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ABSTRACT
While the gas turbine research community is continuously pursuing development of higher
cyclic efficiency designs by increasing the combustor firing temperatures and thermally resistant
turbine vane / blade materials, a simultaneous effort to reduce the emission levels of high
temperature driven thermal NOX also needs to be addressed. Lean premixed combustion has been
found as one of the solutions to these objectives. However, since less amount of air is available for
backside cooling of liner walls, it becomes very important to characterize the convective heat
transfer that occurs on the inside wall of the combustor liners. These studies were explored using
laboratory scale experiments as well as numerical approaches for several inlet flow conditions
under both non-reacting and reacting flows. These studies may be expected to provide valuable
insights for the industrial design communities towards identifying thermal hot spot locations as
well as in quantifying the heat transfer magnitude, thus aiding in effective designs of the liner
walls.
Lean premixed gas turbine combustor flows involve strongly coupled interactions between
several aspects of physics such as the degree of swirl imparted by the inlet fuel nozzle, premixing
of the fuel and incoming air, lean premixed combustion within the combustor domain, the
interaction of swirling flow with combustion driven heat release resulting in flow dilation, the
resulting pressure fluctuations leading to thermo-acoustic instabilities there by creating a
feedback loop with incoming reactants resulting in flow instabilities leading to flame lift off, flame
extinction etc. Hence understanding combustion driven swirling flow in combustors continues to
be a topic of intense research.
In the present study, numerical predictions of swirl driven combustor flows were analyzed
for a specific swirl number of an industrial fuel nozzle (swirler) using a commercial computational
fluid dynamics tool and compared against in-house experimental data. The latter data was obtained
from a newly developed test rig at Applied Propulsion and Power Laboratory (APPL) at Virginia
Tech. The simulations were performed and investigated for several flow Reynolds numbers under

non-reacting condition using various two equation turbulence models as well as a scale resolving
model. The work was also extended to reacting flow modeling (using a partially premixed model)
for a specific Reynolds number. These efforts were carried out in order investigate the flow
behavior and also characterize convective heat transfer along the combustor wall (liner).
Additionally, several parametric studies were performed towards investigating the effect of
combustor geometry on swirling flow and liner hear transfer; and also to investigate the effect of
inlet swirl on the jet impingement location along the liner wall under both non-reacting as well as
reacting conditions.
The numerical results show detailed comparison against experiments for swirling flow
profiles within the combustor under reacting conditions indicating a good reliability of steady state
modeling approaches for reacting conditions; however, the limitations of steady state RANS
turbulence models were observed for non-reacting swirling flow conditions, where the flow
profiles deviate from experimental observations in the central recirculation region. Also, the
numerical comparison of liner wall heat transfer characteristics against experiments showed a
sensitivity to Reynolds numbers. These studies offer to provide preliminary insights of RANS
predictions based on commercial CFD tools in predicting swirling, non-reacting and reacting flow
and heat transfer. They can be extended to reacting flow heat transfer studies in future and also
may be upgraded to unsteady LES predictions to complement future experimental observations
conducted at the in-house test facility.

Numerical Analysis of Flow and Heat Transfer through a Lean Premixed Swirl Stabilized
Combustor Nozzle
Sandeep Kedukodi

AUDIENCE GENERAL ABSTRACT
While the gas turbine research community is continuously pursuing development of higher
cyclic efficiency designs by increasing the combustor firing temperatures and thermally resistant
turbine vane / blade materials, a simultaneous effort to reduce the emission levels of high
temperature driven thermal NOX also needs to be addressed. Lean premixed combustion has been
found as one of the solutions to these objectives. However, since less amount of air is available for
backside cooling of liner walls, it becomes very important to characterize the convective heat
transfer that occurs on the inside wall of the combustor liners. These studies were explored using
laboratory scale experiments as well as numerical approaches for several inlet flow conditions
under both non-reacting and reacting flows. These studies may be expected to provide valuable
insights for the industrial design communities towards identifying thermal hot spot locations as
well as in quantifying the heat transfer magnitude, thus aiding in effective designs of the liner
walls.
Lean premixed gas turbine combustor flows involve strongly coupled interactions between
several aspects of physics such as the degree of swirl imparted by the inlet fuel nozzle, premixing
of the fuel and incoming air, lean premixed combustion within the combustor domain, the
interaction of swirling flow with combustion driven heat release resulting in flow dilation, the
resulting pressure fluctuations leading to thermo-acoustic instabilities there by creating a
feedback loop with incoming reactants resulting in flow instabilities leading to flame lift off, flame
extinction etc. Hence understanding combustion driven swirling flow in combustors continues to
be a topic of intense research.
In the present study, numerical predictions of swirl driven combustor flows were analyzed
for a specific swirl number of an industrial fuel nozzle (swirler) using a commercial computational
fluid dynamics tool and compared against in-house experimental data. The latter data was obtained
from a newly developed test rig at Applied Propulsion and Power Laboratory (APPL) at Virginia
Tech. The simulations were performed and investigated for several flow Reynolds numbers under
non-reacting condition using various two equation turbulence models as well as a scale resolving

model. The work was also extended to reacting flow modeling (using a partially premixed model)
for a specific Reynolds number. These efforts were carried out in order investigate the flow
behavior and also characterize convective heat transfer along the combustor wall (liner).
Additionally, several parametric studies were performed towards investigating the effect of
combustor geometry on swirling flow and liner hear transfer; and also to investigate the effect of
inlet swirl on the jet impingement location along the liner wall under both non-reacting as well as
reacting conditions.
The numerical results show detailed comparison against experiments for swirling flow profiles
within the combustor under reacting conditions indicating a good reliability of steady state
modeling approaches for reacting conditions; however, the limitations of steady state RANS
turbulence models were observed for non-reacting swirling flow conditions, where the flow
profiles deviate from experimental observations in the central recirculation region. Also, the
numerical comparison of liner wall heat transfer characteristics against experiments showed a
sensitivity to Reynolds numbers. These studies offer to provide preliminary insights of RANS
predictions based on commercial CFD tools in predicting swirling, non-reacting and reacting flow
and heat transfer. They can be extended to reacting flow heat transfer studies in future and also
may be upgraded to unsteady LES predictions to complement future experimental observations
conducted at the in-house test facility.

v

Dedication
To the enabler of all activities;

vi

Acknowledgements
First of all, I would like to wholeheartedly thank my wife, Ranjana who supported me all
through the entire course of my Doctoral study endeavor. She strongly stood with me against all
odds that she didn’t deserve at all during my pursuit. With all due respect, I also thank my parents,
in-laws and extended families for their selfless support back home. Their support was significantly
helped me transform my aspiration for higher studies achievable.
My revered advisor, Dr Srinath Ekkad has played an instrumental role, first by providing
the opportunity to pursue Doctoral research in spite of my long hiatus from studies as I was
working back in India. He has been a very strong supporter all through the course by actively
facilitating all my training related aspirations like the qualifier exam preparation time, conference
presentation opportunities, Princeton summer school attendance, internship opportunity at
Siemens, a great teaching opportunity to instruct Thermodynamics for seventy undergraduate
students for one full semester. All these opportunities collectively helped me to discover myself
and my abilities thus shaping me to be what I am. His way of guiding students by providing
complete independence for exploring research driven targets, allowing them to learn from mistakes
and trusting them during the entire course of time certainly drove me to push my own limitations
with a secure and exploratory attitude and was a dream come true for myself. I humbly wish to
thank him for all his technical, financial as well as emotional support during all situations. I am
certainly inspired for a life time to carry the legacy forward with his example.
My committee members, Dr Danesh Tafti, Dr Seongim Choi, Dr Brian Vick and Dr Brian
Lattimer, (and Dr Uri Vandsburger) have considerably helped and guided me by sharing their
technical expertise to navigate through my research tenure and also through their graduate level
courses. They have taught through their own examples on how to constructively and critically offer
comments on technical projects, which I realized during my preliminary examination. I am humble
enough and thankful to all of them for guiding me to drive technical rigor towards gaining technical
competence. I would also like to thank Dr Clint Dancey for providing me all the support while
teaching ‘Thermodynamics’ course that I enjoyed the most during my entire PhD span. It gave me
an opportunity to judge my own teaching ability and provided a sense of accomplishment by
allowing me to give back to the student community, what I had learnt earlier during my entire
studentship. I also like to thank the entire class for patiently listening to my lecture and for all the
questions which tested and improved my own understanding. Through this course, I finally
vii

understood the unidirectional behavior of material energy transformation in an isolated system that
can be beautifully explained by the law of increasing entropy.
My acknowledgment is meaningless without thanking my lab mates, David Gomez,
Jaideep, Prashant, Siddhartha, Suhyeon, Sridharan, Karthik Tyagi, Kris Barboza, Arnab Roy,
Sakshi, Jayati, Yong Bin, Andrew and others whom I may have missed to mention due to my
limited memory. Through their friendly gestures, the entire group provided me and my family a
sense of belonging in this country in this new environment. In their presence, my tenure seemed
complete. I will always remember our numerous potluck sessions, Taaza trips, hiking adventures
at Cascades, dragon tooth, racquet and table tennis games, tea sessions etc. I particularly thank
David Gomez for demonstrating a fantastic work ethic while being my project partner. I have been
exposed to his style of being rigorously organized and demonstrated dedication at work which has
truly inspired me. I am very thankful to Jaideep for his strong support while addressing my lab
related and personal concerns in this relatively new environment.
I also thank Diana, Mandy, Monica, Cathy for all the departmental and graduate school
support extended during my days at Virginia Tech. I truly felt at home whenever I was interacting
with them. Thank you Melissa for your Camry. The ’97 classic’ is working fantastic since my
internship stint at Charlotte.
I would like to thank Solar Turbines Inc. and NETL for providing sponsorship that made
this project successfully progress forward with beneficial returns.
Thank you Virginia Tech, for providing this wonderful campus and the opportunity to
technically and socially interact with a lively group of students, advisors and the management
team. It gave me a valuable, global learning exposure that has certainly shaped me in both character
and profession, and preparing me to serve the community.

Sandeep Kedukodi (8 March 2017)
Ut Prosim!

viii

TABLE OF CONTENTS
ABSTRACT...................................................................................................................................... ii
AUDIENCE GENERAL ABSTRACT ............................................................................................. iv
DEDICATION ................................................................................................................................ vi
ACKNOWLEDGEMENTS ............................................................................................................ vii
LIST OF FIGURES ....................................................................................................................... xii
LIST OF TABLES........................................................................................................................ xvii
PREFACE .................................................................................................................................. xviii
1

Introduction ........................................................................................................................... 1
1.1

Basic terminologies in combustion .................................................................................. 2

1.2

Combustor designs ........................................................................................................... 3

1.2.1

Conventional combustors (diffusion flame based) ................................................... 3

1.2.2

Lean Premixed Combustors ...................................................................................... 3

1.3

Challenges in LPM technology ........................................................................................ 5

1.4

Current research developments ........................................................................................ 6

1.5

Project objectives ............................................................................................................. 7

References ............................................................................................................................... 8
1.6

Fundamental concepts ...................................................................................................... 9

1.6.1

Turbulent flows ......................................................................................................... 9

1.6.2

Swirl flow................................................................................................................ 13

1.6.3

Premixed flame fundamentals................................................................................. 17

1.6.4

Solver theory ........................................................................................................... 20

1.6.5

Combustion modeling concepts .............................................................................. 26

References ............................................................................................................................. 31
2
Paper #1 - Numerical investigation of effect of geometry changes in a model combustor
on swirl dominated flow and heat transfer ............................................................................... 32
2.1

Abstract .......................................................................................................................... 32

2.2

Introduction .................................................................................................................... 32

2.3

Computational domain ................................................................................................... 34

2.4

Grid independence and validation case results .............................................................. 37

ix

2.5

Flow studies in various combustor geometries .............................................................. 40

2.6

Kinematics of flow ......................................................................................................... 40

2.7

Conclusions .................................................................................................................... 46

Acknowledgments..................................................................................................................... 47
Nomenclature ............................................................................................................................ 47
References ................................................................................................................................. 48
3
Paper # 2 - Analysis on impact of turbulence parameters and swirl angle variation on
isothermal gas turbine combustor flows ................................................................................... 50
3.1

Abstract .......................................................................................................................... 50

3.2

Introduction .................................................................................................................... 51

3.3

Computational setup....................................................................................................... 53

3.4

Validation experiments: setup and methodology ........................................................... 57

3.4.1

Experimental facility............................................................................................... 57

3.4.2

Particle Image Velocimetry Methodology .............................................................. 58

3.4.3

Steady State Heat Transfer Methodology ............................................................... 59

3.5

Computational results and comparison to experimental data......................................... 62

3.6

Effect of swirl angles...................................................................................................... 66

3.7

Heat transfer to the liner ................................................................................................. 67

3.8

Conclusions .................................................................................................................... 68

Acknowledgments..................................................................................................................... 69
References ................................................................................................................................. 69
4
Paper # 3 - Numerical and experimental investigations for flow fields under nonreacting and reacting conditions through a lean premixed fuel nozzle ................................. 72
4.1

Abstract .......................................................................................................................... 72

4.2

Introduction .................................................................................................................... 73

4.3

Computational setup....................................................................................................... 76

4.4

In-house experiments: setup and test methodology ....................................................... 81

x

4.4.1

Experimental facility............................................................................................... 81

4.5

Computational results..................................................................................................... 83

4.6

Effect of swirl on non-reacting and reacting flow.......................................................... 87

4.7

Conclusions .................................................................................................................... 93

Acknowledgements ................................................................................................................... 94
References ................................................................................................................................. 94
5

Conclusions and future work ............................................................................................. 98
5.1

Future efforts ................................................................................................................ 101

APPENDIX ................................................................................................................................ 102

xi

LIST OF FIGURES
Figure 1: Lean premixed fuel nozzle (Solar Turbines Inc.) ................................................ 4
Figure 2: Emissions curve for lean premixed combustion ................................................. 5
Figure 3: Turbulence decomposition ................................................................................ 11
Figure 4: Normalized viscous and Reynolds stresses in a turbulent channel flow (Re 600014000) Ref: Pope [7] ........................................................................................................ 12
Figure 5: One-dimensional laminar flame zones ............................................................. 17
Figure 6: Laminar flame species concentrations at 1 bar, 273K and 67% excess air (normalized
with max values) ............................................................................................................... 18
Figure 7: Borghi Diagram ................................................................................................ 19
Figure 8: Turbulent flame regimes [10] ........................................................................... 20
Figure 9: PDF function and associated representative species fraction band [10] ........ 27
Figure 10: Chart showing the computation of properties from PDF and chemistry model28
Figure 11: Computational domain of the combustor section (validation case)................ 35
Figure 12: Hexahedral grid for the computational domain; (a) Front view (b) Isometric view
........................................................................................................................................... 36
Figure 13: Velocity profiles at the swirler exit (Patil et al. [9]) ...................................... 36
Figure 14: Y-plus distribution along the liner .................................................................. 37
Figure 15: Normalized axial velocity .............................................................................. 37
Figure 16: Nusselt number distribution along liner length for validation case ............... 38
Figure 17: Axial velocity contours in the azimuthal plane ............................................... 39
Figure 18: Comparison of computed and experimental normalized Nusselt numbers for
validation case .................................................................................................................. 39
Figure 19: Combustor geometries - Straight cylindrical section (Case 1); Upstream diverging
section case (Case 2); Downstream converging section case (Case 3)............................ 41
Figure 20: Axial velocity contours for validation case, Case 1, 2 and 3 in the azimuthal
section = 0o) (straight, upstream-divergent & downstream-convergent sections respectively)
........................................................................................................................................... 41
Figure 21: Radial pressure distribution along combustor sections (validation case) ..... 42
Figure 22: Radial pressure distribution along combustor sections (Case 1) ................... 42
Figure 23: Normalized Nusselt number variation along normalized liner length ........... 43
xii

Figure 24: Radial pressure distribution along combustor sections: (a) Case 2 and (b) Case 3
(upstream-divergent & downstream-convergent geometries respectively) ...................... 44
Figure 25: Turbulent kinetic energy contours for three configurations [Case 1, Case 2, Case 3]
(straight, upstream-divergent & downstream-convergent sections respectively) ............ 45
Figure 26: Normalized Nusselt number distribution for Case 1, Case 2 and Case 3 (straight,
upstream-divergent & downstream-convergent sections respectively) ............................ 45
Figure 27: Modeled industrial swirler ............................................................................. 53
Figure 28: Hexahedral mesh for the swirler .................................................................... 54
Figure 29: Combined mesh for swirler and combustor .................................................... 55
Figure 30: Computed flow profiles from the modeled swirler (TKE is based on experiments)
........................................................................................................................................... 55
Figure 31: Sector model of combustor ............................................................................. 56
Figure 32: Grid sensitivity for 0.02, 0.16 and 0.7 million meshes ................................... 56
Figure 33: Experimental facility diagram. ....................................................................... 57
Figure 34: Experimental heat transfer (A) and 2D-PIV (B-G) acquisition planes. ......... 58
Figure 35: Schematic of the experimental setup for the heat transfer measurements ...... 60
Figure 36: Calibration of the IR reading with respect to the inner wall temperature. ..... 61
Figure 37: Axial velocity contours (m/s) for Re 50000 for Case 1 (Top- TI and length scale) and
Case 2 (Bottom- TKE & SDR profiles) ............................................................................. 63
Figure 38: Axial Velocity Comparison at “𝑋 = 0.16𝐷𝑁” (L1) and “𝑋 = 2.4𝐷𝑁” (L2).63
Figure 39: Radial velocity comparison at “𝑋 = 0.16𝐷𝑁” (L1) and “𝑋 = 2.4𝐷𝑁” (L2).64
Figure 40: Tangential velocity comparison at “𝑋 = 0.16𝐷𝑁” (L1) and “𝑋 = 2.4𝐷𝑁” (L2).
........................................................................................................................................... 65
Figure 41: Swirl angle profile at the swirler exit ............................................................. 66
Figure 42: Impingement location for various swirl angles .............................................. 66
Figure 43: Liner heat transfer characteristics ................................................................. 68
Figure 44: Modeled industrial swirler ............................................................................. 77
Figure 45: Hexahedral mesh for the swirler .................................................................... 77
Figure 46: Combined mesh for swirler and combustor .................................................... 78
Figure 47: Computed flow profiles from the modeled swirler ......................................... 78
Figure 48: Sector domain of nozzle, combustor and transition piece .............................. 79
xiii

