean blowout conditions 

(equivalence ratio Φglob = 0.53), which is the focus of this study, was called “Flame C” in the 

Figure 3.1: 2D schematic diagram of the DLR dual-swirl combustion chamber (left) 

and top view of the inlet nozzles with fuel channels (right) 
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experimental investigation, and was characterized by the periodic liftoff of the flames, 

followed by a period of stable burning. The distinct liftoff behaviour of the flames compared 

to the stable flame was proven by the similar distribution but significantly lower 

concentration of the CH and OH particles in reaction zones. The blowoff behaviour of the 

flames led to the mean equilibrium temperature in this case being the lowest of the 3 cases 

investigated. The flame characteristics of all three flames are shown in Table 3.1. 

3.3 Numerical case studies differentiated by combustion model 

In this section, the numerical validation studies of the DLR dual swirl partially premixed 

experimental studies will be discussed in order of the combustion models used.  

3.3.1 Eddy Dissipation Concept 

Multiple studies have employed the Eddy Dissipation Concept (EDC) for analyzing the 

thermochemical behaviour in a dual swirl partially premixed configuration. 

Table 3.1: Characteristics of the 3 cases investigated in the DLR dual swirl experimental study 

Case 
Distinct 

characteristic 

Flow Rates 

(g/min) 
Φglob 

Mean 

IRZ 

height 

(mm) 

Jet 

Opening 

Angle 
𝛉

𝟐
 (degrees) 

Mean 

equilibrium 

temperature 

(K) Air Fuel 

Flame 

A 
Stable flame 1095 41.8 0.65 70 ≈30 1750 

Flame B 
Thermoacoustically 

unstable flame 
281 12.3 0.75 62 75 1915 

Flame C 
Liftoff and 

flashback 
281 9.0 0.55 72 ≈30 1500 

 

These numerical validation studies have combined EDC with a variety of turbulence 

models and chemical kinetic mechanisms, like RANS k- coupled with a 2-step reaction 

mechanism [78][79], RANS-RSM coupled with DRM22 chemical kinetic mechanism [80], 

RANS k- coupled with DRM22 chemical kinetic mechanism [81] LES coupled with a 3-step 
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reaction mechanism [82]. All these studies analyzed the stable flames in a partially premixed 

environment, and while they predicted the flow features and temperature fields with reasonable 

accuracy, the near-inlet predictions using the EDC model depicted considerable deviation from 

experimental data as compared to the predictions at downstream regions. Another observation 

made from these studies is that the use of detailed chemical kinetic mechanisms like DRM22 

along with EDC gives a considerably higher accuracy for near-inlet predictions compared to 

the simpler global mechanisms.  

3.3.2 Flamelet/Progress Variable Approach 

As per the author’s knowledge, the FPV model is the most extensively utilized 

combustion model in the dual swirl partially premixed numerical studies and has proven to 

have a relatively higher accuracy level compared to the other combustion models. It has been 

coupled along with URANS and LES turbulence models [82] to produce reasonable results in 

a comparative study of different turbulence and combustion models. Another study [83] 

employed 2 different variations of FPV model called F-Cvar [84] and F-TACLES [85] [86]. F-

Cvar includes the progress variable variance in the system of equations while solving for the 

scalars, while F-TACLES introduces a flame wrinkling factor by generating a flamelet library 

consisting of 1D premixed stratified flamelets. The results of the study showed that both F-

Cvar and F-TACLES achieved slightly higher accuracy compared to FPV. Further studies 

coupled the LES and FPV models to observe stable flame behaviour [87], thermoacoustically 

unstable flame properties [88], as well as the effects of the exclusion of the fuel plenum in the 

computational domain [89], with the results showing that the inclusion of fuel plenum produced 

more accurate results. Another study analyzed the influence of the PVC on flame dynamics for 

both stable and thermoacoustically unstable flames using FPV and LES [90], while the same 

models were employed to predict the behaviour of a flame close to the blowoff limit [39], and 

the effects of introducing different heat-loss effects to the flame close to blowoff [91], which 

showed that introducing heat loss through heat loss factor ĸ [92] resulted in a more unstable 

flame behaviour compared to the adiabatic case. A fairly recent study [93] applied reduced 

order modelling to reduce the computational time of a case simulated initially using the FPV-

LES models, while another study analyzed the influence of PVC on the dynamics of a flame 

close to blowoff [94]. 
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3.3.3 Eddy Dissipation Model 

As per the author’s knowledge, there exist three studies that have utilized the Eddy 

Dissipation Model-Finite Rate Chemistry (EDM-FRC) model to simulate dual-swirl partially 

premixed combustion. As mentioned in the previous chapter, the utilization of EDM with FRC 

is important as it helps overcome the limitation of the EDM model by predicting the 

thermochemical behaviour better in regions where chemical time scales dominates. This model 

has been used with the Scale Adaptive Simulation (SAS) turbulence model, which is a RANS-

LES hybrid, along with a one-step chemical mechanism to simulate stable flames [95] as well 

as flames close to blowoff [96]. Another study utilized EDM-FRC along with the URANS k-

w and DES turbulence models while employing a 3-step chemical mechanism [23], with all 3 

studies achieving reasonable accuracy. 

3.3.4 Flamelet Generated Manifold 

As per the author’s knowledge, there exist three numerical analyses of the dual swirl 

partially premixed combustion that have utilized the FGM combustion model. One study used 

FGM along with the URANS-RSM and DES turbulence models [97], in which DES predictions 

were generally more accurate. A couple more studies [98] [99] employed a 5-D FGM approach 

with both RANS and LES models, using GRI Mech 3.0 as the chemical kinetic mechanism. 

The analysis using LES compared a fully adiabatic approach with two different heat loss 

approaches, in which the fully adiabatic model gave more accurate thermochemical predictions 

compared to the models incorporating heat losses.  

3.3.5 Conditional Moment Closure 

The only dual swirl partially premixed numerical study utilizing the LES-CMC approach 

validated the flame close to blowoff by employing the ARM2 reduced detailed chemical 

mechanism [100]. With the exception of velocity profiles near inlet, the model showed a high 

level of accuracy in its prediction of flow dynamics and thermochemical features. 

3.3.6 LES-Thickened Flame Model  

As per the author’s knowledge, there is a singular numerical analysis of the dual swirl 

partially premixed combustion that utilized the LES-TFM model [101]. The study aimed to 

reduce the flame thickening due to TFM in regions of low heat release, which caused the 
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reaction rates to be abnormally high in those regions. To overcome this issue, 4 different sensors 

were introduced to reduce flame thickness in regions of low reactivity via detection of a flame 

parameter. Among those sensors, the “Chemical Explosive Mode Analysis” (CEMA) sensor 

[102] predicted the thermochemical parameters with the highest accuracy. An optimized 

version of CEMA was used in this study to reduce the computational cost of the analysis, since 

CEMA is more intensive than other sensor models. 

3.4 Numerical case studies differentiated by chemical kinetic mechanism 

All global chemical schemes have been derived from the elementary one-step methane-

oxygen combustion equation, which, as per the author’s knowledge, multiple numerical studies 

analyzing dual swirl partially premixed combustion have utilized [95] [103]. The mechanism 

is represented by the following reaction. 

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 𝐻2𝑂 (3.1) 

A three-step chemical kinetic mechanism was employed for the numerical investigation 

of the partially premixed case close to blowoff [104]. This global mechanism utilized the 5-

step mechanism [11] with the omission of the reactions involving the NO species. 

𝐶𝐻4 +
3

2
𝑂2 → 𝐶𝑂 + 2𝐻2𝑂 (3.2) 

𝐶𝑂 +
1

2
𝑂2 → 𝐶𝑂2 (3.3) 

𝐶𝑂2 → 𝐶𝑂 + 
1

2
𝑂2 (3.4) 

A 2-step irreversible chemical kinetic scheme derived from a mechanism consisting of 5 

species [105] was used to numerically validate the DLR experiment [23]. A few validation 

studies [103] [79] utilized the same mechanism but considered the second reversible reaction 

as irreversible.  

𝐶𝐻4 +
3

2
𝑂2 → 𝐶𝑂 + 2𝐻2𝑂 (3.5) 

𝐶𝑂 +
1

2
𝑂2  ↔ 𝐶𝑂2 (3.6) 
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Another validation study [82] utilized a 3-step mechanism by breaking down the 

reversible reaction in this scheme into 2 separate reactions. 

As per the author’s knowledge, a majority of the recent numerical validation studies of 

dual swirl partially premixed combustion [99][39][94] have employed GRI Mech 3.0 as the 

chemical kinetic mechanism. Some numerical validation studies have also utilized the 

predecessors of Gri Mech 3.0, like Gri-Mech 2.11 [106], and Gri-Mech 12 [107].  

Among the studies that utilized the reduced detailed mechanisms, one study [80] used 

DRM22 [76] for the 2D analysis of Flame A using EDC and RANS-RSM as the combustion 

and turbulence models respectively. Another study [100] numerically validated the of the DLR 

experiment utilizing ARM2 [77], while another numerical analysis of the DLR experiment 

[101] used a reduced skeletal mechanism developed using in situ adaptive tabulation 

[108][109] that contained 16 species and 41 reactions. 

3.5 Comparative overview of the case studies  

Among the numerical validation analyses consulted for this literature review, most of the 

case studies analyzed the stable-burning “Flame A”, and it was noted that the flow dynamics 

like axial, radial, and swirl velocities respectively, were captured with considerable accuracy 

by the studies utilizing the LES turbulence model due to its resolution of the large scale eddies. 

An especially crucial region in the computational domain for these analyses was the near-inlet 

zone, where the largest discrepancies were noted in the axial velocity predictions. The LES-

based studies predicted the flow development in this region with the highest accuracy. 

Similarly, the highest levels of accuracy for temperature predictions were observed in studies 

utilizing the LES-based models, with the LES-FPV [88][89][90] studies remaining consistently 

accurate in downstream predictions as well. 