Figure 49: Grid independent profiles for the combustor flow .......................................... 80
Figure 50: Experimental set up ........................................................................................ 81
Figure 51: Measurement set up ........................................................................................ 82
Figure 52: Axial velocity contours (m/s) for Re 50000 under non-reacting (top) and reacting
conditions (bottom) ........................................................................................................... 84
Figure 53: Axial flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively85
Figure 54: Radial flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively86
Figure 55: Tangential flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively
........................................................................................................................................... 86
Figure 56: Progress variable and temperature (K) contours for Re 50000 reacting case87
Figure 57: Swirl velocity profiles for different inlet swirl angles .................................... 88
Figure 58: Axial flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively for
reacting (R) and non-reacting conditions (NR) ................................................................ 89
Figure 59: Radial flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively for
reacting (R) and non-reacting conditions (NR) ................................................................ 90
Figure 60: Tangential flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively
for reacting (R) and non-reacting (NR) conditions .......................................................... 90
Figure 61: Static pressure plots along combustor liner length under reacting (R) and nonreacting condition (NR) .................................................................................................... 91
Figure 62: Axial velocity (m/s) and TKE (m2/s2) contours for different inlet swirl angle cases
(non-reacting condition) ................................................................................................... 91
Figure 63: Axial velocity (m/s) and TKE (m2/s2) contours for different inlet swirl angle cases
(reacting condition) .......................................................................................................... 92
Figure 64: Axial velocity (m/s) and Turbulence kinetic energy (m2/s2).......................... 102
Figure 65: Axial velocity profiles at different downstream locations within combustor 103
Figure 66: Radial velocity profiles at different downstream locations within combustor103
Figure 67: Tangential velocity profiles at different downstream locations within combustor
......................................................................................................................................... 104
Figure 68: Axial velocity vector comparison for Re 50000 flow case (isothermal) ....... 104
Figure 69: Nusselt number distribution along the liner for Re 50000 and higher inlet flow cases
(normalized based on Dittus-Boelter correlation) .......................................................... 105
xiv

Figure 70: Normalized Nusselt number plots comparison current work (lhs) and the work of
Patil et al.[1] (rhs) (Re based on swirler inlet velocity and combustor diameter) ......... 106
Figure 71: Swirler model of Patil et al. (lhs) having an inlet step; current model (rhs) with no
step upstream of vanes .................................................................................................... 106
Figure 72: 3 million grid size mesh used for SAS simulation (Re 50000) ...................... 108
Figure 73: Instantaneous Axial velocity contours along a plane for Re 50000 using SAS model
......................................................................................................................................... 108
Figure 74: Coherent structures inside the combustor using Q-criterion iso-contours for Re
50000 using SAS model ................................................................................................... 109
Figure 75: Instantaneous liner temperature contours for Re 50000 using SAS model .. 109
Figure 76: Averaged Reynolds stresses along a plane for Re 50000 using SAS model . 110
Figure 77: Axial velocity contours comparison for different turbulent models for Re 50000
including SAS model ....................................................................................................... 110
Figure 78: Axial velocity profiles at different downstream locations within combustor for Re
50000 using SAS model ................................................................................................... 111
Figure 79: Radial velocity profiles at different downstream locations within combustor for Re
50000 using SAS model ................................................................................................... 111
Figure 80: Tangential velocity profiles at different downstream locations within combustor for
Re 50000 using SAS model ............................................................................................. 111
Figure 81: TKE contours clearly predicting inner and outer shear layers using SAS model (the
sector contours of RANS model (rhs) fails to resolve these features)............................. 112
Figure 82: Normalized Nusselt number distribution including SAS predictions and overall
deviation of peak liner heat transfer magnitude and location for Re 50000 flow .......... 112
Figure 83: Effect of modifying inlet turbulence on combustor flow features for Re 50000 flow
(isothermal case)............................................................................................................. 113
Figure 84: Axial velocity plots at different downstream locations within combustor for Re 50000
flow (isothermal case) ..................................................................................................... 114
Figure 85: Effect of turbulence models on combustor flow for Re 50000 flow (reacting case, 𝜙 =
0.65) ............................................................................................................................... 114
Figure 86: Velocity plots at location L1 within combustor for Re 50000 flow (reacting case, 𝜙 =
0.65) ................................................................................................................................ 115
xv

Figure 87: Temperature (K) contours for Re 50000 flow (reacting case, 𝜙 = 0.65, adiabatic
assumptions) ................................................................................................................... 115
Figure 88: Temperature prediction at the exit of transition piece for Re 50000 flow (reacting
case, 𝜙 = 0.65, FGM model based computations) ........................................................ 116
Figure 89: Turbulent and laminar flame speed contours (m/s) contours for Re 50000 flow
(reacting case, 𝜙 = 0.65, FGM model).......................................................................... 116
Figure 90: Residual plot for Re 50000 flow (RANS model, isothermal case) ................ 117
Figure 91: Residual plot for Re 50000 flow (SAS model, isothermal case) ................... 117
Figure 92: Residual plot for Re 50000 flow (RANS model, reacting case, 𝜙 = 0.65) .. 118

xvi

LIST OF TABLES
Table 1: Adiabatic flame temperatures of various gaseous fuels ....................................... 3
Table 2: Grid details ......................................................................................................... 35
Table 3: Liner impingement location for Re 50000 flow case .......................................... 93
Table 4: Peak heat transfer magnitude and location deviations for different Reynolds numbers
with respect to experiments ............................................................................................. 105

xvii

PREFACE
This dissertation is prepared following the manuscript format. It comprises of three papers out
of a total of six publications which together represent the progress made during the course of
author’s PhD work. Out of these three, the first two are published in ASME Turbo Expo and
Summer Heat Transfer conferences respectively and are planned for journal publications while the
last paper presented in this dissertation is recommended for journal through ASME Turbo Expo
submission. The author is the lead author for all these publications and is a second author for a
paper that is already published in the Applied Thermal Engineering Journal. The author was
directly involved with all aspects covering the numerical modeling studies as part of the current
research performed for a specific lean premixed fuel nozzle, which are validated and calibrated
against in-house experimental data obtained in Applied Propulsion and Power Laboratory (APPL)
at Virginia Tech. For brevity, the following chapters include only the published articles. However,
the rest of research work covered during the course that is yet to be published including additional
information is summarized in the appendix section at the end of the thesis intending to benefit the
reader.
The work presented here includes mostly the numerical studies performed in order to utilize
the modeling capabilities of commercial CFD solver, Fluent towards understanding swirling flows
through a lean premixed, industrial fuel nozzle and associated convective heat transfer on the
combustor liner walls. This nozzle was of true scale, as used in industrial gas turbine combustors
and was tested in the new test rig that was built right from scratch at APPL. Both non-reactive as
well as reactive flow data were obtained for the fuel nozzle experimentally. However, the liner
heat transfer data were currently limited to non-reactive flow conditions while the reactive heat
transfer efforts are still in progress. The numerical data presented in this thesis are the preliminary
set of predictions obtained in order to compare against in-house experimental observations and is
expected to provide basic modeling methodology for numerical simulations and to continue with
future non-reacting and reacting flow simulations.
The first paper deals with modeling non-reacting combustor swirling flows in order to
characterize convective heat transfer along the liner walls of a model combustor. After an initial
validation with the previously performed experimental and computational studies, the work was
extended further to investigate the effect of modified combustor geometries on the liner heat
transfer characteristics. The results and conclusions are summarized in the Chapter 2.
xviii

The second paper deals with the preliminary numerical simulations performed and are
compared against experimental data obtained from in-house test set up developed for testing
actual, full-scale industrial fuel nozzle under non-reacting conditions. This paper summarizes the
details of liner heat transfer characteristics, the effect of inlet turbulence on downstream combustor
flow and the effect of inlet swirl on jet impingement location along the liner wall for a specific
Reynolds number.
The third and last paper covered in this dissertation summarizes both non-reacting as well as
reacting flow simulation results in comparison to experiments performed for the same fuel nozzle
as before but for an extended combustor geometry that includes a transition piece, a quenching
unit and a flexible hose (which was used to allow the burnt products to let outside the laboratory
space into ambient). The results of these studies compare the flow features for a specific flow
Reynolds number, under both non-reacting and reacting conditions in addition to investigating the
effect of inlet swirl on combustor flow features as well as on jet impingement location along the
liner wall. The results demonstrate good agreement of flow feature comparisons for reacting
conditions using steady state RANS predictions with respect to experiments. These preliminary
studies are expected to act as a precursor step for future reactive heat transfer prediction efforts
using high fidelity numerical approaches like LES.

xix

1 Introduction
It is a continuous effort for gas turbine designers to improve cycle efficiencies and simultaneously
maintaining lower emissions. It is always a significant challenge because both of the targets are
conflicting each other. This is because, efficiency could be improved with higher firing
temperatures (turbine inlet temperatures) while this results in increased pollution in the form of
NOX emissions (2800F is the threshold for thermal NOX formation). On the contrary, a lesser
amount of oxygen (or air) results in higher amounts of carbon monoxide (CO) and other unburnt
hydrocarbons as a result of incomplete combustion. Considering the heat fluxes being exposed on
the combustor liner wall and turbine inlet, a working temperature of 2350F puts a limit on the
respective materials from the thermal and mechanical stresses point of view [1].
For achieving lower pollutant formation there are several techniques employed (pre-formation
and post formation) either separately or in combined form. They are


Dry combustion techniques (Lean premixed combustion, reduced residence time, two
stage rich/lean combustion etc.)



Wet controls (injecting liquid water or steam)



Catalytic absorption/ catalytic reduction/ combustion techniques.



CO oxidation catalysts



Rich quench lean combustors

Out of all these, the lean premixed combustion (a preformation technique) is widely used by
Original Equipment Manufacturers especially while using natural gas as the fuel. In this technique,
a significant amount of air from the compressor is premixed with the incoming fuel entering
through an industry specific fuel nozzle (with swirl imparting vanes) and burn under lean
conditions to generate power. Here, air is used mostly as diluent in order to reduce the flame
temperatures. Under this technique, the amount of NOX emission can be reduced to the order of
15-25 ppm (parts per million) by volume using natural gas as the fuel. However, the current
regulations are demanding a restriction of NOX emissions of the order of less than 9 ppm. The
largest competitors in this field are General Electric and Siemens (Dry Low NOX- DLN), Rolls
Royce (Dry Low Emission- DLE) and Solar Turbines Inc. (SoLoNOX) combustor designs.
In the case of lean premixed combustors, the CO emissions are significantly reduced contrary to
diffusion flame combustors. Additionally, the thermal NOX (from atmospheric nitrogen) that is
1

produced at high temperatures is also reduced due to higher air-fuel ratio. Another source of NOX
is due to the presence of fuel bound nitrogen. It is however insignificant in natural gas compared
to other fuel like syngas or other lower quality distillates.

1.1 Basic terminologies in combustion
Fuel to air ratio:
It is the ratio of amount of fuel to air present in a reactant-oxidizer mixture evaluated on mass or
volume basis. This ratio is called stoichiometric when the amount of fuel is sufficiently burnt with
oxidizer just to undergo complete combustion. If its value is less than stoichiometric, the
combustion is called rich and the contrary situation is called lean combustion. Since different fuels
have different stoichiometric fuel-air ratios, it is further normalized by respective stoichiometric
values and is termed as equivalence ratio, 𝜙.
𝜙=

(𝑓⁄𝑎)𝑎𝑐𝑡𝑢𝑎𝑙
(𝑓⁄𝑎)𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

If 𝜙 < 1, the fuel is calledlean and 𝜙 > 1 means that the fuel is rich [2].
Temperature of reaction zone:
It is the maximum temperature of reaction due to the chemical energy transformation between
reactants and oxidizer. It is also called as adiabatic flame temperature assuming that there is no
heat loss during combustion and all chemical energy is being converted to enthalpy of combustion.
In general, the stoichiometric mixture produces maximum temperature due to complete
combustion. In practice, the peak temperature occurs at 𝜙 = 1.05 due to the effects of species
dissociation and their heat capacities.
Depending on the fuel type, the flame temperature also differs. The below table shows a
comparison of adiabatic flame temperatures for different hydrocarbons burning stoichiometrically
with ambient air [2].
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Table 1: Adiabatic flame temperatures of various gaseous fuels
Fuel

Formula

Adiabatic Flame temperature (K)

Methane

CH4

2223

Propane

C3H8

2261

Carbon Monoxide

CO

2381

Hydrogen

H2

2370

Based on this table it can be observed that methane has lower flame temperature than hydrogen
and carbon monoxide which are present as undiluted in syn gases. Hence, burning natural gas is
relatively leaner and promote low emissions than other fuels.

1.2 Combustor designs
1.2.1 Conventional combustors (diffusion flame based)
In such combustors, both fuel and oxidizers are made to interact in the reaction zone in the unmixed
state. This produces mixing and combustion simultaneously resulting in near-stoichiometric fuelair mixtures and thus very high temperatures.
Earlier, the cycle performance was prioritized with minimum restriction on emissions. Diffusion
flame technique worked very efficiently when large combustor volume was utilized with multiple
smaller burners were arranged within to aid complete combustion. The temperatures were reduced
with steam injection and the combustion efficiencies of almost 100% was achieved with minimum
pressure losses. However, as the emission regulations were strengthened further, steam / water
injection is increased which resulted in other pollutant emissions along with detrimental cycle
performance and part lives. One of the solutions to the stringent pollutant regulation was the advent
of lean premixed combustors.

1.2.2 Lean Premixed Combustors
Lean premixed combustor (LPM) means any land based gas turbine combustor designed to operate
on base load in which fuel and oxidizers are thoroughly mixed under lean conditions in a
premixer/fuel nozzle before undergoing combustion [3]. Such combustors operate with diffused
flames only during start up, shut down, low or transient load conditions or then the ambient is cold.
Also, premixing helps in reducing the local hot spots in relation to conventional combustors.
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In LPM combustors, nitrogen of atmospheric air acts as a diluent as premixing occurs under lean
conditions. Under these situations, the equivalence ratio almost halves indicating that almost twice
the amount of stoichiometric air is available to burn under lean conditions which significantly
reduces thermal NOX due to lower flame temperatures.
The success of LPM combustors lie in maintaining certain conditions such as sufficient residence
time and stable equivalence ratios to maintain low NOX and CO requirements, stable and
controlled combustion dynamics under part load conditions etc. These characteristics are still a
significant portion for research communities for developing successful LPMs [4].
In addition to what is explained above, maintaining lean conditions for LPM combustors is a
challenge. This is because the flame is extinguished when the combustor is operating under lean
operations. As a solution, the fuel and air must be rerouted or staged at various locations in the
fuel nozzle or within the combustor. Below is an example of a typical fuel nozzle from Solar
turbines Inc.

Figure 1: Lean premixed fuel nozzle (Solar Turbines Inc.)
In the above combustor, there is an upstream swirler through which inlet air (at 100psia, 590F)
mixes with fuel within the injectors and exits to the combustor. The central portion has pilot fuel
that produces diffusion flame and is useful under part load conditions as well as during start up in
order to provide stable combustion [5]. Other industries have different fuel/air staging
configurations for achieving stable flames at low temperatures.
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1.3 Challenges in LPM technology
Balanced emissions:
LPM combustor operating temperatures are designed to be near the lean flammability limit and is
characterized by CO-NOX trade off [3]. At the design point, both CO and NOX are within the target
levels. However, when the conditions deviate from the design point, the CO levels increase when
temperatures reduce due to incomplete combustion and on the contrary, NOX levels increase when
flame temperature increase beyond the design point due to fuel-rich conditions. This trade off
needs to be addressed under part load conditions when the lean conditions are significant leading
to blow off or extinction or combustion instabilities.

Figure 2: Emissions curve for lean premixed combustion
Cold atmospheric conditions:
Below the specified low temperature range (0 to -20F), combustion driven instabilities and
pressure oscillations exist and not much experimental data is documented yet. As a solution, the
industries offer an inlet heater or increase the pilot fuel to maintain higher burning temperatures
that consequently increase CO and NOX emissions as well.
Start-up or time varying conditions:
Generally, LPM combustors are designed to operate at near engine flameout conditions for
producing reduced NOX. Under part load conditions, the flame tends to extinguish due to leaner
conditions and hence a pilot fuel is used to produce a diffused flame which increase flame
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temperature. As a result the NOX and CO emissions also increase on the contrary due to intermittent
and incomplete combustion.

1.4 Current research developments
The current gas turbine research s more focused on addressing future emission requirements
through improved LPM combustion mechanisms. Keeping low life cycle costs in perspective,
reducing pollutant formation is found to be a better approach than any post combustion techniques.
Experimental and analytical techniques are continuously being explored to address these current
issues under laboratory conditions.
Combustor wall cooling:
LPM combustor liner cooling techniques has significant impact on emissions. Old LPM designs
used film cooling to maintain low liner temperatures while current designs prefer backside cooling
(louver or effusion) techniques as a better option.
While film cooling tends to promote lower flame temperatures that might result in lean combustion
instabilities, the back side cooling technique also helps in fully foregoing air injection controls.
The latter technique involves exposing the outer walls of the liner to low temperature, high velocity
air stream that cools the wall convectively. However, this technique requires further effectiveness
on the back side to remove high heat fluxes on the inside wall. This can be achieved using
turbulators, trip strips, fins, pins etc. and is a part of research. Since LPM is an efficient way of
reducing emissions, accurate characterization of convective heat transfer on the inside liner wall
can help in locating the local hot spots along the liner through which focused backside cooling
strategies may be employed. These may help in better liner wall designs that also help in reduced
NOX emission in future.
Fuel injectors:
Fuel injector design for LPM combustors are quite different than those used in conventional
combustors. This is because, LPM requires larger volume to efficiently mix with excess swirling
air at the inlet. Fuel is injected through swirler vanes or spokes to maintaining uniform mixing.
Additionally, a pilot fuel region is also present as a stabilizing mechanism for maintaining flame
under part load conditions etc. Also, it is a design modification problem to select appropriate fuel
injection points to ensure improved fuel air mixing that results in uniform temperature in the inlet
of the combustor. Both experimental and numerical investigation needs are significant in this field
of research.
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Managing combustor inlet air:
Generally, the inlet air flow is controlled for maintaining lean combustion conditions in the
primary zone of the combustor for promoting lower emissions during part load operations. The
combustor air management systems helps to increase the lean operation range and also prevent
flameout conditions.
Inlet guide vanes of compressors:
Modulating compressor air to maintain lean conditions under part load situations is achieved by
the use of inlet guide vanes. This technique has lesser impact on part load thermal efficiency
reduction.
Staging technique:
Staged fuel and air inlets at different axial locations of the combustor is also desirable in order to
enhance flame stability within the combustor to promote lean burning conditions.

1.5 Project objectives
In spite of significant improvements in experimental data acquisition techniques, the current
scientific community still lacks reliable flame heat transfer data for gas turbine combustors due to
difficulty associated with experimental accessibilities. With an intention to address the existing
demand, the current efforts of this project were targeted towards providing valuable laboratory test
data as well as to simultaneously utilize the predictive capabilities of numerical solvers to compare
against experiments under both non-reacting and reacting conditions. This effort is expected to
immensely benefit the lean premixed combustor design communities to help identify the critical
locations along the liner wall and also to manage the thermal loads effectively. The project was
thus focused towards developing a brand new test rig for testing actual fuel nozzle (SoLoNOx ®
fuel nozzle from Solar Turbines Inc. proprietary) in a realistic combustor set up. The numerical
efforts were executed to complement the experiments for understanding detailed fluid dynamics
of swirl flows and also to utilize the opportunity to understand the predictive capabilities of simple
models as well as high fidelity numerical models. The objectives for the current project are
summarized below:
Overall objective: To experimentally and numerically characterize convective heat transfer along
the combustor liner for an industrial burner to 1) Identify peak heat transfer location and magnitude
along the liner wall under non-reacting and reacting conditions.
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Specific objectives for numerical analysis:
1) Investigate combustor geometry modification effects on flow and heat transfer
2) Simulate flow and heat transfer for several Reynolds numbers under non-reacting
conditions; and to develop reacting flow simulating capability for a single Reynolds
number.
3) Comparison of steady state (RANS) v/s unsteady, scale resolving turbulence models (Scale
Adaptive Simulations) predictions against experiments.
4) Parametric study by implementing different inlet swirl conditions on flow under nonreacting and reacting conditions.
5) Effect of inlet turbulence on combustor flow predictions.
Due to the given time constraints, the efforts on simulating reacting flows were restricted to only
a single Reynolds number. However, the same models can be used to simulate higher flow
conditions in future. Additionally, the work is expected to be extended to predict heat transfer
along the liner walls.
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1.6 Fundamental concepts
In this section the fundamental concepts of turbulence and swirling flows, CFD solver theory and
premixed combustion related modeling theory are discussed briefly. The chapter is divided into
three sections. In the first section, physics of turbulent swirling flows are described. The next
section deals with the solution procedure incorporated in Ansys Fluent to solve fluid flow. The
third portion includes a brief description of combustion fundamentals and modeling techniques
implemented in the currently used solver for modeling combustion driven flows.

1.6.1 Turbulent flows
Majority of flows occurring in nature belong to the category of turbulent flows. It is defined as the
motion which possesses complex and seemingly random structure at some macroscopic scale of
dynamical importance. It is distinctly different from laminar flows due to the presence of chaotic
fluctuations in velocity and pressure that enhances the flow kinetic energy. This energy overtakes
the laminar flow based viscous damping and thus destabilize the orderly flow of these thin layers.
The turbulent flow contains vortex structures of different sizes that induce increased drag which
result in additional frictional losses. It is a very interesting field of study which continues to be an
unsolved topic of scientific research.

1.6.1.1 Turbulence
As mentioned above, turbulent flow regime is existent in almost all flow-thermal
technology applications. The gas turbine combustor flow especially involves turbulence generated
due to the presence of injectors, swirler vanes etc. within the fuel nozzle. Additionally, more
turbulence is generated when the swirl flow expands into the combustor domain and develops
shear layers, recirculation zones. When they are associated with combustion driven heat release
they contribute to better air-fuel mixing thus resulting in improved combustion efficiencies and
uniform heat and mass transfer zones. While offering several advantages, turbulent flow also leads
to several undesirable phenomena like flow instabilities (Helmholtz, Raleigh) that may result in
flame extinction, acoustics driven catastrophes etc. Hence understanding turbulence is very
important while analyzing combustor flows which can significantly help to design efficient and
effective gas turbine components.
The first section of this chapter introduces to the basic characteristics of turbulent flow.
The later section explains the mathematical formulation of stochastic nature of turbulence with
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different terminologies like turbulent dissipation, production rate, different length scales of
turbulence etc.
As explained earlier, the previously laminar flow transforms to turbulence when the turbulent
kinetic energy exceeds the resistance offered by molecular viscosity to damp flow disturbances. A
non-dimensional term called Reynolds number (𝑅𝑒𝐷 ) characterizes such behavior and has the
form,
𝑅𝑒𝐷 =

𝜌𝑈𝐿
𝜇

Where, 𝑈 and 𝐿 are the characteristic velocity [m/s] and length [m] scales; and 𝜇 is the molecular
dynamic viscosity [m2/s]. 𝑅𝑒𝐷 , fundamentally relates the strength of inertial forces with respect
to the viscous forces within a flow. When the Reynolds number exceeds a critical value, the flow
is understood to have undergone transition from laminar to turbulent regime. This critical number
is a strong function of the geometry interacting with the flow. In the case of a circular pipe flow,
such a transition occurs when 𝑅𝑒𝐷 > 2300 in which the pipe diameter is considered as the
characteristic length scale.
The typical turbulent flow possesses the following characteristics [2]:
-

Chaotic vortex structures which are fundamentally non-homogeneous and anisotropic

-

Energy spectrum ranges from largest to smallest length and time scales

-

Observed at higher Reynolds numbers

-

The flow is three-dimensional in nature

-

The eddies are of different vortex strengths

-

Undergoes production and dissipation of turbulence intermittently

-

Results in enhanced mass and heat transfer

Due to the nature of the flow, turbulence is better explained or characterized with the help of
statistical approach.
Statistical description of turbulent flows:
A turbulent flow is naturally unsteady in nature and very difficult to solve due to its inherent
nonlinearity. However, the mean flow characteristics are of primary importance when it comes to
understanding the effect of turbulence for momentum and heat transfer. The averaged flow
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parameters of importance are velocity, temperature and pressure. In the statistical analysis
approach, the turbulence flow is decomposed into a fluctuating and mean quantity as follows:

Figure 3: Turbulence decomposition

𝑢(𝑡) = 𝑢̅𝑖 + 𝑢𝑖 , (𝑡)
𝑢̅𝑖 =

1
𝑁

1

𝑁 ′
∑𝑁
1 𝑢(𝑡) , ∑1 𝑢𝑖 (𝑡) = 0
𝑁

1/2

1

′
2
𝑢𝑅𝑀𝑆 = [𝑁−1 ∑𝑁
1 (𝑢 (𝑡)) ]

Here,

𝑢𝑅𝑀𝑆 indicates the fluctuating velocity component (root-mean-square of 𝑢𝑖 ’(𝑡)). This

term is used to calculate turbulent kinetic energy, 𝑘 which is obtained in three-dimensional flow
as:
𝑘=

1
(𝑢𝑅𝑀𝑆 2 + 𝑣𝑅𝑀𝑆 2 + 𝑤𝑅𝑀𝑆 2 )
2

In the above equation, the three terms are the RMS components in the three directions x, y and z
respectively. A flow is termed statistically homogeneous if the variable of interest is invariant
spatially within the domain. It is additionally termed statistically isotropic if the variable is
invariant with respect to rotation and reflection. For such idealized or approximately isotropic
turbulent cases, 𝑘 = 3/2 · 𝑢’2 . Under these assumptions, the turbulent kinetic energy is calculated
as,
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3 ′2 ′
(3𝑢𝑅𝑀𝑆 2 )
√
𝑘 = (𝑢 ), 𝑢 =
2
3
For such isotropic turbulent flows, 𝑢’ is also referred to as the RMS velocity fluctuation and is
extensively used while solving most of the turbulent transport problems [3].
While trying to solve turbulent flow momentum equations analytically or numerically as in most
of the CFD codes, the above said decomposition terms are used especially for Reynolds Averaged
Navier Stokes equations. This inclusion results in what is called as a closure problem leading to
definition of the new unknowns referred to as Reynolds stresses
̅̅̅̅̅̅
𝜏𝑖𝑗 = −𝜌𝑢′
𝑣′
Where, 𝑢’(𝑡) = 𝑢(𝑡) – 𝑢̅, 𝑣’(𝑡) = 𝑣(𝑡) – 𝑣̅ .

Figure 4: Normalized viscous and Reynolds stresses in a turbulent channel flow (Re 6000-14000)
Ref: Pope [7]
Also, the Reynolds stress term in the momentum equation gains importance in specific regions
within the flow domain. Figure 4 shows the DNS results for a turbulent channel flow. It can be
clearly seen that the viscous stresses decrease from the wall sharply up to a y+ of 30 and
asymptotically reduces while approaching towards the center. And the Reynolds stresses increase
sharply from the wall till a y+ of 30 and reaches a maximum gradually till the center. This indicates
that Reynolds stress component is a significant contribution to turbulence transport for turbulent
flows.
The purpose of any turbulence model is to evaluate the Reynolds stress term present in the
momentum equations. RANS turbulence models are fundamentally based on isotropic turbulence
assumption that is likely valid for very high Reynolds number flows. These turbulence models
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such as the k-ε model especially solves two equations for closing these terms based on turbulent
viscosity hypothesis [7]. This hypothesis relates the Reynolds stress to the mean velocity gradients
using a proportionality constant called turbulent viscosity. This formulation is assumed to be
analogous to viscous stress tensor and is of the form,
2 𝜕𝑢
̅̅̅𝑘
2
𝜏𝑖𝑗 = 𝜈𝑡 (2𝑆𝑖𝑗 − 𝛿𝑖𝑗
) − 𝛿𝑖𝑗 𝑘
3
𝜕𝑥𝑘
3
𝑆𝑖𝑗 is called the strain rate term which is representing the mean velocity gradients of the flow; the
second term represents the dilatation of the flow (zero for incompressible flow); and the third term
is to fulfill the requirement, ̅̅̅̅̅̅̅
𝜌𝑢𝑖 𝑢𝑖 = −2𝜌̅ 𝑘. The turbulent viscosity under this formulation can be
obtained using many turbulence models using the product of a velocity and length scale
(turbulence intensity) and is of the form, ([6]).
𝜈𝑡 = 𝐶𝜇 𝑢′𝑙
The constant of proportionality, 𝐶𝜇 is determined based on experimental deductions. In this way,
the intensity of turbulence is linked to turbulence transport formulation. Different turbulence
models assume such velocity and length scales for obtaining turbulence viscosity. Care needs to
be taken while employing respective models. The models may solve one, two or several equations
to evaluate the above term depending on the formulation involved.

1.6.2 Swirl flow
Sufficient swirl strength results in adverse axial pressure gradient in the flow resulting in reverse
flow or vortex breakdown. The combustor flow features are a strong function of combustor
geometry, inlet swirl, air-fuel ratios that result in different central vortex configurations or
blockages. The flame patterns are their outcomes that correlate with combustion efficiencies. Swirl
can be imparted into the flow by several techniques like (a) radial, axial or tangential swirler vanes
(b) rotating flow through perforated disc (c) movable swirler block etc. Based on the kind of swirl
generating source, the inlet flow profiles vary which in turn modify the combustor flow features
and hence combustion efficiency as well.
Generally, the swirl flow profile can be explained in terms of forced or free vortex conditions.
While the forced vortex has actual rotation of particles about their local center, the free vortex is
understood to be irrotational in nature. i.e., a float present in a free vortex region does not rotate
about its own center but moves along circular streamlines of the free vortex. While the forced
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vortex has a finite angular velocity and vorticity due to rotation, the free vortex has no vorticity at
all. The flow emerging out of a swirler geometry is usually a combination of forced and free vortex
and may be referred as Burger vortex. The peak swirl velocity location in combination with its
axial component is critical towards development of flow features downstream. In a swirling flow,
the central region can be considered as rigid body rotation and the region beyond that can be
considered as free vortex type. In the central region, the flow is believed to be shear-free but not
vorticity-free.
For lower swirl strength (S < 0.6), the radial pressure gradients are developed downstream to
balance with the centrifugal forces. But the tangential and axial velocity components don’t yet
exhibit a coupled behavior to result in tangible axial pressure gradient development. As the inlet
swirl strength is increased, a certain point is reached where the two velocity components couple
with each other to cause flow reversal due to adverse pressure gradient along the axis. The flow
kinetic energy is thus unable to cope against flow reversal, thus forming a recirculation zone. This
is referred to as vortex breakdown which results in a stagnation point along the axis followed by a
downstream recirculation zone. There are two types of vortex breakdown possible within the
combustor domain for high Reynolds numbers namely, spiral and axisymmetric bubble
breakdown. The former case involves the flow following a helical or spiral path around a central
stagnant vortex without much modification in the size. The latter case involves expansion of the
vortex bubble where the downstream portion of the bubble is open causing periodic filling and
emptying of fluid from the surrounding region. As the swirl strength is increased further, the
stagnation point moves further upstream until it contacts a solid surface. At a final swirl strength,
a ‘columnar’ vortex core is formed with reverse flow along the entire axis.
Due to the presence of swirling forward jet and a reverse flow, a significant shearing action occurs
between the two causing large differences in axial and angular momentum fluxes. It is believed
that this shearing action may be the cause for the presence of coherent structures such as precessing
vortex core (PVC) which in turn contributes to pressure fluctuations as well as bubble location
fluctuations resulting in instabilities. PVC is basically a central forced vortex, when unstable,
begins to precess about the center. It is usually situated at the boundary region of the recirculation
zone (between zero streamline and zero velocity line). Its frequency is low and between 10-200Hz.
PVC causes intense turbulent mixing as well as higher fluctuations in pressure and temperature. It
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is also explained by other researchers that the increased turbulent intensity levels are augmented
in the presence of PVC.
Under combusting conditions, the presence of PVC may result in resonant pressure fluctuations
resulting in higher noise levels too. Researchers have observed that combustion either damps or
amplifies the PVCs for some cases. For premixed cases, the PVC is intensified (by an order)
whereas the diffusion flames, except under lean conditions damp them significantly when
compared to the isothermal case (by two orders). Also, the frequency and radius of precession is
reduced.
Such a behavior was attempted to explain using Raleigh criterion which says that,


the flow is stable when ρr increases with r (isothermal forced vortex);



neutrally stable when ρr is constant with r (isothermal free vortex);



unstable when ρr decreases with r

Under diffusive flame conditions, the flame occupies the central region and the air surrounding it
experiences positive radial density (or pressure) gradient resulting in damping of PVC. For
premixed flames, the radial gradient is believed to be negative, thus amplifying the PVC.
Explanation of vortex breakdown based on wave theory:
Under quasi-cylindrical approximation, the radial flow gradients for an inviscid swirling flow
through a tube is based on the understanding that, the axial flow gradients are relatively lesser
upstream of the stagnation point during vortex breakdown; and the recirculation zone is enveloped
within a cylindrical stream tube. When such an approximation is applied to radial momentum
equation of motion for axisymmetric, steady state, laminar flow, the radial equilibrium looks like,
𝜕𝑝 𝜌𝜔2
=
𝜕𝑟
𝑟
Here, the radially accelerating flow due to centrifugal forces is balanced by the radial pressure
gradient due to the presence of wall. The axial pressure gradient can is formulized as,
(

𝑅 𝜌𝜔2
𝜕𝑝
𝜕𝑝
𝜕
= ( )
− (∫
)
) 𝑑𝑟
𝜕𝑥 𝑟=0
𝜕𝑥 𝑟=𝑅 𝜕𝑥 0 𝑟

Here, the first term on rhs is negligible; however, the centrifugal force part of the second term
decays along the axial direction. This results in adverse pressure gradient which beyond a point
results in vortex breakdown. It must be noted that the cylindrical approximation is valid before
breakdown and fails otherwise. The critical value of swirl for which this formulation fails hints
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the onset of vortex breakdown. It is also observed that turbulence or viscosity does not modify the
point of critical swirl but can only alter the inlet flow profiles (axial and azimuthal) that may
modify the critical swirl level [8]. Hence, the vortex breakdown is mostly inertia driven
(convective and pressure terms) rather than turbulence or viscosity driven (diffusion terms).
Hence, it can be understood that the turbulence model marginally impacts the vortex breakdown
phenomena and it depends more on the inlet and boundary conditions and also inertial instabilities.
However, the downstream flow is affected by the turbulence model since turbulent transport starts
dominating due to mixing as well as reduced convective transport effects.
The wave theory postulates that the inertial waves travel upstream from a downstream source
(contraction, expansion etc.) when the vortex flow is sub-critical. As the swirl is increased, the
waves start collecting together within certain axial region and produces standing or stationary
waves. The vortex is then called critical. Beyond that swirl level, further increase results in
separating the upstream super-critical region and downstream sub-critical region by ‘wave
trapping’ phenomena that is manifested as vortex breakdown in the mean flow field.

1.6.2.1 Recirculation zone benefits
The presence of recirculation zone helps in containing the flame within the central region of the
combustor. It entrains the burnt products from downstream, recirculates upstream thus providing
preheating effect to the fresh fuel mixture. Thus it not only increases combustion efficiency but
also reduces the flame length and size, and also the effective combustor length requirement. In
order to maintain a stable flame, the flame speed must be either equal to or greater than flow
velocity.

1.6.2.2 Effect of swirl
For isothermal systems: As the inlet swirl increases, the vortex breakdown bubble moves upstream
due to increased recirculation strength. With further increase, the reverse flow may extend over
entire combustor length resulting in columnar back flow. Also, the mass flow rate of reverse flow
increases with swirl from 10% up to 80%. Additionally, the jet spreading angle, entrainment,
turbulence increases with swirl.
Combustion systems: When there is no swirl, the flame is long and yellow turbulent diffusion
flame. As swirl is increased, the flame is contained in the wake region of an upstream recirculation
bubble. With further increase in swirl, the flame moves upstream into the recirculation zone and
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occupies the bubble envelope region. The flame turns blue in color. Increased swirl extends the
flame length downstream. With further increase in swirl, the flame undergoes extinction.
In comparison to isothermal systems, the presence of swirl with combustion results in intense heat
release resulting in mean axial flow acceleration and reduced density. Effectively, this reduces the
effective swirl number within the combustor. Also, the mean velocity decay in the downstream
section of the combustor is lesser compared to isothermal systems.

1.6.3 Premixed flame fundamentals
Laminar premixed flames are originally described mathematically by assuming one-step reaction
with high activation energy and assuming that the Lewis number is unity (thermal and mass
diffusivities are equal). The figure below (Figure 5) shows three different zones namely, the
preheat, reaction and equilibrium zones respectively. While the heat released in the reaction zone
diffuses into the preheat zone, the reactants diffuse into the reaction zone and burns.