Almost all numerical analyses of “Flame B” and “Flame C” were conducted using the 

LES-FPV turbulence model, with the exceptions of the “Flame C” analysis by Rebosio et. al 

[96], which utilized the SAS-EDM-FRC models, and LES-CMC analysis by Zhang and 

Mastorakos [100]. It was noted that while all analyses of “Flame C” achieved high accuracies 

in capturing near-inlet axial velocities, the SAS-EDM-FRC analysis significantly 

overpredicted the temperatures close to inlet nozzles as compared to the LES-FPV studies, 

which achieved reasonable accuracy levels [39][91]. 
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It was also noted that the studies utilizing detailed kinetic mechanisms and reduced detailed 

mechanisms generally achieved a greater level of accuracy compared to those that utilized 

global reaction schemes with limited number of species and reaction steps. The list of 

numerical validation analyses consulted for this literature review are summarized in Table 3.2,  

Table 3.3 and Table 3.4. 

3.6 Research gap based on literature review 

From the overview of the case studies, it was determined that no numerical analysis has 

been conducted for “Flame C” using the DES tubulence model and the EDC combustion model. 

Another major observation was that no study of “Flame C” performed a parametric analysis 

comparing varying geometry. Based on this observation, the scope of this study, which consists 

of a validation analysis using the DES-FPV and DES-EDC models, as well as a parametric 

analysis featuring the effects on flow dynamics of varying swirler angles, was defined. 

Table 3.2: Numerical Analyses of the "Flame A" case of the DLR experimental study 

Combustion 
Model 

Turbulence 
Model 

Chemical 
Mechanism 

References 

EDM-FRC 

SAS 
One-step 

mechanism 
Widenhorn et al. (2009) [95] 

RANS (RSM) 
One-step 

mechanism 
Sudarma and Morsy (2018) [103] 

URANS-k-w, 
DES 

Three-step 

mechanism 
Ben Sik Ali et al. (2016) [23] 

EDC 

RANS-k- 
Two-step 

mechanism 

Bahramian (2015), Bahramian et al. (2017) [78] 

[79] 

RANS (RSM) 

(2D grid) 
DRM22 

Mardani & Fazlollahi-Ghomshi (2016) [80] 

LES 
Three-step 

mechanism 
Benim et al. (2017) [82] 
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RANS-k- DRM22 Mardani et al. (2022) [81] 

FGM 

URANS 

(RSM), DES 
GRI Mech 3.0 Wankhede et al. (2014) [97] 

RANS-k-w  GRI Mech 3.0 Donini et al. (2015) [98] 

LES GRI Mech 3.0 Donini et al. (2017) [99] 

TFM LES 

Reduced 

Skeletal 

Mechanism 

Zhang et al. (2021) [101] 

FPV 

URANS (SST), 

LES 

Three-step 

mechanism 
Benim et al. (2017) [82] 

LES GRI Mech 2.11 See & Ihme (2015) [83] 

LES GRI Mech 3.0 Z. X. Chen, Swaminathan, et al. (2019) [88] 

LES GRI Mech 3.0 Z. X. Chen & Swaminathan (2020) [89] 

LES GRI Mech 3.0 Z. X. Chen, Langella, et al. (2019) [90] 

LES GRI Mech 2.11 D. Huang et al. (2020) [87] 

LES GRI Mech 1.2 Arnold-Medabalimi et al. (2022) [93] 

 

Table 3.3: Numerical Analyses of the "Flame B" case of the DLR experimental study 

Combustion Model Turbulence Model Chemical Mechanism References 

FPV LES GRI Mech 3.0 

Z. X. Chen, 

Swaminathan, et al. 

(2019) [88] 
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Z. X. Chen & 

Swaminathan (2020) 

[89] 

 

Table 3.4: Numerical Analyses of the "Flame C" case of the DLR experimental study 

Combustion Model Turbulence Model Chemical Mechanism References 

EDM-FRC SAS Two-step mechanism 
Rebosio et al. (2010) 

[96] 

CMC LES ARM2 

H. Zhang & 

Mastorakos (2019) 

[100] 

FPV LES GRI Mech 3.0 

Massey et al. (2019) 

[39], 

Massey et al. (2021) 

[91], 

Massey et al. (2022) 

[94] 
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Chapter 4: METHODOLOGY 

Numerical analysis of turbulent combustion requires multiple factors to be taken into 

consideration, due to which the preparation of the computational setup relies not only on the 

knowledge of numerical modelling, but also of the various features of the flow dynamics that 

can be obtained in post-processing. There are different routes which can be taken during post 

processing in terms of the type of data that needs to be obtained, which defines the scope of 

the analysis.  

Based on the diverse scope of numerically setting up a turbulent combustion problem as 

well as the focus of the research being driven by the flow features to be studied, the research 

gap in a turbulent combustion analysis can be based on either of these factors. The numerical 

setup itself is divided into three categories, which are, as mentioned in the previous chapters, 

the turbulence model, the combustion model, and the chemical kinetic mechanism. The various 

factors based on which the novelty is sought in any combustion-related analysis is shown in 

figure 4.1. This chapter provides an overview of the approach taken to discover the research 

gap, based on which the numerical setup and the scope of the results was determined. 