Figure 5: One-dimensional laminar flame zones
From the continuity and energy equations for 1-D flames are respectively,
𝜌𝑢 = 𝜌𝑢 𝑢 = 𝜌𝑢 𝑠𝐿

𝜌𝑢 𝑠𝐿

𝑑𝑇
𝑑 𝑘 𝑑𝑇
∆𝐻
=
[
]−
𝜔
𝑑𝑥 𝑑𝑥 𝑐𝑝 𝑑𝑥
𝑐𝑝

The pressure is assumed constant for the momentum equation. 𝜔 is zero for the preheat zone; the
convective terms is negligible in the reaction zone compared to the other two terms of the energy
equation.
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The laminar premixed flame propagation can be explained using laminar flame speed (𝑠𝐿 ) and the
flame thickness (𝛿𝐿 ). While the former term indicates the flame travel speed in a stagnant
flammable mixture, the latter term indicates the effective region of flame where the temperature
rises from unburnt to fully burnt state.
𝐷

𝐷

𝐿

𝑐

𝛿𝐿 = 𝑠 and 𝑠𝐿 = √𝑡 where, 𝑡𝑐 is the chemical time scale.
The flame thickness for lean methane-air flames are of the order of less than 100𝜇𝑚. The flame
speed and reaction rate for these flames is found to decrease with pressure since chain branching
reactions are affected. Also, the flame thickness is also reduced since diffusivity is reduced too. A
higher fuel concentration results in higher temperatures that in tur increases the flame speed. It is
also observed experimentally that highest heat release occurs near adiabatic flame temperature
within the reaction zone. These are approximate indicators of the flame front.

Figure 6: Laminar flame species concentrations at 1 bar, 273K and 67% excess air (normalized
with max values)
As can be observed in Figure 6, as the preheat temperature increases, the 𝐶𝐻3 radicals that further
convert to formaldehyde (𝐶𝐻2 𝑂). This further oxidizes to form 𝐶𝐻𝑂 radicals that further
decompose to 𝐶𝑂 (and 𝐻). These two are good indicators of oxidation process that result in heat
release. But since their concentrations are very less, the alternate indicators that are measure in
experiments are 𝐶𝐻2 𝑂 and 𝑂𝐻.
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Figure 7: Borghi Diagram
On the other hand, the turbulent premixed flames are fairly different in its flame front
characteristics since it is distorted due to turbulent flow. They are also affected by the combustor
domain. Usually they can be explained using non dimensional quantities namely Turbulent
Reynolds number (𝑅𝑒𝜏 ), Damkohler (𝐷𝑎) and Karlovitz (𝐾𝑎) numbers as defined below assuming
unity Lewis number (Figure 7).
𝑢′𝑙

𝑅𝑒𝜏 = 𝑠

𝐿 𝛿𝐿

;

𝐷𝑎 =

𝜏𝑚
𝜏𝑐

𝑙 𝑠

= 𝑢′ 𝛿𝐿 ;
𝐿

𝜏

𝑙

𝐾𝑎 = 𝜏 𝑐 = (𝛿 )
𝜂

𝐿

−0.5 𝑢′ 1.5

(𝑠 )
𝐿

Turbulent Reynolds number beyond unity is considered turbulent, containing inherent fluctuations.
Damkohler number indicates the flow time scale relative to the chemical time scale. A higher
number (𝐷𝑎 ≫ 1) indicates faster reactions and a smaller number indicates well mixed reaction
like a stirred reactor case. 𝐾𝑎, which indicates the relative chemical time scale with respect to the
Kolmogorov time scales helps in understanding the modification of flame front structure. A flow
with 𝐾𝑎 > 1 indicates that the turbulence scales can thicken the flame front and is also termed as
thin reaction zone. A lower 𝐾𝑎 value may be called as wrinkled / corrugated depending on how
much of flame stretching occurs due to turbulence. Figure 8 clearly explains these regimes well.
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Figure 8: Turbulent flame regimes [10]
Generally most experiments fall under 𝐾𝑎 < 1 regime since the operating conditions are simple
to handle (ambient pressures, stoichiometric, no preheating etc.). In these cases, turbulence doesn’t
affect chemical kinetics and hence the laminar flame properties are still valid for analysis. The
flamelet concept is used for this purpose. As the mixture turns leaner, the combustion moves
towards thin reaction regime. It is postulated that this regime is thickened since the smallest eddies
enter into the reaction zone and increases the heat diffusivity (Zimont). Borghi postulates that the
flame reaction zone still remains thin but flame thickness increases due to eddies. Peters mentions
that the flame stretching and flame front fluctuations are significant here.

1.6.4 Solver theory
1.6.4.1 Fundamental modeling equations
The equations solved for problems associated with fluid flows are termed as Navier Stokes
equations. It consists of continuity and momentum equations. Any flow solver like FLUENT
solves these governing equations in the integral form. Additionally, the flow solver also solves for
energy, turbulence and species depending on the problem needed to be solved. All the above said
equations are listed below.
𝜕𝜌
+ ∇. (𝜌𝑣) = 0
𝜕𝑡
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𝜕(𝜌𝑣)
+ ∇. (𝜌𝑣𝑣) = −∇𝑝 + ∇. 𝜏 + 𝜌𝑔 + 𝐹
𝜕𝑡
Where 𝜏 is the stress tensor (defined below), 𝑝 is the static pressure. The last two terms are the
gravity and other body force terms, if any.
2
𝜏 = 𝜇 [(∇𝑣 + ∇𝑣 𝑇 ) − ∇. 𝑣 𝐼]
3
Where 𝜇 is the viscosity ; and the last term represents the volume dilation effect (manifests as extra
pressure when the material expands or contracts) with 𝐼 being a unit tensor.
𝜕(𝜌𝐸)
+ ∇. (𝑣(𝜌𝐸 + 𝑝)) = ∇. (𝑘∇𝑇 − ∑ ℎ𝑗 𝐽𝑗 + 𝜏. 𝑣) + 𝑆ℎ
𝜕𝑡
Where the first three terms on the rhs represent energy transport due to conduction, species and
viscous dissipation respectively. The last term is a source term like heat of reaction etc.
𝑣2 𝑝
𝐸 =ℎ+
−
2 𝜌
𝑝

Where ℎ = ∑ 𝑌𝑗 ℎ𝑗 + 𝜌 for incompressible flows.
In the case of turbulent flows, the momentum equation also possesses additional term called
Reynolds stress that needs to be closed using various modeling techniques. Depending on the two
equation turbulence model used, the Reynolds stress term is evaluated based on Boussinesq’s
hypothesis. It says that the Reynolds stress may be assumed to be proportional to the gradient of
mean velocity, i.e., the strain rate and the proportionality constant may be termed as turbulent
viscosity. The turbulent viscosity is calculated by solving transport equations for turbulent kinetic
energy and another term representing the length scale. In the case of Realizable k- model,
𝜇𝑡 = 𝜌𝐶𝜇

𝑘2
𝜀

Where 𝐶𝜇 is not a constant but a function of the effect of vorticity fluctuations. This model hence
considers the rotation effects while evaluating Reynolds stress. This model is called realizable
since the normal viscous stress is evaluated realistically (positive quantity and agrees with Schwarz
inequality as well) which is not essentially respected by other k-e models. Also, the scale defining
equation has a production term that does not include 𝑘 in the denominator indicating that the
production term does not face singularity issue when 𝑘 value is zero or negative. Hence the spectral
energy transfer is better represented.

21

SAS model:
This model is an improved URANS formulation that resolves turbulent spectrum for unstable
flows like swirling flow in combustors. While URANS produces only the large scale unsteadiness,
SAS model modifies the already resolved scales dynamically and allows turbulent spectrum
development. This model introduces the von-karman length scale into the turbulent scale equation.
These scales help to adjust the already resolved structures of URANS simulation resulting in LESlike behavior in unsteady regions of the flow-field. In the steady, stable regions the model provides
RANS like capabilities.
The RANS based length scale transport equation (𝜖) does not describe the large scales, but the
dissipative scales. In spirit, the two-equation models are supposed to describe the effect of large
scale motion on the mean flow. Since an exact length-scale equation is not available, the
representative 𝜖 or 𝜔 equations are modeled in analogy with the turbulent kinetic energy equation
(𝑘) based on heuristic and dimensional arguments. Instead, the formulation of Rotta [11] used the
transport equation of the product (𝑘𝐿) to represent turbulent scales. The SST-SAS model involves
a modified 𝜔 equation with and additional term (𝑄𝑆𝐴𝑆 ) by incorporating Rotta’s approach. This
term is given by,
𝑄𝑆𝐴𝑆 = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 [(𝐿/𝐿𝑣𝑘 )2 ]
Where, 𝐿 is modeled turbulence length scale given by,
𝐿=

√𝑘
(𝑐𝜇

1⁄
4

𝜔)

And 𝐿𝑣𝑘 is called as von-karman length scale defined based on three dimensional generalization
of boundary layer.
𝜕𝑈⁄
𝜕𝑦

𝐿𝑣𝑘 = 𝜅 𝜕2 𝑈

⁄𝜕𝑦 2

𝑈′

= 𝜅 |𝑈 " |

In this equation, 𝑈 ′ is calculated from strain rate tensor, 𝑆 and 𝑈 " is calculated as
𝜕 2 𝑈𝑖
𝑈" = √
⁄𝜕𝑥

𝑘

2

𝜕 2 𝑈𝑖
⁄𝜕𝑥 2
𝑗

In the logarithmic boundary layer region, the values of 𝐿 and 𝐿𝑣𝑘 are both equal to (𝜅𝑦) where,
𝜅 = 0.41. The 𝐿𝑣𝑘 term also has a limiter in order to control the damping of finest resolved scale
turbulence.
22

1.6.4.2 Integral solution procedure as used in Ansys Fluent
The governing integral equations are solved based on finite volume method. According to this
method,


The flow domain is discretized into finite three dimensional volumes called cells using a
mesh generating tool.



The governing equations are integrated for each control volume by solving the discretized
algebraic equations for various solution variables (unknowns).



The discretized equations are linearized to obtain linearized solutions by updating solution
variables spatially and temporally within the fluid domain until converged solutions are
obtained.

Pressure based solver: This employs the Projection method for satisfying mass conservation
constraint by solving a modified pressure equation (pressure-correction). In this case, the mass and
momentum equations are used to obtain the pressure equation that obtains velocity field in
agreement with mass conservation constraint, by correcting for pressure. Since the integral
equations are non-linear and coupled, an iterative technique is needed to obtain converged
solutions.
Segregated solver: This solves the governing equations for solution variables (𝑢, 𝑣, 𝑤, 𝑝) one by
one sequentially, in a decoupled fashion. For the updated velocities, pressure and mass flux, other
scalar equations (𝑘, 𝜖 𝑒𝑡𝑐) are solved during each iteration. Since the equations are non-linear, an
iterative technique is used for the solution process. This method is memory efficient since only
one equation is solved at a time. As a consequence, the convergence is slower for this procedure.
Coupled solver: In this case, the pressure correction and momentum equations (𝑢, 𝑣, 𝑤, 𝑝) are
solved in a simultaneously to update the mass flux instead of a segregated procedure. For the
updated velocities, pressure and mass flux, other scalar equations (𝑘, 𝜖 𝑒𝑡𝑐) are solved during each
iteration. Hence, the memory requirements are higher and the solution convergence is quicker as
well.
Linearization: The governing set of equations that are actually non-linear are linearized using
explicit or implicit procedure before obtaining the solutions. This results in a set of equations to
be solved for each cell and is solved using a linear solver. While coupled solver has both options,
the segregated solver always linearizes in an implicit fashion.
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In the implicit approach, the unknown value in each cell is computed using a relation that includes
both existing and unknown values from the neighboring cells. Hence, each unknown appears in
more than one equations for the system of equations and hence needs to be solved simultaneously.
For the implicit case for N equations, each cell solves N equations and is called ‘block’ system of
equations. Ultimately the coupled set of equations are solved simultaneously to update variables
in the entire domain at a time (𝑢, 𝑣, 𝑤, 𝑝). Symmetric Gauss Siedel (SGS) or point implicit (PI)
linear solver in conjunction with Algebraic multigrid solver (AMG) is used for the solving process.
In the explicit approach, the unknown value in each cell is computed using a relation that includes
only existing values. Hence, each equation has only one unknown at a time. The equation for the
unknown value for each cell is solved one at a time. Similar to implicit approach, N equations are
solved in each cell at a time. But, each unknown variable is a function of other known variables
for each equation. Hence, a linear solver is not needed for this approach. Instead, a multi stage
(Runge kutta) technique is used. This approach updates the variables one cell at a time.
Discretization procedure: The general discretized scalar equation solved for each computational
cell is of the form,
𝜕∅
𝑉 + ∑ 𝜌𝑣∅. 𝐴 = ∑ Γ∇∅. 𝐴 + 𝑆∅ 𝑉
𝜕𝑡
The first term in the lhs is the temporal term, second one being the convective term. The first term
on rhs is the diffusion term and the last one is the source term. All the values are evaluated at the
cell faces. The linearized form of the above equation is of the form,
𝑛𝑏

𝑎𝑝 ∅𝑝 = ∑ 𝑎𝑛𝑏 ∅𝑛𝑏 + 𝑏
1

Where 𝑛𝑏 is the neighboring cells and 𝑎 is the linearized coefficient, 𝑏 is the source term and ∅ is
the solution variable.
Spatial discretization: The solution variables that are available at the cell centers are evaluated at
the cell faces using different interpolation schemes. These may be first order (based on cell
averaged values that has high numerical diffusion) or second order upwind (needs gradient
calculation at cell centers and then interpolated to cell faces) schemes or other higher order
schemes. The central difference scheme is typically used for scale resolving turbulence models
due to its lesser dispersion effects (unphysical wiggles resulting in stability problems) compared
to upwind schemes.
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Note: The convection terms may be first order or second order or higher depending on the scheme
used. But the diffusion term is always central differenced and always second order.
Temporal discretization: This is required when solving transient problems where the governing
equations need to be integrated both spatially as well as temporally. The spatial discretization is
similar to the steady state case as mentioned above while the temporal discretization is performed
as below. The general transient integral equation is written as,
𝜕∅
= 𝐹(∅)
𝜕𝑡
The discretized form in first order and second order are written as,
∅𝑛+1 −∅𝑛
∆𝑡

= 𝐹(∅) and

3∅𝑛+1 −4∅𝑛 +∅𝑛−1
2∆𝑡

= 𝐹(∅)

Implicit time integration: In this case, the steady state solution on rhs is based on future time level,
𝑛 + 1. This needs an iterative solution procedure and the method is unconditionally stable with
respect to time step size.
∅𝑛+1 − ∅𝑛
= 𝐹(∅𝑛+1 )
∆𝑡
Explicit time integration: In this case, the steady state solution on rhs is based on current time
level, 𝑛. This has time step restriction since it needs a value lesser than the least value of the local
time step size for the entire domain cells, called as global time stepping. The stability criteria is
based on CFL number.
∅𝑛+1 − ∅𝑛
= 𝐹(∅𝑛 )
∆𝑡
Gradient calculation: Gradients are calculated for computing convection and diffusion terms of
the integral equations (at cell centers) as well as for reconstruction terms of interpolation schemes
(at cell faces). The different schemes used are Green Gauss node based and cell based schemes;
and Least squares based scheme. The node based scheme is more accurate than cell based scheme.
The Least Squares methods based result is comparable to node based results and also less
expensive for unstructured mesh. Hence it is a better choice.
Gradient limiters: They are especially important when evaluating second order accurate gradients
since it may lead to spurious oscillations thus breaking the monotonicity principle by exceeding
the values of neighboring cell centers.
Steady state iterative algorithm: In solving steady state problem with pressure based solver, the
equations solved does not contain transient terms. Due to non-linearity of discretized equations,
25

the change in solution variable (∅) is under-relaxed with a constant (𝛼) and added to the old value
of 𝜙 to obtain updated values of variables. In that case, the updated values look like,
∅ = ∅𝑜𝑙𝑑 + 𝛼∆∅
This is called explicit relaxation and are performed for momentum and pressure for coupled solver.
For all other variables, implicit relaxation is performed where the relevant equation itself is under
relaxed. The under-relaxed equations look like,
𝑎𝑝 ∅
𝛼

= ∑ 𝑎𝑛𝑏 ∅𝑛𝑏 + 𝑏 +

1−𝛼
𝛼

𝑎𝑝 ∅𝑜𝑙𝑑 (for segregated) and

1−𝛼
𝛼

1

= 𝐶𝐹𝐿 (for coupled)

Time advancement algorithm: The temporal discretization of the unsteady equations look like
below equation while using pressure based solver with implicit discretization where the steady
state portion are evaluated at time level, 𝑛 + 1.
∫

𝜕∅
𝑑𝑉 + ∮ 𝜌𝑛+1 ∅𝑛+1 𝑣 𝑛+1 . 𝑑𝐴 = ∮ Γ∅ 𝑛+1 ∇∅𝑛+1 . 𝑑𝐴 + ∫ 𝑆∅ 𝑛+1 𝑑𝑉
𝜕𝑡

Depending on the discretization scheme used, the truncation error will be first order or second
order. Also, the segregated solution approach of solving equations one by one resulting in splitting
error that is overcome by using inner iterations/frozen flux formulation or non-iterative time
advancement algorithm.