4.1 Review of the case studies 

As seen in the previous sections, there exist multiple numerical analyses of dual swirl 

partially premixed combustion, and each of these studies explicitly specify the inlet conditions 

and numerical models employed in the analysis. Among all the numerical validation studies of 

the DLR dual swirl experimental analysis [8][9], most have performed validation of the stable 

combustion case, while there are also a few studies analyzing the thermoacoustically unstable 

flames. Among the numerical validation analyses that investigated lean flames close to 

blowoff, it was observed that all but one of those studies utilized LES as the turbulence model, 

while the other remaining study used the RANS-LES hybrid Scale Adaptive Simulation (SAS) 

[96] model. Similarly, Flamelet/Progress Variable [91] [39] [94] approach was the most 

commonly utilized combustion model, while the other two models utilized in these studies 

were Eddy Dissipation Model (EDM) [96] and Conditional Moment Closure (CMC) [100].  

Based on the numerical setup utilized in these studies, and considering the high level of 

accuracy associated with the FPV approach compared to other models, a reasonable research 

approach was to test the accuracy of the FPV model by coupling it with the Detached eddy 
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simulations (DES) turbulence model, which presents a trade-off in terms of lower accuracy and 

greater computational efficiency compared to the LES model. It was also noted that all the 

numerical studies based around lean unstable partially premixed combustion utilized a solitary 

combustion model to analyze the flow behaviour, and none of those studies had, despite its 

extensive usage in the earlier studies of stable flames, utilized the eddy dissipation concept. 

(EDC) combustion model. Based on this observation, it was decided to compare the results of 

both the FPV and the EDC models for this study.  

All of the numerical validation studies of lean partially premixed flames focus on both 

the turbulence-chemistry interactions as well as the influence of the pressure-induced vortex 

on the flow dynamics. However, it was noted that none of the studies analyzed the changes in 

the behaviour of reactive flow due to variations in the swirler geometry, based on which an 

additional analysis was to be performed to observe changes in the flow and thermochemical 

behaviours respectively with increasing swirler angles. A similar study was conducted for 

stable flame analysis [81] using EDC, but it varied multiple parameters at a time due to which 

the dependence of flow behaviour solely on increasing swirler angles couldn’t be distinguished. 

4.2 Numerical Setup 

4.2.1 Computational Domain 

The computational domain of the dual swirl partially premixed combustor is shown in 

Figure 4.1, and consists of 3 separate inlets for air and fuel. Air at standard temperature and 

pressure is introduced from the plenum, and is then divided into two streams, one of which 

passes through the inner swirler to the central nozzle (di = 15mm) while the other is transported 

through the outer swirler to the annular nozzle (di =17mm, do = 25mm curved to outer diameter 

of do =40mm). The number of inner swirler blades is 8, while that of the outer swirler blades is 

12. Fuel is supplied through a peripheral injector consisting of 72 channels, each of which has 

an area of 0.5x0.5 mm2. The exit of the annular nozzle is located 4.5mm above the exit of the 

central nozzle and air inlet. The combustion chamber has a height of 114mm and an area of 

85X85mm2. The diameter of the exhaust outlet is 40mm. The resulting mesh, generated on 

ANSYS ICEM, consisted of 12.7 million cells. 

The swirler assembly of the computational domain for the validation analysis had an 

inner swirler angle of 60 degrees, while for the parametric analysis, two more domains were 

generated with inner swirler angles of 62 degrees and 64 degrees respectively. 
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4.2.2 Boundary Conditions 

The boundary conditions for the flow are stated in Table 4.1. The mass flow rate of air 

is 0.00468 kg/s, which is introduced from the air plenum, while that of fuel is 0.00015 kg/s, 

which is introduced through fuel inlet, as shown in Figure 4.1. Both fuel and air enter their 

respective inlets at the temperature of 298 K. The respective turbulent intensities of air and fuel 

inlets are 5 percent and 15 percent respectively, while the turbulent length scale for both inlets 

is 0.0005m.  

For the numerical validation analysis, which was performed on ANSYS Fluent solver, 

two separated cases were simulated featuring the Eddy Dissipation Concept (EDC) and 

Flamelet/Progress Variable (FPV) (Referred to as Partially Premixed Combustion on ANSYS 

Fluent) models respectively. As mentioned in the earlier chapters, FPV incorporates joint PDFs 

of mixture fraction to determine turbulence chemistry interactions, while in the case of EDC, 

GRI Mech 2.11 chemical kinetic mechanism is employed to integrate the reaction kinetics. For 

turbulence modelling, Detached Eddy Simulations (DES) is selected, which features both 

RANS-like and LES-like behaviour based on grid spacing. RANS-like behaviour for DES is 

modelled through the SST k-ω model. The FPV and EDC analyses were also distinguished on 

the basis of wall heat transfer, with the FPV analysis employing non-adiabatic and EDC 

employing adiabatic wall treatment. 

4.2.3 Solution 

The solution was distributed into 4 phases. The first phase included a short computational 

simulation of steady, non-reactive flow using the species transport model, following which a 

transient simulation of non-reactive flow was conducted. Based on the development of the flow 

dynamics in the transient non-reactive simulations, the reactive simulations were initiated by 

switching from the species transport model to the prescribed combustion model. 

4.2.4 Post Processing and documentation 

The post processing phase involved extraction of profiles for different heights along with 

contours depicting the time-averaged state of the flow as well as the thermochemical properties. 