1.6.5 Combustion modeling concepts
1.6.5.1 Non-premixed combustion modeling
For non-premixed combustion under a set of simplifying assumptions, the instantaneous
thermochemical state of the fluid is related to a conserved scalar called mixture fraction. It is the
(normalized) instantaneous elemental mass fraction of element 𝑖 relative to that within oxidizer. If
the diffusivities of individual species are equal, then the mixture fraction will be identical for all
elements and hence unique. Mixture fraction is thus the elemental mass fraction originated from
fuel stream.
𝑓=𝑍

𝑍𝑖 −𝑍𝑖,𝑜𝑥
𝑖,𝑓𝑢𝑒𝑙 −𝑍𝑖,𝑜𝑥

and 𝑓𝑓𝑢𝑒𝑙 + 𝑓𝑜𝑥 = 1

Based on equal diffusivity assumption, a single transport equation for mixture fraction is solved
instead of solving individual species equations. For a turbulent flow, this assumption is valid since
turbulent diffusivity is higher than molecular diffusivity. Hence a Favre averaged mean and
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variance are solved for mixture fraction. The latter is necessary for the closure model to evaluate
turbulence-chemistry interaction (for the 𝛽 function).
Under the assumption of chemical equilibrium, all thermochemical scalars (density, temperature,
species mass fractions) are uniquely related to mixture fraction. In a turbulent reacting flow, the
averaged scalars are related to the instantaneous scalars with the help of an assumed probability
density function (pdf) in a closure model. Pdf can be understood as the fraction of time a fluid
spends within a vicinity of mixture fraction state, 𝑓. In a plot of 𝑝(𝑓) and 𝑓, the area under the
curve gives the time spent by the fluid between the range ∆𝑓. The shape of the pdf assumed is
actually unknown and is generally assumed based on conformity with experiments. The widely
used pdf function is called 𝛽 function (for single or two mixture fraction cases) since it conforms
to experiments. Generally the favre averaged mean and variances of mixture fractions are the only
two quantities required to evaluate the pdf, 𝑝(𝑓) using which the rest of the averaged scalar
variables can be calculated using relevant equations. In this process the pdf value is used as a
weighting function.
𝑝(𝑓)∆𝑓 = 𝑙𝑖𝑚 𝑇→∞

1
∑ Τ𝑖
𝑇

1

̅ 𝑖 = ∫ 𝑝(𝑓) ∅𝑖 (𝑓)𝑑𝑓
∅
0

Using the values of species fraction and temperature, the instantaneous density is calculated with
ideal gas law. The averaged density is then calculated as
1
1
𝑝(𝑓)
=∫
𝑑𝑓
𝜌̅
0 𝜌(𝑓)

Figure 9: PDF function and associated representative species fraction band [10]
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The procedure listed above is for the adiabatic case where there is no heat loss or gain with respect
to the computational domain due to conduction or radiation etc. In the non-adiabatic case, a joint
̅ ) needs to be used ideally where 𝐻
̅ is the heat loss/gain term. Since it is generally
pdf, 𝑝(𝑓, 𝐻
̅ is negligible and hence
difficult, the modeling assumption is that the turbulent fluctuations of 𝐻
the pdf function can be only dependent on mixture fraction terms. In that case, a separate transport
̅ and then incorporated for evaluating the rest of the scalars. The averaged
equation is solved for 𝐻
̅ ̅̅̅̅
̅.
quantities are then evaluated based on look up tables that are functions of 𝑓,
𝑓′2 and 𝐻

Figure 10: Chart showing the computation of properties from PDF and chemistry model
Flamelet concept: In this case, the laminar flame is assumed to be an ensemble of thin, locally one
dimensional flamelets embedded within a turbulent flow. As in the case of opposing fuel and
oxidizer streams that produce out-of-equilibrium flames as the distance between them is decreased
until extinction, such flames can be computed with only two variables i.e., mixture fraction and
strain rate (scalar dissipation). Look up tables can be used for the same too. The scalar dissipation
rate is a measure of non-equilibrium present in the flame due to straining. The flame quenches
when its value exceeds a critical value.

1.6.5.2 Premixed combustion modeling
In this case, fuel and oxidizer mix on the molecular level before it burns into products. It is a
difficult problem to solve since it occurs as a thin propagating flame that is strained due to
turbulence. For subsonic flows, the flame propagation rate is a function of both laminar flame
speed and turbulent eddies. Laminar flame speed is a function of flame structure resolution, species
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and heat diffusion rates entering into the reactant region (unburnt). Generally the flame thickness
is of the order of few millimeters or lesser which requires very high mesh resolution. In turbulent
reactive flows, the larger turbulent eddies additionally strain the flame making it wrinkled or
corrugated and increases flame area and flame speed, while the small scale turbulence impact the
flame thickness.
In the C-equation model, the flame front location is estimated as the boundary between unburnt
and burnt mixtures in the combustion zone as represented by the progress variable, 𝑐. This model
assumes that laminar flame is thinner than turbulent flame brush. A value of 1 indicates the burnt
zone and zero indicates unburnt zone. Values between 0 and 1 is the region of flame brush where
the instantaneous flame front spends some time in the unburnt state. The flame front propagation
is modeled using a transport equation for 𝑐 of the form,
𝜕𝑐̅
μ𝑡
+ ∇. 𝜌𝑣𝑐̅ = ∇ (
∇𝑐̅) + 𝜌𝑆𝑐
𝜕𝑡
𝑆𝑐𝑡
Where 𝜌𝑆𝑐 = 𝜌𝑢 𝑈𝑡 |∇𝑐| and 𝑈𝑡 is the turbulent flame speed.
The turbulent flame speed is influenced by,


Laminar flame speed, molecular diffusion properties, chemical kinetics, fuel concentration
and temperature.



Flame wrinkling and stretching by large eddies, flame thickening by small eddies

The Zimont model is meant for wrinkled and thickened flame fronts where the Kolmogorov scales
are assumed to be smaller than flame thickness and can hence thicken the flame (𝐾𝑎 > 1). This
regime is called thin reaction zone.

1.6.5.3 Partially premixed combustion modeling
This approach involves the modeling techniques of both non-premixed as well as premixed
modeling as described above. Partially premixed flames include premixed jets entering into
quiescent atmosphere, lean premixed combustor flows with a diffusion flame in the pilot region,
and imperfectly premixed inlets. Such flames can be modeled with multiple techniques out of
which Flamelet Generation Manifold model (FGM) is appropriate for lean premixed combustion
modeling with a central diffusion flame.
The laminar flamelet model postulates that the turbulent flame is an ensemble of many laminar
flamelets, not significantly altered due to turbulence. These flamelets and embedded inside a flame
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brush using statistical averaging. The FGM model assumes that the scalar evolution (realized
trajectories on the thermo-chemical manifold) can be approximated to that of a laminar flame. This
model parameterize all species and temperature by few variables like mixture fraction, scalar
dissipation, progress variable and solve transport equations in the 3D CFD simulations. Unlike
laminar flamelet model, the FGM model does not make any assumption like thin and intact
flamelets and can hence model flame quenching etc. For a laminar flame, the reaction progress
increases from unburnt state (𝑐 = 0) to burnt state (𝑐 = 1). The value of 𝑐 between (0 − 1)
indicates that the fluctuating flame front is present in unburnt region and in burnt region
intermittently; and it also means that the reaction progress is intermediate between the two states.
This technique can model in either premixed or diffusion mode.
FGM uses any specified type of laminar flame data to parameterize the flame properties through a
look up table. FGM model solves transport equations for mean reaction progress variable, 𝑐̅ as
well as mean mixture fraction, 𝑓 ̅ in addition to solving progress variable and mixture fraction
̅̅̅2 ).
variances respectively (𝑐̅̅̅2 , 𝑓

𝑐 = 0 indicates unburnt state and 𝑐 = 1, the burnt state

respectively.
The progress variable solved in this model is the un-normalized term of product species mass
fraction and accounts for flame quenching effects etc. the source term of this equation is obtained
from finite-rate kinetic rate obtained from FGM library (that consists of finite-rate flamelet source
term and joint pdf values as functions of 𝑐 and 𝑓). The source term can also be calculated from
turbulent flame speed as used with chemical equilibrium assumption. The advantage of this is that
the model constants can be calibrated to predict the correct flame position. Overall, the source term
helps in determining the turbulent flame position. Another option is available to use the minimum
value of the two approaches.
The joint pdf is calculated from two beta pdfs. Pdfs require calculating un-normalized progress
variable variances that are calculated from another transport equation or using an algebraic
expression.
Once the mean mixture fraction and mean progress variables are obtained, the thermos-chemical
properties (temperature, species fractions) are calculated using evaluated joint pdfs and flamelet
library contained property data. The mean unburnt scalars (density, temperature, species fractions
etc.) are functions of mixture fraction alone and are fitted with polynomial fits using least squares.
They are smooth functions of 𝑓 and are generally accurate.
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As in premixed combustion where the laminar flame speed is just a function of constant unburnt
composition mixture and hence a constant value, its value is a variant in the case of partially
premixed flame since the composition keeps changing and hence needs to be taken into account.
In the FGM model, these values are also extracted from the flamelet library as function of unburnt
composition (mixture fraction) that are internally calculated between lean limit and unity
equivalence ratio and for a temperature and pressure ranges varying between 298K-800K and
1bar–40 bars respectively. Hence, laminar flame speeds are calculated for a range of mixture
fractions where the first and the last values are the flammability limits. Beyond these limits of
mixture fractions, the laminar flame speed values are assumed to be zero.
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2 Paper #1 - Numerical investigation of effect of geometry changes
in a model combustor on swirl dominated flow and heat transfer
2.1 Abstract
Numerical computations are performed on three configurations of a model gas turbine combustor
geometry for cold flow conditions. The purpose of this study is to understand the effect of changes
to combustor passage section on the location of peak convective heat transfer along the combustor
liner. A Reynolds Averaged Navier-Stokes equations based turbulence model is used for all the
numerical computations. Simulations are performed on a 3D sector geometry. The first geometry
is a straight cylindrical combustor section. The second model has an upstream diverging section
before the cylindrical section. Third one has a converging section following the upstream
cylindrical section. The inlet air flow has a Reynolds number of 50000 and a swirl number of 0.7.
The combustor liner is subjected to a constant heat flux. Finally, liner heat transfer characteristics
for the three geometries are compared. It is found that the peak liner heat transfer occurs far
downstream of the combustor for full cylinder and downstream convergent cases compared to that
in the upstream divergent case. This behavior may be attributed to the resultant pressure
distribution due to the combustor passage area changes. Also the magnitude of peak liner heat
transfer is reduced for the former two cases since the high turbulent kinetic energy regions within
the combustor are oriented axially instead of expanding radially outward. As a consequence, the
thermal load on the liner is found to reduce.

2.2 Introduction
Combustor designs for both land based and propulsion based gas turbine engines are advancing
and pushing the limits of their operation. The key factors impacting their design are the demand
for higher efficiency and reduced emissions. While the effort is progressing on this path, there is
a lack of sufficient cooling air available for the combustor liner back-side cooling due to the
channeling of more air into the combustion zone for reducing the reaction temperatures. The above
problem results in reduced life span of combustor liners impacting the duration of operating cycles
of gas turbine combustors. Hence it becomes very important to characterize the heat transfer on
the liner to identify localized high heat load regions and accordingly find solutions to mitigate the
above problem.
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A lean premixed low NOX gas turbine combustor consists of an upstream axial or radial swirler
followed by a combustor section and a transition piece connecting the turbine inlet. The swirler is
one of the most important components of gas turbine combustors aiding in efficient combustion.
The turbulent swirling flow coming out of the swirler creates a strong toroidal vortex in the central
core. This low pressure region is responsible for entraining the already burnt products within the
recirculation zone. The subsequent vortex breakdown mixes the hot products with the incoming
fuel and air mixture to aid in effective combustion. In reality due to the inherent high temperature
swirling flow, it becomes a challenge for experimentalists to characterize convective heat transfer
along the liner surface. Several researchers in the past have used techniques like LDV, PIV, hot
wire anemometry etc. to characterize the combustor flow and heat transfer effects [1-3].
Non-reactive flow studies in combustors were numerically investigated based on RANS turbulence
models by several researchers in the past. Farhad et al. [4] carried out studies in order to validate
computed flow profiles at various sections inside the combustor domain with the experiments.
They adopted cubic non-linear k- turbulence model for their studies. Bailey et al. [5] used RANS
based turbulence models with near-wall treatment to compute liner heat transfer. These results
were compared with the experiments conducted by the same authors and found to have reasonable
agreement. Grinstein [6], Patil et al. [9], Goldin et al. [13] performed LES studies of non-reacting
as well as reacting flows in combustors.
Patil et al. [8], [9] performed experiments with a scaled combustor test set up including the inlet
swirler passage in order to characterize convective heat transfer coefficients along the combustor
liner. The swirler geometry used was a scaled model of that used in industrial gas turbine
combustors. However, considering the limitations of local experimental capabilities the
experiments conducted were for reduced scale of Reynolds number and cold flow conditions. The
experiments also involved applying a constant heat flux on the liner surface by using an electric
heater inside the test section as a simplification to reactive flow conditions. Another study by Patil
et al. [9] describes about RANS and LES computations performed in order to understand the
complicated swirl flow structures of combustor flows for the same swirler geometry and
experimental conditions. The above study predicts the peak convective heat transfer location along
the liner in very good agreement with the experiments.
The motivation for the present study is with regard to predicting flow and heat transfer
characteristics for an upcoming experimental test set up. In the present numerical study, the effect
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of combustor geometry changes on liner convective heat transfer characteristics is explored for
three different configurations. All three designs have the same swirler geometry as used in Patil et
al. [8]. Since LES approach is computationally expensive, RANS based computations are
performed in order to identify the location of peak convective liner heat transfer while initially
validating it with the experiments performed earlier [8]. In order to predict the liner heat transfer
characteristics appropriately, the inclusion of swirl components due to the upstream swirler is
essential in the modeling methodology. Instead of modeling the entire swirler geometry, the
current methodology is simplified by using computed flow profiles at the swirler exit from
previous studies of Patil et al. [9]. This not only avoids the meshing complexities but also
minimizes the grid-induced errors owing to any low quality mesh present within the swirler vanes
and their propagation into the downstream combustor region. However it is assumed that this
simplification would not impact the peak heat transfer location prediction significantly.

2.3 Computational domain
During previous numerical investigations, non-dimensional velocity profiles at the exit section of
the swirler were obtained and reported [9]. As mentioned earlier, the current study involves
applying these flow profiles at the inlet boundary of the geometry of interest. In order to validate
the above simplified methodology for predicting the location of peak liner heat transfer coefficient
accurately, numerical computations are performed on a similar geometry as studied by Patil et al.
But instead of modeling the entire combustor geometry, only a quarter of it is modeled as the fluid
domain. All geometric parameters are maintained the same as in [9]. Figure 1 displays a schematic
of the current cylindrical combustor sector (90°) geometry. The domain consists of an upstream
pipe section followed by the cylindrical combustor section. The dimensions are explained in
Figure 11. The upstream pipe section consists of an annular fluid space and a central hub
conforming to the cross-sectional area of the industrial swirler.
The current simulations are studied for a Reynolds number of 50000. It is calculated based on the
combustor diameter (2R) and bulk mean velocity (Ub) in the combustor domain. The swirl at the
inlet of the flow domain is quantified based on swirl number, 𝑆. It is defined as the ratio of the
momentum flux due to swirl velocity to that due to axial velocity.
𝑅

𝑜
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U and U are the mean axial and swirl velocities respectively. Ri and Ro are the swirler inner and
outer radii respectively. Based on the inlet flow conditions for the swirler, the characteristic swirl
number is around 0.7 for the current simulations. Hence, the current combustor flow is swirl
dominated.
Steady, incompressible, Reynolds Averaged Navier Stokes (RANS) equations based calculations
are performed using a commercial solver, FLUENT. The modeling methodology includes an eddy
viscosity based k-SST turbulence model for simulating the flow. SST model is chosen since it
is robust with wall-bounded and separated flows with adverse pressure gradient as is the case with
combustor flows. It also performs wall integration that can aid in reliable liner heat transfer
coefficient prediction.
Table 2: Grid details
Grid

Mesh size
(Million)

Axial node
distribution

Radial node
distribution

Coarse

1.5

290

130

Medium

3.1

570

130

Fine

4

760

130

Super fine

12

850

240

Figure 11: Computational domain of the combustor section (validation case)
Four grids with approximate y+ of 1 are generated using ICEM CFD for the current study to
ensure grid independence. Each grid contains increasing number of hexahedral cells as mentioned
in Table 2. The radial and axial distribution of nodes for all the grids are also mentioned in the
table. The circumferential node size is limited to 50 subject to the adopted meshing strategy. Figure
12 shows the grid structure for the 3D sector.
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(a)

(b)
Figure 12: Hexahedral grid for the computational domain; (a) Front view (b) Isometric view

The computational domain is subject to boundary conditions in accordance with the
experimental conditions of Patil et al. [8]. Velocity boundary condition is applied at the inlet
boundary. It includes axial, radial and tangential velocity profiles. Figure 13 shows the swirler exit
flow profiles from earlier computations by Patil et al. [9]. A turbulence intensity of 5% and
combustor diameter based hydraulic diameter is applied at the inlet and exit boundaries.

Figure 13: Velocity profiles at the swirler exit (Patil et al. Error! Reference source not
ound.)
Combustor outlet is subject to atmospheric pressure outlet boundary condition. Liner wall is
subject to a constant, convective heat flux boundary condition of 1500 W/m2 [8]. The periodic
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surfaces are subject to rotationally periodic boundary condition. All other surfaces are treated as
adiabatic, no-slip walls.

2.4 Grid independence and validation case results
In order to ensure grid independent results, the velocity profiles and Nusselt numbers are
compared at a particular section of the combustor domain for all the grids.

Figure 14: Y-plus distribution along the liner
Figure 14 shows the y+ distribution along the combustor liner for all the four grids. It is seen that
the overall trend is consistent between fine and super fine grids with negligible deviations.

Figure 15: Normalized axial velocity
Normalized axial velocity is plotted in Figure 15 across an upstream cross section of the
combustor. The location is chosen at a section where the swirl dominated flow is still expanding.
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Axial velocity is normalized with respect to the combustor bulk velocity. It can be observed that
the axial velocity profiles are consistent for fine and super fine meshes. The radial node count
increase from 130 to 240 shows only a marginal change in computed results between fine and
super fine meshes.
Similarly, the local liner Nusselt numbers are also plotted along the upstream length of the liner as
shown in Figure 16. Nusselt number is computed based on local liner heat transfer coefficient,
combustor diameter and thermal conductivity of air at 300K. Local heat transfer coefficients are
obtained using liner temperature distribution from the simulations. The equation for calculating
the heat transfer coefficient is shown below.
ℎ = 𝑞̇ /(𝑇𝑙𝑖𝑛𝑒𝑟 − 𝑇𝑖𝑛𝑙𝑒𝑡 )
The Nusselt number is further normalized with Dittus-Boelter correlation for fully turbulent
flow which is of the form,
𝑁𝑢 = 0.023 𝑅𝑒𝐷0.8 𝑃𝑟 0.4
where Prandtl number is taken as 0.72 for air. The axial length is normalized with the
combustor diameter. This method is consistent with the experiments of Patil et al. [8]. Between
super fine and fine mesh computations, the liner characteristics are consistent with less than 5%
variation in the prediction of peak heat transfer location. Hence the block structure corresponding
to 4 million grid size (fine) is considered to be a conservative size for all the future calculations
including different configurations.

Figure 16: Nusselt number distribution along liner length for validation case
Figure 17 shows the axial velocity contours within the combustor sector domain along the
azimuthal plane (= 0o) for the chosen ‘fine’ mesh. The contours depict the swirling flow
expanding radially outward into the combustor domain as it exits from the swirler passage. As a
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result, a shear layer is developed by virtue of interaction between high velocity swirl flow and the
stagnant fluid inside the combustor. When the flow expands further, it impinges on the liner surface
at a particular location. As a consequence, a corner vortex is formed just before the impingement
location on the liner. In addition, a central recirculation zone is also developed due to the swirl and
low pressure region within in the flow.

Figure 17: Axial velocity contours in the azimuthal plane ( = 0°) [along upstream length]
For the purpose of validation of the present solution methodology, Nusselt numbers are
compared with the distribution which is already available from earlier publication of Patil et al.
[9]. Figure 18 shows such a comparison between validation case data and experimental data along
the upstream length of the liner. The abscissa is the axial length along the liner normalized by the
combustor diameter. The comparison suggests that the characteristic trend of normalized Nusselt
number variation is captured well by the computations. Both studies predict the location of peak
Nusselt number along the liner length close to x/D = 0.4.

Figure 18: Comparison of computed and experimental normalized Nusselt numbers for
validation case
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However, the computations over-predict the peak heat transfer coefficient magnitude. It may
be attributed to the simplifications adopted in the modeling methodology and the limitations of
SST turbulence model.
Unsteady LES computations might aid in resolving large scale eddies and turbulent kinetic
energy distribution effectively that may in turn predict heat transfer predictions more accurately.
However, the primary objective of the current work is towards predicting the location of peak
convective heat transfer along the liner. It is accomplished satisfactorily with the current modeling
methodology. However, it is to be noted that the prediction reliability is limited to cold flow
conditions.

2.5 Flow studies in various combustor geometries
Once the modeling methodology is validated to reproduce the peak heat transfer location along
the liner, the study is extended further to understand the effect of combustor geometry
modifications on the flow and heat transfer characteristics. All geometries have a reduced
combustor length (4.76H) and a reduced outlet diameter (2Ro) unlike for the validation case (20H).
The reduced length scales are with respect to the upcoming experimental test set up. Also, the flow
domain is extended further where atmospheric pressure outlet boundary condition is applied.

2.6 Kinematics of flow
The three configurations investigated in the current study are shown in Figure 19. In all the
following case studies, the combustor outlet area is of reduced diameter. The first configuration
(Case 1) is a cylindrical section. Second domain consists of a diverging section prior to the
cylindrical portion (Case 2). The final configuration has a converging passage following the
cylindrical passage (Case 3). All of these configurations have the same overall combustor length.
The converging and diverging passages have the same axial length to the total combustor length
ratio. The inlet diameter for the diverging section is the same as the exit diameter of the converging
section as well. The outlet passage area for all the three configurations is also maintained the same.
However, the volume of Case 2 and Case 3 are 9% lesser than Case 1 due to the presence of conical
passages. All boundary conditions for the above mentioned geometries are same as those applied
in the validation case. The axial velocity contours are shown in Figure 20 for all the geometries. It
can be observed that the shear layer impingement for Case 1 and Case 3 appears to occur far
downstream compared to Case 2 and the validation case.
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Figure 19: Combustor geometries - Straight cylindrical section (Case 1); Upstream diverging
section case (Case 2); Downstream converging section case (Case 3)

Figure 20: Axial velocity contours for validation case, Case 1, 2 and 3 in the azimuthal
section = 0o) (straight, upstream-divergent & downstream-convergent sections respectively)
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The non-dimensional pressure profiles for the validation case and Case 1 are plotted in Figure
21and Figure 22 respectively. Non-dimensionalization is performed with the dynamic pressure
based on combustor bulk velocity. The validation case has a strong corner vortex which is evident
in the pressure profiles of Figure 21 at x/D = 0.25 because of which the shear layer is diverted
towards the liner in the upstream section of the combustor itself. On the contrary, the profiles in
Figure 22 suggest that the reduced combustor length and exit diameter in Case 1 results in
accelerating the flow near the exit unlike the validation case. As a result, there is a suction induced
near the combustor exit due to the accelerating flow. And the swirl dominated shear layer extends
far downstream along the combustor length. Hence the shear layer impingement location along the
liner also moves downstream.

Figure 21: Radial pressure distribution along combustor sections (validation case)

Figure 22: Radial pressure distribution along combustor sections (Case 1)
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In Figure 23, Nusselt number comparison is shown for the validation case and Case 1. It can
be observed that the peak liner heat transfer for Case 1 occurs at a downstream location compared
to the validation case.
This behavior occurs because the high velocity flow within the shear layer in Case 1 travels
farther compared to the validation case because of the modified flow distribution as described
earlier. Accordingly, its impingement on the liner also occurs at a farther location. At the same
time, the magnitude of peak Nusselt number along the liner is also reduced. This can be attributed
to the reduced turbulent kinetic energy near the impingement region within the combustor.

Figure 23: Normalized Nusselt number variation along normalized liner length
The flow structure for Case 2 is also shown in Figure 20. It can be observed that the strength
of corner vortex region is stronger than in Case 1. Because of higher vortex strength and relatively
higher local back pressure, the shear layer is pushed towards the liner far upstream compared to
that in Case 1.
The central recirculation region also gets re-distributed for Case 2. The normalized pressure
profiles are also shown in Figure 24. It is seen that the relatively higher overall back pressure in
the upstream section (x/D ~ 0.01-0.25) in Case 2 is also a reason for the shear layer to get diverted
towards the liner.
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(a)

(b)
Figure 24: Radial pressure distribution along combustor sections: (a) Case 2 and (b) Case 3
(upstream-divergent & downstream-convergent geometries respectively)
The axial velocity contours for Case 3 is also shown in Figure 20. It is observed that the
velocity contours, the central and corner vortex sizes and locations are very similar to that of Case
1. It occurs because the converging section of Case 3 helps in developing a favorable pressure
gradient and a suction force in the downstream portion of the combustor in addition to that
provided in Case 1.
Figure 25 shows the turbulent kinetic energy contours for all the four configurations. It is
observed that Case 1 and Case 3 qualitatively have very similar contours suggesting that the peak
heat transfer along the liner should also be at similar locations. Also, this energy is axially
distributed near the central region of the combustor. On the contrary, Case 2 has reduced region of
turbulent kinetic energy compared to the other two cases and is also directed towards the liner at
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an axially upstream location of the combustor. This indicates the peak heat transfer to occur at an
upstream location of the combustor for Case 2.

Figure 25: Turbulent kinetic energy contours for three configurations [Case 1, Case 2, Case
3] (straight, upstream-divergent & downstream-convergent sections respectively)

Figure 26: Normalized Nusselt number distribution for Case 1, Case 2 and Case 3 (straight,
upstream-divergent & downstream-convergent sections respectively)
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Figure 26 shows the comparison of normalized Nusselt number variation along the liner for
the three configurations. Case 1 and Case 3 show similar characteristics along the liner for reasons
mentioned earlier. Although the peak value for Case 3 is marginally further downstream.
Also, there is a reduction in the magnitude of peak Nusselt number for Case 3 because the
turbulent kinetic energy near the impingement region is reduced due to the favorable pressure
gradient created by the presence of converging section. It results in directing the flow axially
instead of radial expansion along the upstream length. Case 2 has a higher value of peak Nusselt
number at an upstream location due to higher turbulent kinetic energy as explained earlier. The
plots suggest that the heat transfer characteristics for combustor geometry with convergent
downstream section has the least variation in local liner heat transfer characteristics compared to
the rest of the cases. At the same time, it also has a reduced magnitude of peak liner heat transfer.
Hence, this configuration is suitable for minimizing heat load and reduced thermal stresses on the
liner material of the combustor.

2.7 Conclusions
Steady state numerical simulations were performed on various gas turbine combustor
configurations. The purpose of this study was to characterize the convective heat transfer
coefficients along the combustor liner and to identify the location of peak convective heat transfer.
The simulations were based on Reynolds Averaged Navier Stokes solver using k SST
turbulence model. The conclusions of these studies are limited to non-reactive, cold flow
conditions. As part of the modeling simplification, the inlet swirling flow was modeled by using
previously computed swirl flow profiles for an industrial swirler instead of modeling the entire
swirler. The flow had a swirl number of 0.7 and a Reynolds number of 50000 based on the
combustor diameter. The liner was subjected to a constant heat flux. The computational model was
initially validated with earlier experiments to capture the peak convective heat transfer location
along the liner. While successfully predicting the peak convective heat transfer location along the
liner, the simulations over predicted the heat transfer magnitude. This could be attributed to the
above mentioned modeling simplifications. Secondly, the effect of reducing combustor outlet
diameter and length on the heat transfer characteristics were studied. These geometry changes
resulted in extending the upstream high velocity shear layer further downstream due to modified
flow distribution within the combustor. Hence, the corner vortex region, impingement and peak
heat transfer location along the liner also shifted further downstream. Unlike the validation case
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there was a subsequent reduction in the magnitude of peak Nusselt number along the liner. Thirdly,
a comparison of heat transfer characteristics was performed for three combustor configurations
i.e., straight (Case 1), upstream-divergent (Case 2) and downstream-convergent (Case 3), all
having the same overall length. It was observed that Case 3 had a gradually varying liner heat
transfer characteristic of reduced magnitude due to the re-orientation of high turbulent kinetic
energy region towards the axis in comparison to the other two cases. This indicates that the thermal
load on the liner is reduced in the presence of a convergent downstream section in the combustor
domain which results in increased life span for combustor liners.
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Nomenclature
r

= radius of the combustor

D

= diameter of the combustor

U

= velocity component in the swirler and combustor

Nu

= Nusselt number

Pr

= Prandtl Number

Re

= Reynolds number

Ri

= swirler inlet radius

Ro

= swirler outlet radius

S

= Swirl number

x, r, 

= axial, radial and azimuthal polar coordinates respectively

TKE

= Turbulent kinetic energy

y+

= dimensionless grid spacing from the wall

T

= Static temperature

h

= Local heat transfer coefficient

𝒒̇

= Heat flux
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Subscripts
t

= tangential component

a

= axial component



= circumferential component

b

= bulk component

liner

= liner

inlet

= inlet
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3 Paper # 2 - Analysis on impact of turbulence parameters and swirl
angle variation on isothermal gas turbine combustor flows
3.1 Abstract
The current computational study deals with the isothermal fluid flow and heat transfer analysis of
a gas turbine combustor subject to different boundary conditions. A 90 degree sector model was
studied computationally in order to identify the impingement and peak heat transfer locations
along the combustor liner in addition to heat transfer augmentation. Validation experiments were
carried out for the full scale industrial swirler-fuel nozzle using PIV and IR thermography to
obtain flow and heat transfer data. Inlet conditions into the swirler were set to a Reynolds number
of 50000 and the outlet was set to atmospheric conditions. The swirler vanes provided a radially
varying swirl to the flow entering into the combustor. The k-w SST turbulence model was employed
to investigate the effects of different inlet turbulence parameters on the accuracy of the simulation,
i.e., calculations with experimental inlet turbulent kinetic energy and deduced dissipation rate
profiles, and prescribed constant turbulent intensity and length scale. It was observed that the
former provided conforming results with the experiments at specific locations and improved
convergence, while both cases showed discrepancy in velocity profiles within the central
recirculation region of the combustor. The peak heat transfer and impingement location along the
liner were in excellent agreement with the experimental data. However the peak magnitude
prediction was over-predicted up to 27%. This discrepancy was attributed to the limitations of
two-equation turbulence model predictions near the stagnation region. An additional study was
performed to investigate the effect of different inlet swirl angles on the impingement location. It
was observed that a higher swirl angle shifts the impingement location upstream. Overall, the
present study provides a probe into the capability of steady RANS models to predict combustor
swirling flows and wall heat transfer; and also aids in using the steady state results as initialization
data for the future scale resolved turbulence model based simulations. In spite of the quantitative
discrepancies, the liner heat transfer trends are expected to provide valuable insight to the
industrial community in the design of combustor liners based on less expensive computational
tools.
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3.2 Introduction
Combustor designs for both land based and propulsion based gas turbine engines are advancing
and pushing the limits of their operation. The key factors impacting their design are the demand
for higher efficiency and reduced emissions. While the effort is progressing on this path, there is
a lack of sufficient cooling air available for the combustor liner back-side cooling due to the
channeling of more air into the combustion zone to reduce the reaction temperatures. The above
problem results in reduced life span of combustor liners impacting the duration of operating cycles
of gas turbine combustors. Hence it becomes important to characterize the heat transfer on the liner
to identify localized high heat load regions and accordingly find solutions to maximize combustor
durability. In the last decades, there have been significant advancement in developing numerical
solvers to simulate realistic fluid flows. Reliable computational solvers reduce experimental
expenses, and provide extensive information on the flow characteristics beyond what can be
availed experimentally. For this reason, the development and validation of computational models
is critical for the research and industrial communities. In addition to fluid dynamics, modern
numerical solvers have significantly improved the modeling of heat transfer and reactive flows.
However, the solvers heavily rely on empirical formulations to account for turbulence propagation,
chemical reaction, species transport, and other transport phenomena. In this regard, computational
and experimental efforts complement each other for solving complex thermal-fluid engineering
problems.
A typical lean premixed low NOX gas turbine combustor consists of an upstream axial or radial
swirler followed by a combustor section and a transition piece connecting to the turbine inlet. The
swirler is one of the most important components of gas turbine combustors, generating swirl and
thus aiding in efficient combustion. The turbulent swirling flow exiting the swirler creates a strong
toroidal vortex in the central core. The vortex breakdown caused due to conversion of swirl flow
into adverse pressure gradient creates a central recirculation region that entrains the already burnt
products. These hot products mix with the incoming fuel and air mixture and aids in effective
combustion. In premixed combustion flames, the laminar flame speed is defined as the subsonic
speed at which the flame propagates. Generally, the flame propagates opposite to the flow direction
until it stabilizes by becoming equal to the normal flow velocity. Its value depends on fuel
composition, temperature and pressure. Laminar premixed flames consist of preheat and reaction
zones. In the former zone heat is transported due to convection and molecular conductivity whereas
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in the latter zone, reaction and diffusion processes dominate. When flow turns to be turbulent in
nature, there is a two-way interaction between combustion chemistry and turbulence. Depending
on their relative interaction, it either modifies the eddy structures due to flame induced heat release
and acceleration; or may result in flame quenching. In reality due to the inherent high temperature
swirling flow, it becomes a challenge for experimentalists to characterize convective heat transfer
along the liner surface. Available computational models are of immense benefit for the gas turbine
research community since they may be used as an alternative to expensive, time consuming
experimental efforts for comprehending detailed combustor flow physics. At the same time they
can be used to study newer designs within a short time span thus avoiding lengthy design and
development cycles.
Several researchers in the past have used techniques like LDV, PIV, hot wire anemometry etc. to
characterize the combustor flow and heat transfer effects [1-3]. Strakey et al. [1] had
experimentally and numerically identified the presence of the precessing vortex core (PVC) in cold
flow studies which prevails within the flow at a particular frequency along with turbulence. The
PVC may influence combustion related instabilities due to inherent unsteadiness within the flow.
Non-reactive flow studies in combustors were numerically investigated based on RANS turbulence
models by several researchers in the past. Farhad et al. [4] carried out studies in order to validate
computed flow profiles at various sections inside the combustor domain with experiments. They
adopted a cubic non-linear k-turbulence model for their studies. Bailey et al. [5] used RANS
based turbulence models with near-wall treatment to compute liner heat transfer. These results
were compared with the experiments conducted by the same authors and found to have reasonable
agreement.
Earlier, Patil et al. [6], [7] performed experiments with a combustor test set up including the inlet
swirler passage in order to characterize the convective heat transfer coefficients along the
combustor liner. The swirler geometry was a scaled model of an industrial gas turbine fuel nozzle.
However, considering the limitations of local experimental capabilities, the experiments conducted
were for a reduced range of Reynolds numbers and limited to cold flow conditions. The
experiments also involved applying a constant heat flux on the liner surface by using an electric
heater inside the test section as a simplification to reactive flow conditions. Another similar study
by Patil et al. [8] describes RANS and LES computations performed in order to understand the
complicated swirl flow structures of combustor flows for the same swirler geometry and
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experimental conditions. The latter study predicts the peak convective heat transfer location along
the liner in excellent agreement with the experiments.
The motivation for the present study was to computationally validate steady state RANS flow and
heat transfer calculations with respect to recently obtained experimental data from a laboratory
scale combustor test rig. The data was obtained for a full scale industrial swirler operated under
atmospheric conditions. In the present numerical study the flow profiles within the combustor
(downstream of swirler) were compared for various inlet boundary conditions (turbulence
quantities) in order to study their impact on predicting flow profiles within the combustor.
Additionally the effect of swirl angle modification on impingement location was investigated for
a specific Reynolds number. Finally, the liner heat transfer characteristics were compared in order
to identify the peak location and heat transfer augmentation for an applied constant heat flux along
the liner length. Since the LES approach is computationally expensive, RANS based computations
were performed for swirling flows through a true scale swirler geometry, towards realizing their
predictive abilities in spite of limitations of two equation models. Simulations were carried in two
steps. First, only the swirler-combustor domain was studied to obtain the flow profiles downstream
of the swirler. In the second step, only the combustor sector with a small section of the upstream
swirler was considered for further studies. This two-step approach was adopted to reduce
computational time as well as to minimize grid-induced errors owing to complex mesh within the
swirler vanes and their propagation into the downstream combustor region. However, it is believed
that this simplification would not impact the peak heat transfer location prediction significantly.

3.3 Computational setup
The experimental test facility was developed to test industrial scale swirler-fuel nozzles and
quantify heat transfer along combustor liner walls under non-reactive and reacting flow conditions.

Figure 27: Modeled industrial swirler
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For the current computational studies, the domain of interest was generated and meshed using
SolidWorks and ICEM CFD respectively. Since the industrial swirler design information was
proprietary, the swirler features were extracted from limited design information provided by Solar
Turbines Inc. Figure 27 shows the simplified domain of the swirler used for numerical analysis.
As shown in the figure, it consists of turning vanes that impart a swirl to the incoming flow.
Immediately downstream from the vanes, cylindrical fuel injectors are present to introduce the fuel
for downstream mixing. The swirl created by the vanes as well as the wake and turbulence
generated by the injectors is meant to efficiently premix the fuel and air before entering the primary
zone of the combustor downstream. A hexahedral grid was generated for the computational studies
for the swirler model as shown in Figure 28.
The three dimensional (3D) mesh for the swirler was integrated into a 3D domain that replicates
the downstream combustor. A cross-sectional view of the full 3D mesh is shown in Figure 29.
This integrated model was used for the first part of study only to obtain the flow profiles
downstream of the swirler accounting for any downstream disturbances from the combustor that
may impact the swirl velocities within the nozzle. This step provides the inlet boundary conditions
for the second part.
The second part of the CFD study consists of the swirler section downstream of the vanes
extending through the entire combustor length as shown in Figure 31 (90 degree sector). This step
was done to simplify the simulations, avoiding the need to resolve the flow around the swirler
vanes for each calculation.