The results were then compared with the available experimental data. 
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Table 4.1: Boundary Conditions for the lean flame numerical analysis 

 

 

 

 

 

 

 

 

 

 

Flow Rates (kg/s) 

Φglob 

Boundary Condition 

Air Fuel Fuel Inlet Air Inlet Outlet 

0.00468 0.00015 0.55 
Mass-flow 

inlet 
Mass-flow inlet Pressure outlet 

Annular Nozzle 

Central Nozzle 

Central Air Swirler 

Annular Air Swirler 

Fuel Channel 

Outlet 

Figure 4.1: 2D schematic diagram of the DLR dual-swirl combustion chamber (left) and 3D 

computational domain of the combustor (right) 

Figure 4.2 Inner and Outer air swirler configuration in the 3D computational domain (left) 

and top view of the fuel inlet channels (blue) in the swirler assembly (right) 
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Figure 4.3: Flowchart of the thesis methodology 
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Chapter 5: RESULTS AND DISCUSSION 

This chapter covers the numerical analysis conducted to predict the behaviour of reactive 

flow. The analysis consists of two parts. 1) A numerical validation study of the DLR dual swirl 

experimental analysis using two distinct combustion models, and 2) A parametric analysis 

showcasing the effect of varying the internal swirler angle on the flow dynamics. The first part 

features a comparison between the Flamelet/Progress Variable (FPV) approach using Joint 

PDFs for species, and the Eddy Dissipation Concept (EDC), which utilizes GRI Mech 2.11 for 

capturing reaction kinetics. The analysis for the second part was conducted using the 

Flamelet/Progress Variable approach. Both the analyses were conducted using the Detached 

Eddy Simulations as the turbulence model. 

5.1 Numerical Validation Analysis with model comparison 

The mean axial velocity contours for both the FPV and EDC models can be seen in 

Figure 5.1. In the FPV visuals, there are two distinct recirculation zones on either side of the 

V-shaped inflow, 1) the inner recirculation zone (IRZ) developed due to the vortex breakdown 

and 2) the outer recirculation zone (ORZ) formed near the corners of the combustion chamber. 

“Recirculation zones” are regions of reverse flow which contribute towards stabilizing the 

flame by transporting the hot gases towards the fresh stream of incoming propellants, thereby 

reducing the reaction time for the combustion to occur. These recirculation zones are regions 

of high turbulence and change their size and location rhythmically with time. The recirculation 

zones are separated from the normal flow by “shear layers” where the mean axial velocity, u 

was observed to be 0 m/s. The region between the recirculation zones represents the inflow of 

fresh gas.  

The EDC axial velocity contours in Figure 5.1 show a different shape of the IRZ 

compared to the FPV visuals. The IRZ shape is significantly flatter and is attached to the 

chamber base on one side while also having greater width than the IRZ predicted by the FPV 

model. This shape bears a close resemblance to the “Coanda Flow” [110][111] observed in 

other similar studies [80][112], which is characterized by the tendency of the flow to stay 

attached to the surface over which is flows.  

The IRZ profiles of both the FPV and EDC models is shown in Figure 5.2. It can be seen 

that the width and height of the FPV profile is overpredicted compared to the experimental  
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Figure 5.1: Time-averaged axial velocity contours for the FPV (left) and EDC (right) models 

respectively, with IRZ outlines shown  

results, while the EDC profile is significantly shorter and wider, while the attachment of the 

IRZ to the chamber surface can also be clearly seen. This indicates that EDC replicates a much 

weaker recirculation zone compared to the FPV model. 

In Figure 5.3, the results of numerically obtained mean axial velocity profiles for the 

FPV and EDC models respectively are compared with experimental data at different locations 

of the combustion chamber. The IRZ presence is characterized by negative velocities near the 

centreline, while the peaks represent the incoming stream of fresh gases. Both FPV and EDC 

replicate the trends of the experimental results adequately at h = 1mm, but a significant 

overprediction of IRZ penetration at h = 1mm is quite evident for the EDC model, while a 

slight underprediction is observed for FPV. This behaviour is quite consistent with that 

observed in similar numerical studies, which have attributed it to the difficulties in accurately 

modelling the curvature of the annular nozzle, resulting in such discrepancies in the near-inlet 

region. For greater downstream locations, FPV predicts the IRZ depth with a significantly 

greater accuracy compared to EDC, while also replicating the velocity profiles with greater 

accuracy as compared to the relatively flatter profiles of EDC. However, there is an overall 

significant underprediction of velocity peaks and an overprediction of IRZ width at all heights. 
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Figure 5.2: IRZ (u=0) isolines for FPV and EDC combustion models compared with the 

experimental results 

 

Figure 5.3: Axial velocity profiles for FPV (red) and EDC (yellow) combustion models 

compared with the experimental results 
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The radial velocity profiles can be seen in Figure 5.4. In the near-inlet region (h = 5mm), 

both the FPV and EDC models capture the behaviour of the flow with considerable accuracy 

near the centreline, but show a significant overprediction of near-wall radial velocities at those 

heights, which implies an underprediction of the ORZ width. The overprediction of IRZ width 

at greater heights as seen in the axial velocity profiles is evident through the radial velocity 

profiles as well, with the velocities deviating at downstream heights for both FPV and EDC 

models respectively. Overall, FPV shows a greater level of agreement with the experimental 

results compared to the EDC model. 

The swirl velocities are shown in Figure 5.5. Both models show an underprediction of 

swirl strength at peak values compared to the experimental results at h =1mm. Generally, FPV 

shows a better agreement with the experimental values for downstream profiles but owing to 

its broader and higher IRZ profile compared to that observed experimentally, overpredicts the 

swirl velocities in the downstream regions. 

 

Figure 5.4: Radial velocity profiles for FPV and EDC combustion models compared with the 

experimental results 
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Figure 5.5: Swirl velocity profiles for FPV and EDC combustion models compared with the 

experimental results 

The temperature profiles can be seen in Figure 5.6. EDC model significantly 

overpredicts the temperatures at all heights, while considerable underprediction is seen at the 

height of 5mm for the FPV model. Both models predict broader peaks for temperature, which 

is linked to broader IRZ profiles facilitating quick mixing over a greater area compared to the 

experiment. The experimental data indicates equilibrium temperature (~1450 K) being attained 

at the height of 10mm, while the FPV results show a significant jump to the equilibrium 

temperature (~1600 K) between the heights of 10mm and 20mm, which indicates a high 

reaction rate for the FPV model between those heights, which is confirmed by the sudden 

disappearance of the mixture fraction peaks and the flattening of the profiles between those 

heights as seen in the mixture fraction graphs in Figure 5.7. Overprediction of temperature and 

broader profiles at lower height both suggest considerably higher rates of reaction predicted by 

the EDC model, which is also confirmed by equilibrium being reached at lower heights 

compared to the experimental results. This conclusion is supported by the CH4 mass fraction 

profiles in Figure 5.8 as well. EDC model shows a significantly high degree of reduction of 

CH4 mass fractions by the height of 15mm, and an almost complete consumption of CH4 by h 

= 40mm as compared to the experimental results, which indicates quicker reaction rates.  

The RMS fluctuation profiles of velocities, depicted in Figure 5.9,  

Figure 5.10, and Figure 5.11 show that the FPV case underwent higher transient 

fluctuations compared to the EDC case. EDC captures the experimental transient fluctuations 
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of velocities with more accuracy at lower heights compared to FPV. The discrepancy between 

the two models at capturing the RMS fluctuations is much more evident from the RMS profiles 

of radial and swirl velocities respectively, which show the FPV case undergoing an overall 

higher level of fluctuations compared to EDC in the downstream regions as well as in the near-

inlet regions for radial velocities. 

 

Figure 5.6: Temperature profiles for FPV and EDC combustion models compared with the 

experimental results 

From the temperature RMS fluctuation profiles in Figure 5.12, it can be seen that for 

lower heights, transient fluctuations of temperature are quite high for both models compared 

to the experimental data, and while there is a reasonable agreement with experimental values 

for the heights of 20mm and 30mm, the RMS temperature values for both models do not lower 

down as much as the experimental values for the downstream height of 60mm. 
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Figure 5.7: FPV mean mixture fraction results compared with the experimental results 

 

Figure 5.8: CH4 mass fraction profiles EDC combustion model compared with the 

experimental results 

The mean velocity features predicted using the FPV model can be seen from the velocity 

streamlines shown in Figure 5.13. The colour of each line indicates the magnitude of velocity, 

and the flow behaviour in each zone can be distinguished through the streamlines. The swirling 

motion of the IRZ is evident in the central region of the pathline diagram, while the V-shaped 

axial flow outside the IRZ can also be distinguished. Figure 5.13 also shows the difference  
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Figure 5.9: Axial velocity RMS fluctuations for FPV and EDC models 

 

Figure 5.10: Radial velocity RMS fluctuations for FPV and EDC models 

between the instantaneous and mean axial velocity fields predicted by the FPV model. The 

instantaneous contours, which were obtained at an arbitrary time during the simulations, show 

central swirling regions scattered along centerline instead of a singular IRZ body. 
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Figure 5.11: Swirl velocity RMS fluctuations for FPV and EDC models 

 

Figure 5.12: Temperature RMS fluctuations for FPV and EDC models 

The mean and instantaneous axial velocity contours predicted by the EDC model can be 

seen in Figure 5.14. The significantly wider profile of the IRZ can also be noticed in the 

instantaneous contours, where the recirculation is much more pronounced than its FPV 

counterpart in Figure 5.13. Even in the instantaneous axial velocity contours, the axial flow 
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can be seen dominating close to the wall, while the recirculation is quite dominant near the 

bottom of the chamber and away from the wall. 

From the FPV and EDC temperature contours, shown in Figure 5.15 and  

Figure 5.16, it can be seen that FPV predicts high temperatures close to the equilibrium 

temperature further downstream as compared to EDC, which shows equilibrium temperature 

being reached quite close to the inlet nozzle. These observations are consistent with the 

temperature and species fraction profiles of both models, in which it was seen that the EDC 

case predicted significantly higher reaction rates at the near-inlet heights, which were 

facilitated by the quick mixing resulting from a flatter IRZ profile as opposed to the IRZ profile 

predicted by the FPV model. 