Figure 28: Hexahedral mesh for the swirler
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Figure 29: Combined mesh for swirler and combustor
ANSYS Fluent was used to obtain steady state RANS flow solutions for a Reynolds number of
50000 (based on the swirler diameter). The inlet conditions for the domain of the first step consists
of uniform velocities corresponding to the expected mass flow. Atmospheric pressure outlet
boundary conditions were applied for both CFD domains (full 3D and sector models) similar to
experiments. The computed swirler flow profiles obtained from the first simulation were applied
at 0.45 nozzle diameters upstream of the dump plane of the second CFD domain. The profiles are
as shown in Figure 30 where the x and y axes are normalized with respect to the diameter and bulk
velocity of the combustor respectively.

Figure 30: Computed flow profiles from the modeled swirler (TKE is based on experiments)
The CFD domain used in the second step of this methodology is shown in Figure 31 and
corresponds to the 90° combustor sector. As mentioned earlier, it consists of the downstream
section of the swirler followed by the combustor domain.
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Figure 31: Sector model of combustor
Three grids were studied in order to investigate the sensitivity of grid resolution on combustor
flow features (0.02-coarse, 0.16-medium and 0.7 million size- fine). The axial velocity obtained
from the calculations for the three different grids are shown in Figure 32. The grid with 0.7 million
elements (fine) was verified to be a conservative grid and was hence used for the computations.
Steady state, SIMPLE pressure-velocity coupling with 2nd order upwind schemes for spatial
discretization were employed for the computations.
Two approaches were followed towards validating the flow profiles within the combustor using kw SST turbulence model. This model was chosen since it is a blend of two models accounting for
free shear flow region as well as separated flow region.

Figure 32: Grid sensitivity for 0.02, 0.16 and 0.7 million meshes
The first approach (case 1) involves using a turbulence intensity of 2% and a length scale equal to
the annular gap within the swirler geometry as the inlet turbulence parameters. The second
approach (case 2) implements the experimental turbulence kinetic energy (TKE) measurements
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(described in the next section) as shown in Figure 4 and the specific dissipation rate profile. The
dissipation rate was calculated based on the formulation from the Fluent manual [21]. At the outlet,
a turbulence intensity of 75% and a length scale equal to the inner recirculation zone diameter was
applied. These values were determined from PIV measurements at 𝑋/𝐷𝑁 = 2.4 as detailed in the
experimental section. The velocity profiles from Figure 30 were applied as inlet conditions.

3.4 Validation experiments: setup and methodology
To validate the computational results, isothermal heat transfer and flow measurements at
atmospheric pressure were performed along a model combustor featuring an industrial low
emission fuel nozzle. The measurements were taken at a Reynolds number (Re) of 50,000 with
respect to the swirler diameter, matching the computations. To validate the flow, 2D particle image
velocimetry (PIV) was acquired at different cross-sections within the combustor section. To
validate the heat transfer characteristics, steady state measurements along the liner using infrared
imaging were taken.

3.4.1 Experimental facility
The experimental facility is shown in Figure 33. Upstream of the main control valve there was a
flow metering section and a pressure regulator (not shown in the diagram). The flow metering was
accomplished using a turbine flow meter, coupled with downstream pressure and temperature
measurements, yielding a total accuracy in the mass flow of ∼2%. The pressure reducing regulator
lowered the pressure to the required operating conditions and the main control valve throttled the
flow to the desired mass-flow rate. An inline 192kW heater was also installed but was not used for
the current experimental results.

Figure 33: Experimental facility diagram.
The test section includes an industrial low emission fuel nozzle (swirler) provided by Solar
Turbines Inc. ®. The nozzle consists of an axial swirler, followed by fuel injectors downstream
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that introduce fuel into the nozzle for premixing. The experiments and computations for the current
study were conducted at isothermal (non-reacting) conditions, thus no fuel was required. The liner
consisted of a quartz cylinder 4 mm thick, with an internal diameter of 203 mm.
The acquired PIV (green) and heat transfer (red) planes for the computational validation are shown
in Figure 34. The heat transfer characteristics were observed to be axisymmetric and hence only a
small portion of the liner was imaged. To capture the swirling jet outlet velocity, measurements at
plane B and D were taken. The vortex structure and decay was measured using planes E,F, and G.
Exit flow and recirculation characteristics were captured by plane C.

Figure 34: Experimental heat transfer (A) and 2D-PIV (B-G) acquisition planes.

3.4.2 Particle Image Velocimetry Methodology
A Nano-L 135-15 Nd:YAG dual laser system, along with a Flowsense 4M MKII camera and
control software from Dantec Dynamics were used for the two dimensional PIV acquisitions. Four
runs of 200 images each were taken, cleaning the quartz liner in between runs for improved data
quality. An adaptive correlation algorithm with a final interrogation area size of 32×32 pixels and
50% overlap was used to process the image pairs. 3×3 median validation and 1.2 peak validation
(maximum correlation peak is at least 1.2 higher than all other correlation peaks in the interrogation
area) were used to identify inaccurate vectors. Median validation substitutes vectors that do not
satisfy a conformity criterion with the median of the surrounding vectors. This can lead to biases
close to the wall where the vectors are influenced by wall reflections or the absence of particles
past the wall boundary. For this reason, all substituted vectors were removed while calculating the
experimental data. Moreover, wall reflections limited the acquisitions close to the wall.

58

The flow was seeded using a water based fog machine, which was passed through a long settling
tube where the heavier particles would deposit. The fog particle sizes delivered to the test section
were estimated < 2.5μm [10], yielding an expected velocity delay of ∼20μs.
The equipment was only capable of acquiring two dimensional flow data, not able to resolve the
out of plane velocity components. However, at the intersection between planes XZ and YZ planes,
the full three dimensional velocity profiles were available, allowing for a complete view of the
three dimensional dynamics. The results used for the validation of the computations consist of the
time averaged velocity fields (ǔ, v̌,w
̌ ) obtained from the 800 PIV acquisitions.
The total fluctuating velocity components (u ̌, v ̌,w ̌) were readily available from the instantaneous
PIV measurements after the mean field had been computed. Turbulent kinetic energy (TKE) was
calculated according to Equation 1.
1

1

1

TKE3D, = 2 ̅̅̅
ǔ2 + 2 ̅̅̅
v̌ 2 + 2 ̅̅̅̅
w
̌2

(1)

When only two components of the velocity field were available (at a single plane), a twodimensional TKE was calculated (which underestimates the total three dimensional turbulence at
any given point). It is important to clarify that the TKE as calculated includes the flow fluctuations
due to both coherent and stochastic structures in the flow, and is only an approximation of the
actual turbulent field.
When only two components of the velocity field were available (at a single plane), a twodimensional TKE was calculated (which underestimates the total three dimensional turbulence at
any given point). It is important to clarify that the TKE as calculated includes the flow fluctuations
due to both coherent and stochastic structures in the flow, and is only an approximation of the
actual turbulent field.

3.4.3 Steady State Heat Transfer Methodology
To measure the heat transfer along the liner wall, a thin surface heater (5 cm×28 cm) was attached
to the inner wall of the quartz liner providing a wall heat input (𝑄W ). The wall heat input was
determined from the electrical resistance of the heater and the voltage supplied. The inner wall
temperatures (𝑇W ) were derived from infrared (IR) measurements using a FLIR SC6700 camera.
A schematic of the heater placement on the liner is shown in Figure 35. The heater was covered
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with thin aluminum tape to evenly distribute the heat flux generated. The inner wall of the liner
was coated with a high emissivity paint (emissivity of ∼0.96 for temperatures>313 K) to increase
the emission from the inner wall.

Figure 35: Schematic of the experimental setup for the heat transfer measurements
To characterize the effective transmissivity of the quartz liner, and differentiate the quartz emission
from the inner wall emission, thermocouple (TC) measurements on the inner wall were compared
against IR data at different temperatures. All the TCs used were T-Type (errors of ±0.5 K) with
diameters of 0.08 mm for faster response times. Two calibrations were performed, one while
heating the inner wall rapidly (cold quartz), and another while cooling down the inner wall from
∼375 K to ambient temperatures after the quartz had reached steady state at the high temperature
(hot quartz). Both calibrations bound the errors due to the quartz emission. The results from both
tests are shown in Figure 36, as expected because of the non-blackbody characteristics of the liner,
the thermocouple readings record always higher temperatures than the IR observations. When the
quartz is at higher temperatures the difference between the IR reading and the TC reading is smaller
due to the enhanced emission from the quartz. The results obtained using the hot and cold
calibrations were averaged to obtain the final heat transfer results presented. The error associated
with using either the hot or the cold calibration of the quartz was on average 9%, with a maximum
error of 11.7% at the impingement location and a minimum error of 4.5% close to the outlet of the
combustor.
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Figure 36: Calibration of the IR reading with respect to the inner wall temperature.
The heat lost to the quartz liner and surroundings (𝑄loss ) was measured by applying a heat flux to
the wall while there was no flow through the model combustor. The heat flux applied was lost to
natural convection within the combustor model and conduction losses to the quartz liner and
surroundings as expressed by Equation 2.
𝑄𝑊,no flow = 𝑄loss + ℎnat 𝐴(𝑇𝑊 − 𝑇∞ )

(1)

The heat loss (𝑄loss )) was driven by the difference between the ambient and the inner wall
temperatures, i.e. 𝑄loss = 𝑅(𝑇𝑤 − 𝑇amb ). Three loss calibration measurements at different wall
heat fluxes were taken to determine the effective thermal resistance (R) at each pixel location in
the IR acquisition. The same thermal resistance was used during the experiment to determine the
heat loss from the ambient and wall temperatures. The natural convection component within the
combustor was evaluated according to standard correlations for free convection from a vertical
surface as given by Equation 3 [10].
̅̅̅̅̅
Nu𝐿 = 0.68 +

1/4

0.67 Ra𝐿
(1 + (0.492/Pr)9/16 )4/9

(2)

Where RaL is the Rayleigh number (L=0.05 m), with properties evaluated at the corresponding
film temperature (according to the calculations ℎnat ≈ 6.5 Wm-2K-1). The overall 𝑄loss was within
20%-30% of the supplied wall heat flux during the measurement. Errors associated with the heat
loss calculation are accounted for by the errors associated with the hot and cold quartz calibrations.
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However, adding an additional 10% error to the heat flux characterization would change the results
by < 4.3%.
The heat transfer coefficient within the combustor was determined from Equation 4. No air preheating was applied so there were no spatial variations in the air temperature within the combustor
(𝑇∞ ).
ℎ=

𝑄𝑊 − 𝑄loss
𝐴(𝑇𝑊 − 𝑇∞ )

(3)

The data close to the combustor dome (𝑋/𝐷 = 0), had large heat losses, making the data for
𝑋/𝐷𝑁 < 0.3 unreliable. The large heat losses were due to a combination of a lower heat flux
distribution (that area corresponds to the edge of the surface heater) and higher lateral conduction
losses (to the dome metal pieces).
The overall uncertainty accounting for the inner wall temperature calibration errors and estimated
10% errors in the heat loss calculation amount to a maximum uncertainty in the experimental heat
transfer results of 12.5% (at the impingement location). Errors in the thermocouple readings were
one order of magnitude smaller than the errors in the temperature associated with the calibration
of the IR camera and were hence neglected.

3.5 Computational results and comparison to experimental data
The axial velocity contours along the central plane for the two numerically modeled cases (Case 1
and Case 2) with different inlet turbulence conditions are shown in Figure 37. Case 1 corresponds
to prescribed inlet turbulence intensity and length scales. Case 2 corresponds to the experimental
TKE, along with calculated dissipation rate profiles. The axes are the normalized radial and axial
coordinates with respect to swirler outer diameter.
Typical combustor flow features such as the inner recirculation zone, corner vortices, shear
layers, and liner impingement were observed. As shown in the figure, case 1 shows the shear layer
to be fluctuating in contrast to a stable shear layer observed for case 2. Case 1 experienced
convergence issues with higher residuals (1e-2). Whereas case 2 converged better with lower
residuals (<1e-5) for the continuity equation and with a consistent value of the monitored mass
averaged velocity at a specific section across the combustor length. Overall, case 2 appeared to
be more reliable predictions.
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Figure 37: Axial velocity contours (m/s) for Re 50000 for Case 1 (Top- TI and length scale) and
Case 2 (Bottom- TKE & SDR profiles)

Figure 38: Axial Velocity Comparison at “𝑋 = 0.16𝐷𝑁 ” (L1) and “𝑋 = 2.4𝐷𝑁 ” (L2).
Figure 38 to Figure 40 show velocity profile comparisons between experimental and
computational results at different sections along the axis of the combustor. Two locations were
compared, L1 (𝑥/𝐷_𝑛 = 0.16) lying in the region with strong shear layers, and L2, (𝑥/𝐷_𝑛 = 2.4)
downstream of the recirculation bubble. At location L1, the region of shear layer is identified by
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the peak in the axial velocity as shown in Figure 38.
It can be seen from the plots that there is no significant difference in the velocity profile
predictions between both cases at L1 and L2. The CFD model captures the peak location accurately
while also under predicts the peak velocity magnitude by ∼30% at L1. As the flow expands further
along the combustor length, the peak velocity location shifts towards the liner due to the central
region being occupied by the recirculation zone.

Figure 39: Radial velocity comparison at “𝑋 = 0.16𝐷𝑁 ” (L1) and “𝑋 = 2.4𝐷𝑁 ” (L2).
Although the physical phenomena are captured well by the CFD model, the central recirculation
zone strength was over-predicted (more negative velocities at L2). The radial velocity (Figure 39)
predictions also shows overall consistency with the experimental results. However, CFD yields a
stronger corner vortex at L1 as seen by the negative velocity region at the corner. It can be observed
that the radial flow becomes negligible downstream (L2), indicating the absence of any radial
expansion. Figure 40 shows the tangential velocity profiles from CFD calculations which also
conform to the experimental data except in the recirculation region. The calculated peak velocity
at L1 is in good agreement with the experiment, but the simulation fails to capture the inner
recirculation tangential velocities at this axial location. As the flow proceeds to the L2 location,
the tangential velocity component significantly decreases due to conservation of angular
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momentum and irreversibilities within the flow. Based on these comparisons the modeled swirler
is believed to provide similar swirl features compared to the experiments in spite of simplified
design features of the swirler.
It is to be noted that in the intermediate sections between L1 and L2, the CFD results deviate from
the experiments significantly. This is due to the inability of the RANS models to properly capture
inherent instabilities and turbulence within the central recirculation zone. Other modeling
methodologies such as Scaled Adaptive Simulations (SAS) and LES might yield closer agreement
between the experiment and the computations.

Figure 40: Tangential velocity comparison at “𝑋 = 0.16𝐷𝑁 ” (L1) and “𝑋 = 2.4𝐷𝑁 ” (L2).
In spite of the limited information on the vane geometry for the experimental fuel nozzle (swirler),
these predictions show that the approximated swirler can reproduce the main flow features within
the combustor. Above mentioned scale resolving simulation approaches and other parametric
studies will be investigated in a future publication.
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3.6 Effect of swirl angles
The industrial swirler (baseline) which was studied in the earlier section possesses a swirl angle
profile from the swirler hub to tip as shown in the Figure 41. The angle reduces along the radius
until it reaches a minima and again increases until the outer boundary of the swirler annulus.

Figure 41: Swirl angle profile at the swirler exit
In contrast to this kind of swirl angle profile, three different ‘constant’ swirl angle profiles (from
hub to tip) were studied in order to investigate their impact on flow features as well as on
impingement location along the liner. The angles investigated were 40, 49 and 60 degrees within
the vicinity of design angle of industrial swirler. Figure 41 describes the angle variation from
swirler hub to tip.
Figure 42 compiles the non-dimensional static pressure along the liner length for the above said
swirl cases. This plot indicates the impingement location along the liner as the maximum pressure
location where the expanding jet impinges the liner wall.

Figure 42: Impingement location for various swirl angles
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It can be observed that the baseline case (industrial swirler) shows the impingement location to be
at 0.94 X/D location. As mentioned earlier, this case has a swirl angle profile from hub to tip.
Surprisingly it is found that the impingement location for a constant swirl case of 40 degrees is in
close agreement to the baseline case whereas the 49 degree case predicts the impingement location
to be upstream (0.86 X/D). As the swirl angle is further increased to 60 degrees, it is observed that
the impingement location moves further upstream (0.77 X/D). The reason for such a behavior is
due to the fact that the tangential momentum increases with swirl angle and hence expands much
ahead within the combustor.

3.7 Heat transfer to the liner
A constant heat flux of 2500 W/m2 was applied on the liner wall to simulate experimental
conditions. The liner heat transfer characteristics were calculated based on the non-dimensional
Nusselt number. The Nusselt number was calculated based on Equation 5.
Nu =

ℎ𝐷
𝑘

(4)

where D is the combustor diameter and h is determined according to the Equation 4. The Nu results
were normalized based on the Dittus-Boelter correlation (Equation 6) for fully developed
turbulent, internal flow. Prandtl number for air was taken to be 0.713. Thermal conductivity was
calculated to be 0.0253 W/m-1K-1. The Reynolds number was based on combustor bulk velocity
and combustor diameter (not nozzle diameter).
Nu = 0.023 Re0.8 Pr 0.4

(5)

The heat transfer characteristics are plotted for experiments and computations in Figure 43. It can
be seen that while the experiments predict the peak location at 1.0 x/D (D is the swirler outer
diameter), the steady RANS computations predict a location slightly upstream (~ 0.92 x/D) and
with 27% over- prediction quantitatively.
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Figure 43: Liner heat transfer characteristics
The prediction for peak heat transfer at an upstream location in the vicinity of jet impingement
was consistent with the location shown in Figure 43 (baseline plot). And the quantitative overprediction of heat transfer augmentation can be attributed to the limitation of two equation models
where the turbulence production term of the turbulence kinetic energy transport equation is based
on velocity gradients that have a larger magnitude near the stagnation region [11]. These
limitations are planned to be addressed with scale resolving simulation techniques like SAS and
LES in future studies.