The instantaneous and mean mixture fraction contours of the FPV case with the lean 

flammability limit (f = 0.0465) isolines are shown in Figure 5.17. The mean flammability limit 

isolines encapsulate regions where the mixture fraction is high enough for localized reactions 

to occur, and regions beyond that limit show consumption of methane. From the instantaneous 

contours, multiple such regions can be observed downstream of the nozzle, which shows 

localized reactions taking place instead of one continuous reaction zone. This observation is in 

line with the instantaneous temperature contours seen in Figure 5.15 which show multiple 

zones of high temperature instead of a uniform temperature distribution. The mean mixture 

fraction contours show a uniform reduction of mixture fraction with lean flammability isolines 

quite close to the inlet, which shows a uniform consumption of fuel and is consolidated by the 

mean temperature contours. 
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Figure 5.13: Mean velocity streamlines for the FPV model (left image), instantaneous (left-

half) and mean axial velocity (right-half) contours for FPV (right image) 

 

Figure 5.14: Instantaneous (left half) and mean axial velocity (right half) contours for EDC 
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Figure 5.15: instantaneous (left half) and mean (right half) temperature contours for FPV 

 

Figure 5.16: instantaneous (left half) and mean (right half) temperature contours for EDC 

 

 



72 

 

 

 

 

 

 

 

 

 

5.2 Parametric analysis results 

Following the validation analysis and comparison between the FPV and EDC models, 

FPV was chosen to capture the turbulence-chemistry interactions for the parametric analysis, 

which compared the flow and thermochemical variations resulting from varying the inner 

swirler angle. The three configurations analyzed had inner swirler angles of 60 degrees, 62 

degrees, and 64 degrees. The validation analysis was also performed on the 60 degrees 

configuration, due to which it was treated as the control case for this study. 

Figure 5.17: instantaneous (left) and mean (right) mixture fraction contours for the FPV model 

with lean flammability limit isolines (f = 0.0465) 
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The mean IRZ profiles for all 3 cases are shown in Figure 5.18

. There is a sharp contrast among all three profiles, 

with the IRZ of the 62 degrees configuration being flatter and broader compared to the 64 

degrees case. The 64 degrees IRZ, however, has a rather unconventional shape, which shows 

2 separate recirculation zones formed at the center, with the one penetrating the central nozzle 

having a much shorter and narrower profile compared to the other two. This shift in the IRZ 

profiles could be attributed to the change in the opening angle of the flow with increasing 

swirler angle. The opening angle of the flames is directly influenced by the interaction between 

the swirling air from the central and annular nozzles entering the chamber, and a drastically 

shorter IRZ profile indicates the flows from the 2 swirlers cancelling each other out upon 

entering the chamber. 

The axial velocity profiles, shown in Figure 5.19 depict the 64 degrees configuration 

having higher peak velocities than the other two configurations while having the shortest IRZ 

depth, which is in line with the IRZ profiles. The 62 degrees profile has the shortest peaks 

which is consistent with the significantly higher width of its IRZ compared to the other 2 cases. 

In the downstream regions, the 60 degrees configuration shows gradual reduction of its troughs, 

while the other 2 cases show relatively flatter profiles at h = 60mm. 
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Figure 5.18: Mean u=0 isolines (IRZ shear layer) comparison between three dual swirl 

combustor configurations with increasing swirler angles 

The radial velocity profiles, depicted in Figure 5.20 show the 64 degrees configuration 

achieving much less radial velocities compared to the other 2 cases. The 62 degrees 

configuration has considerably higher radial velocities for the near inlet heights of h = 1mm 

and h = 5mm compared to the other 2 cases, which is followed by a sudden flattening of the 

profiles for downstream regions. This behaviour indicates that the radial distribution of the 

species is the highest for near-inlet heights and considerably lower for downstream heights. In 

comparison, the 60 degrees profiles show a gradual flattening for downstream heights, which 

implies better radial distribution of species in downstream regions. The flow behaviour 

indicated by the axial and radial velocity profiles is consolidated by the swirl velocity profiles 

in Figure 5.21, which show the 64 degrees profiles flattening past the height of 30mm. The 

swirl velocity profiles also imply that the 62 degrees configuration experiences the highest 

swirl strength among the 3 cases based on relatively higher velocity values in the downstream 

regions compared to the other 2 cases. 

The instantaneous and mean axial velocity contours outlined by the isolines of zero axial 

velocity for the 64 degrees configuration are shown in Figure 5.22. Besides the narrow IRZ 

profile in the mean velocity contours, another interesting feature resulting from this 

configuration is the highly dominant outer recirculation zone (ORZ) extending from the bottom 

of the chamber to a greater height than that of the IRZ. It is to be noted that the 60 degrees 
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configuration, which was covered extensively in the previous section, featured a considerably 

weaker ORZ. The highly pronounced ORZ in the 64 degrees configuration can be explained 

by the narrow opening angle of the flow, which causes a greater degree of flow separation along 

the curvature of the annular nozzle. The part of the flow separating from the annular nozzle 

spreads radially and originates the outer recirculation zone, which is evident in the axial 

velocity contours. This behaviour implies a greater degree of mixing of species in the ORZ 

compared to the IRZ. 

The time-averaged temperature profiles are shown in Figure 5.23. At h = 5mm, the 62 

degrees profile shows relatively higher temperature values, which can be explained by the 

highly pronounced IRZ at that height compared to the other 2 cases and a higher radial 

distribution of species resulting from high radial velocities in the near-inlet region. The near-

centreline temperature values of the 64 degrees profile are a result of its shrunk IRZ which 

results in much lower level of mixing compared to the other 2 cases. However, the near wall 

temperatures of the 64 degrees case are considerably higher at near-inlet heights compared to 

the other 2 cases, which can be explained by the dominant outer recirculation zone causing 

quick mixing of species in the near-wall region. All 3 cases attain near-equilibrium 

temperatures by the height of 40mm, with the 64 degrees profiles indicating that much of the 

reactions take place in the near wall region as opposed to the IRZ dominated reactions in the 

other 2 cases. 
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Figure 5.19: Mean Axial Velocity comparison between three dual swirl combustor 

configurations with increasing swirler angles  

 

Figure 5.20: Mean radial velocity comparison between three dual swirl combustor 

configurations with increasing swirler angles 
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Figure 5.21: Mean swirl velocity comparison between three dual swirl combustor 

configurations with increasing swirler angles 

 

Figure 5.22: Axial Velocity contours of instantaneous (left half) and mean (right half) values 

for the 64 degrees configurations with u = 0 isolines 

 

Separation bubble along the 

annular nozzle originates the 

ORZ 
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The mixture fraction profiles, shown in Figure 5.24, consolidate the assumptions made 

from the temperature profiles, as it can be seen that the peak mixture fraction values at lower 

heights are significantly higher for the 64 degrees case as compared to the other 2 cases. The 

mixture fraction profile of the 64 degrees case becomes uniform around the same value as the 

near wall values at the height of 5mm, which indicates that reactions are instigated mostly by 

the ORZ mixing. The time-averaged temperature contours of the 64 degrees case, shown in 

Figure 5.25 support this conclusion, as equilibrium temperature is achieved quite close to the 

chamber bottom in the near wall region. The mean mixture fraction contours of the 64 

degrees case, shown in Figure 5.26 depict a relatively vertical distribution of flow as 

compared to the 60 degrees case (Figure 5.17). It can also be seen that the distribution of 

high mass fraction zones (encapsulated by lean flammability limit isolines) is relatively 

vertical compared to that of the 60 degrees case, which implies that reactions mostly take 

place away from the centreline. 

 

Figure 5.23: Mean temperature comparison between three dual swirl combustor configurations 

with increasing swirler angles 
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Figure 5.24: Mean mixture fraction comparison between three dual swirl combustor 

configurations with increasing swirler angles 

 

Figure 5.25: Temperature contours of instantaneous (left half) and mean (right half) values for 

the 64 degrees configurations with u = 0 isolines 
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Figure 5.26 instantaneous (left) and mean (right) mixture fraction contours for the 64 degrees 

configuration with lean flammability limit (f = 0.0465) isolines 
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Chapter 6: CONCLUSION 

This study performs numerical simulations of lean, dual swirl, partially premixed 

combustion using Detached Eddy Simulations (DES) as the turbulence model coupled with 2 

different combustion models, namely Flamelet/Progress Variable approach (FPV) and Eddy 

Dissipation Concept (EDC) to validate a benchmark experimental study by DLR. It was 

observed that the FPV model replicated the flow dynamics and reaction kinetics with a greater 

accuracy compared to the EDC model, which predicted an underdeveloped inner recirculation 

zone and significantly high reaction rate. Certain discrepancies were observed in the FPV 

results like a considerably weak outer recirculation zone, which was a major deviation from 

experimental results.  

The second phase of this study compared the flow behaviour and reaction kinetics of 

three distinct computational domains characterized by the unique inner swirler angles of 60, 

62, and 64 degrees respectively. It was observed that the 62 degrees configuration resulted in 

flattened and wider inner recirculation zone compared to the 60 degrees configuration, while 

the 64 degrees configuration predicted much a narrower inner recirculation zone and jet 

opening, a possible reason for which could be the suppression of radial motion of the flow due 

to the interaction between the flows entering the chamber from the two upstream swirlers. The 

64 degrees configuration also depicted an abnormally large outer recirculation zone which 

facilitated most of the mixing in the domain, leading to high reaction rates near the chamber 

walls. 

6.1 Future Recommendations 

Based on the predictions of the modelling techniques applied in this study and their 

subsequent results, the following recommendations are made for future work: 

• Simulation of lean partially premixed flames close to blowoff using the LES turbulence 

model, the results of which can be compared to DES to determine the differences in 

their respective predictions. 

• Performing numerical analysis using the same boundary conditions but applying 

adaptive meshing over a coarser mesh than the one used in this study to reduce the 

computational time. 
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• Parametrization of the annular nozzle curvature to observe the changes in flow 

behaviour resulting from different levels of curvature, since the curvature of the nozzle 

is crucial for accurate prediction of flow features like the axial velocity and the outer 

recirculation zone development. 

• Numerical analysis of lean partially premixed flames focused on the influence of the 

pressure fluctuations on flow dynamics and reaction kinetics. 

• Further parametrization of the swirler configurations to observe how various 

combinations of swirlers influence the thermochemical behaviour inside the chamber. 
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