3.8 Conclusions
Isothermal steady state computations using the k-w SST model were performed for a full scale
industrial swirler and compared with experimental data from a laboratory scale combustor test rig.
Three studies under atmospheric pressure conditions were performed for a Reynolds number of
50000 with respect to the nozzle diameter. The main conclusions from the numerical investigations
are summarized below:
•

Using the experimental turbulent kinetic energy and deduced dissipation rate profiles as

the inlet turbulence conditions resulted in improved convergence and more reliable numerical
results compared to those obtained when using a prescribed inlet turbulent intensity and length
scale. This highlights the importance of appropriately specifying turbulent properties at the
boundaries.
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•

As the inlet swirl angle for the flow entering the combustor is increased, the impingement

location shifts upstream due to increased tangential momentum and early jet expansion.
•

The peak heat transfer location along the liner using k-w SST turbulence model is in

excellent agreement with experimental observation (within 7%). But the heat transfer
augmentation is over-predicted by ~ 27%.
Further studies using scale resolving simulations (SAS, LES) will make use of these results for
initialization and will be explored in future work.
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4 Paper # 3 - Numerical and experimental investigations for flow
fields under non-reacting and reacting conditions through a lean
premixed fuel nozzle
4.1 Abstract
Numerical methods coupled with experimental benchmarking approaches, are typically used as
effective tools for solving engineering problems due to their significant time saving benefits. In
this paper, the swirling flow through an industrial lean-premixed fuel nozzle as used in actual gas
turbine combustors is numerically analyzed and compared with experimental observations. The
analysis is performed under both non- reacting and reacting conditions for a specific Reynolds
number. The reacting experiments were performed using compressed methane as the fuel and air
as the oxidizer. A specific inlet Reynolds number flow was studied to understand the combustor
flow field with an overall equivalence ratio of 0.65 and 6% pilot fuel.
Steady state simulations were performed using Fluent solver using Realizable k- turbulence
model. The reacting flow was simulated using Flamelet Generation Manifold (FGM) model to
simulate partially premixed combustion. The non-reacting simulations predicted the combustor
flow profiles with certain deviation from Particle Image Velocimetry (PIV) data within the central
recirculation region. This deviation may be attributed to the inherent limitations of turbulence
model in predicting the central vortex accurately. However, the simulated flow fields were in very
good agreement with PIV data under reacting conditions. Additionally, the study was also
extended to investigate the sensitivity of inlet swirl on the jet impingement location along the
combustor wall. It was found that reaction significantly modifies the jet impingement location for
lower inlet swirl angles and showed negligible impact under non-reacting conditions.
The presented studies in this paper provide a comprehensive summary of modified flow features
under non-reacting and reacting conditions and also demonstrates the sensitivity of inlet swirl
changes on the location of liner wall impingement. This study is believed to offer a strong base for
future studies involving heat transfer characterization along the combustor walls under reacting
conditions; and also provide valuable information to the gas turbine combustor design community
towards improved liner wall designs using simplistic numerical modeling approaches.
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4.2 Introduction
Combustor designs for both land based and propulsion based gas turbine engines are advancing
and pushing the limits of their operation. The key factors impacting their design are demand for
higher efficiency and reduced emissions. While the effort is progressing on this path, there is a
deficiency of sufficient cooling air for the combustor liner back-side cooling, due to the channeling
of more air into the combustion zone to reduce the reaction temperatures and promote lean
premixed combustion. The above factor results in reduced life span of combustor liners impacting
the duration of operating cycles of gas turbine combustors. Hence it becomes important to
characterize the heat transfer on the liner to identify localized high heat load regions and
accordingly find solutions to maximize combustor liner durability. In the past decades, there have
been significant advancement in developing numerical solvers to simulate realistic fluid flows.
Reliable computational solvers reduce experimental expenses, and provide valuable information
on the flow-thermal characteristics beyond what can be availed experimentally. For this reason,
the development and validation of computational models is critical for the research and industrial
communities. In addition to modeling fluid dynamics, the numerical solvers have significantly
improved the modeling techniques for heat transfer and reactive flows as well. The solvers
however rely heavily on empirical formulations and implement modeling simplifications to
account for turbulence propagation, chemical reaction, species transport, and other transport
phenomena. Thus, experiments and computational efforts complement each other in finding
solutions to complex flow-thermal engineering problems.
A typical lean premixed low NOX gas turbine combustor consists of an upstream axial or radial
swirler (fuel nozzle) with fuel injectors and a central pilot, followed by the combustor section and
a transition piece connecting to the turbine inlet. The swirler is one of the most important
components of gas turbine combustors generating swirl and thus aiding in efficient combustion.
The swirling, turbulent premixed air-fuel mixture exiting the fuel nozzle creates a strong toroidal
vortex in the central core. The vortex breakdown caused due to swirl flow promotes adverse
pressure gradient and creates a central recirculation region that entrains the already burnt products
of reaction mixture. These hot products mix with the fresh incoming fuel and air mixture and aids
in effective combustion.
In premixed combustion flames, the laminar flame speed is defined as the subsonic speed at which
the flame propagates. Generally, the flame is stabilized and becomes stationary when flame speed
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becomes equal to the normal flow velocity. Its value depends on unburnt fuel composition,
temperature and pressure [1]. When flow turns to being turbulent in nature, there is a two-way
interaction between combustion chemistry and turbulence. Depending on their relative interaction,
it either modifies the eddy structures (thickening or thinning) due to flame induced heat release
and acceleration; or may result in flame quenching [2]. In reality due to the inherent high
temperature swirling flow, it becomes a challenge for experimentalists to characterize convective
heat transfer along the liner surface. Available computational models are of immense benefit for
the gas turbine research community since they may be used as an alternative to expensive, time
consuming experimental efforts for comprehending detailed combustor flow physics. At the same
time, they can be used for combustor design developments within a relatively short time period
thus avoiding lengthy design and development cycles of gas turbines.
Turbulent combustion has complex turbulence-chemistry interaction based on different sizes of
turbulent eddies. The macroscopic scales can distort the thin flame while the microscopic scales
can thicken the flame. This can result in very different flame characteristics resulting in phenomena
like extinction, blow out etc. Borghi diagram [2] explains different flame structures for turbulent
premixed combustion based on certain non-dimensional parameters. In most of the gas turbine
applications, the premixed combustion belongs to thin flame regime (wrinkled or corrugated)
where the Kolmogorov eddies don’t yet penetrate the reaction zone to modify chemical kinetics.
Hence, such flames may be described by chemical kinetics based on laminar flame properties [3].
A turbulent flame may be seen as an ensemble of thin, laminar, locally one-dimensional flamelets
embedded within a turbulent field. Generally, species concentration and temperature are functions
of many other variables. But with flamelet assumption, they can be assumed to be expressed with
lesser variables. In turbulent combustion, chemistry is assumed to be faster than mixing. For
modeling premixed combustion, a term called reaction progress variable is used to track the flame
propagation. It is based on normalized sum of product species mass fractions. For modeling nonpremixed combustion, the mixture fraction which is the local elemental mass fraction that
originated from the fuel stream acts as one of the important control variables. A partially premixed
combustion occurs when there is a combination of premixed and non-premixed combustion in the
combustion chamber. Generally for highly turbulent swirling flows, the mixing is higher such that
premixed combustion based flamelets can be used to model partially premixed combustion as a
better approximation [4].
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In the numerical species model, the turbulent-chemistry interaction is thus described using a
flamelet approach combined with probability density function (PDF) closure method for the
chemical source term. The flamelet generation manifold (FGM) chemistry reduction technique is
used to generate laminar flamelet database. A look up table for turbulent combustion is constructed
by PDF averaging of the laminar flamelet database. A βfunction is assumed for the PDF. It is
assumed that mixture fraction and a reaction progress variable can explain the mixing and
chemistry fully within the computational domain [4].
Several researchers in the past have used techniques like Laser Doppler Velocimetry (LDV), PIV,
hot wire anemometry etc. to characterize the combustor flow and heat transfer effects [5]-[7].
Strakey et al. [5] had experimentally and numerically identified the presence of precessing vortex
core (PVC) in non-reacting flow studies which prevails within the flow at a particular frequency
along with turbulence. The PVC may influence combustion related instabilities due to inherent
unsteadiness within the flow. Non-reactive flow studies in combustors were also numerically
investigated by several researchers in the past based on RANS turbulence models. Farhad et al.[8]
carried out studies in order to validate computed flow profiles at various sections inside the
combustor domain with experiments. They adopted a cubic non-linear k- turbulence model for
their studies. Bailey et al. [9] used RANS based turbulence models with near-wall treatment to
compute liner heat transfer. These results were compared with the experiments conducted by the
same authors and found to have reasonable agreement.
Earlier, Patil et al. [10]-[11] performed experiments with a combustor test set up including the inlet
swirler passage in order to characterize the convective heat transfer coefficients along the
combustor liner. The swirler geometry was a scaled model of an industrial gas turbine fuel nozzle.
However, considering the limitations of local experimental capabilities, the experiments conducted
were for a reduced range of Reynolds numbers and limited to cold flow conditions. The
experiments also involved applying a constant heat flux on the liner surface by using an electric
heater inside the test section as a simplification to reactive flow conditions. Another similar study
by Patil et al. [12] describes RANS and LES computations performed in order
to understand the complicated swirl flow structures of combustor flows for the same swirler
geometry and experimental conditions. The latter study predicts the peak convective heat transfer
location along the liner in excellent agreement with the experiments. Recently, Gomez et al. [13]
obtained flow and liner heat transfer related experimental data for swirling flow through an
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industrial lean premixed fuel nozzle under non-reacting conditions. The flow domain did not have
a transition piece then and the circular combustor was open to atmospheric pressure at the exit.
The data showed the presence of PVC structure as the swirling flow expanded into the combustor
domain. Kedukodi et al. [15] performed non-reacting flow (steady state RANS) simulations for
the same domain and obtained liner heat transfer characteristics for multiple inlet Reynolds
numbers. Based on his study, Realizable k- turbulence model provided relatively better results
than other two equation turbulence models.
The test set up of Gomez et al. [14]-[16] was then extended to include the transition piece to
conduct premixed flow reacting tests using natural gas as the fuel. For this set up, it was observed
that the swirling jet impinges along the liner at a downstream location in the presence of reaction
when compared to non-reacting situations while the inlet Reynolds number was maintained the
same for both.
In the current paper, results obtained from steady state numerical analysis for a combustor flow of
inlet Reynolds number (50000) under both reacting and non-reacting conditions are compared
against recently performed in house experiments. These were performed for the same test set up
as used in [14]. The numerical analysis is currently limited to study only the combustor flow field
since PIV data alone is available from experiments. The current flow domain includes the
transition piece as well. After validating the flow field for reacting flows with experiments, the
study is further extended to analyze the effect of inlet swirl modification on liner impingement
location under both reacting and non-reacting conditions. Hence, this paper offers a comprehensive
combustor flow field study under both non-reacting and reacting conditions including the effect of
inlet swirl modification as well. The current effort is expected to provide valuable information to
the research community towards understanding the variations in flow field for different inlet flow
conditions through a lean-swirl stabilized premixed nozzle based combustor set up.

4.3 Computational setup
The experimental test facility was developed to test industrial scale swirler-fuel nozzles and
quantify heat transfer along combustor liner walls under non-reactive and reacting flow conditions.
For the current computational studies, the domain of interest was generated and meshed using
SolidWorks and ICEM CFD respectively. Since the industrial swirler design information was
proprietary, the swirler features were extracted from limited design information provided by Solar
Turbines Inc. Figure 44 shows the simplified domain of the swirler used for numerical analysis.
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As shown in the figure, it consists of turning vanes that impart swirl to the incoming flow.
Immediately downstream of the vanes, cylindrical fuel injectors are present which introduce fuel
for downstream mixing. The swirl created by the vanes as well as the turbulence generated by the
injectors are meant to efficiently premix the fuel and air before entering the primary zone of the
combustor downstream. A hexahedral grid was generated for the swirler model for the current
computational studies as shown in Figure 45.

Figure 44: Modeled industrial swirler

Figure 45: Hexahedral mesh for the swirler
The three dimensional (3D) mesh for the swirler was then integrated into a 3D domain that
represents the downstream combustor. A cross-sectional view of the full 3D mesh is shown in
Figure 46. This integrated model was used for the first part of study (Step 1) only to obtain the
flow profiles downstream of the swirler (Figure 47) accounting for any downstream disturbances
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from the combustor. The figure also shows a vertical hashed line representing the plane where the
above mentioned profiles were extracted.
The second part of the CFD study consisted of only the swirler section downstream of the
vanes extending through the entire combustor length as shown in Figure 48 (90 degree sector).
This step was followed to simplify the simulations, avoiding the need to resolve the flow around
the swirler vanes for each calculation.

Figure 46: Combined mesh for swirler and combustor

Figure 47: Computed flow profiles from the modeled swirler
ANSYS Fluent was used to obtain steady state RANS flow solutions for a Reynolds number
of 50000 (based on the nozzle diameter). The inlet conditions for the domain in Step 1 were applied
with uniform velocities corresponding to the required mass flow. Atmospheric pressure outlet
boundary conditions were applied for both CFD domains (full 3D and sector models) similar to
experiments. The computed swirler flow profiles obtained from the first simulation (Step 1) were
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applied at 0.45 nozzle diameters upstream of the dump plane of the second CFD domain in Step
2. The profiles are as shown in Figure 47 where the x and y axes are normalized with respect to
the nozzle diameter and bulk velocity of the combustor respectively. It shows the velocity profiles
in axial, radial and tangential directions. Additionally, it also shows the turbulent kinetic energy
profile conforming to previous experimental observations [15]-[16].
The CFD domain used in the second step of this methodology is shown in Figure 48 and
corresponds to the 90° combustor sector. As mentioned earlier, it consists of a downstream section
of the swirler followed by the combustor domain as well as the transition piece section.

Figure 48: Sector domain of nozzle, combustor and transition piece
Three grids were studied in order to investigate the sensitivity of grid resolution to
combustor flow features. Their grid sizes were 0.2 million (Coarse), 0.4- million (Medium) and
0.7 million (Fine) cells respectively. The axial velocity profiles obtained from the calculations for
the three different grids are shown in Figure 49. Even if the lower grid sizes predicted invariant
results, the grid with 0.7 million elements (fine) was chosen to be a conservative grid and was
hence used for all computations. Steady state, coupled pressure-velocity coupling with 2nd order
upwind schemes for spatial discretization were employed for the computations.
Based on earlier studies performed on the same combustor geometry [15]-[16], Realizable k-
turbulence model was found to provide better predictions compared to other models. Hence, all
the current studies were performed using the same model using enhanced wall treatment using 0.7
million grid (y+=1).
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Figure 49: Grid independent profiles for the combustor flow
For the sector model, the velocity profiles obtained from Step 1 were applied at the inlet boundary
along with turbulent kinetic energy and dissipation profiles. The dissipation rate was calculated
based on the formulation from the ANSYS Fluent manual [24]. At the outlet, atmospheric pressure
was applied as back flow condition along with assumed turbulence intensity of 10% and an integral
length scale equal to outlet radius. The side two faces were treated with periodic boundary
condition. All other surfaces were treated as no-slip walls.
For modeling partially premixed combustion, the Flamelet Generation Manifold model with nonadiabatic treatment was used. GRIMech 3 reduced mechanism was used for species and reaction
information for methane-air combustion. The turbulence-chemistry interaction was modeled using
Finite rate and TFS (Zimont) models. The Flamelet Generation Manifold approach compiles
laminar premixed flamelets with mixture fraction covering the entire flammability limits.
Premixed combustion approach also assists in using a reaction progress variable (c) which
quantitatively explains the non-equilibrium chemistry driven local chemical states between
unburnt and burnt gases [20]. Generally, it is a normalized term of product species mass fractions.
Hence, FGM reduction technique uses two variables (Z, c) for modeling partially premixed
combustion. The turbulent-chemistry interaction is accounted in a stochastic way in this approach.
Within the combustion chamber, a solution variable is locally described using a Probability
Density Function (PDF). The PDF P(x) can be thought of as the fraction of time the fluid spends
in state x. Hence, the FGM/PDF approach solves transport equations for mixture fraction and
reaction progress variable. The only difference in the two equations is that, the former has no
source term while the latter equation has a source term [4]. Low mass flow residuals (< 10 −4 ),
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and unchanging mass averaged axial velocity at an upstream combustor section were observed for
ensuring convergence with respect to iterations for all computations.

4.4 In-house experiments: setup and test methodology
To compare against the computational results, flow measurements at atmospheric pressure were
performed for the model combustor featuring an industrial lean premixed fuel nozzle. The
measurements were taken at a Reynolds number (Re) of 50,000 with respect to the swirler (fuel
nozzle) diameter, matching the computations. 2D particle image velocimetry (PIV) was applied at
a planar section to cover the upstream portion of the combustor plane and acquire flow field data.
PIV data was obtained for both non-reacting and reacting conditions.

4.4.1 Experimental facility
The experimental facility for optical combustor rig is shown in Figure 50. It includes an industrial
fuel nozzle (swirler) within a settling chamber followed by a quartz liner based circular combustor
domain. The fuel nozzle consists of main flow region (annular passage) where air and fuel gets
premixed before it expands into the combustor. It also has a central pilot fuel passage around the
central axis of the nozzle which allows approximately 5% air flow along with specified percentage
of pilot fuel. The combustor exit is connected to a transition piece. Exhaust gas from the combustor
rig is allowed to exit outside the test cell after passing through cooling and quenching units to
avoid any toxic contamination inside the laboratory room.

Figure 50: Experimental set up
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Figure 51: Measurement set up
PIV measurement setup comprised of a light source and an image capturing device. Figure 8 is a
schematic of the PIV system installed at the combustor rig. A double plug Nd:YAG laser (NanoL-135-15 double cavity Q-switched) with maximum pulse energy of 140 mJ at 532 nm and a PIV
camera (FlowSense 4M MkII) were used. An optical band pass filter (10 nm bandwidth at 532 nm)
and a neutral density filter (ND 8) were attached in front of a 76 mm lens system. Control of
measurement system and data acquisition was performed by Dantec Dynamic Studio software.
The collected data were pairs of images in 2048*2048 resolution. Titanium oxide particles
(diameter 1-2 μm) were injected to the main air at the settling chamber for seeding from upstream
of the fuel nozzle. The relaxation time is 13-52 μs for 1-2 μm TiO2 particles at 1 atmosphere and
293 K. This satisfies the required time response to represent the flow field by seeding particles.
Relaxation time reduces at higher flow temperature due to increased flow viscosity.
The number of images collected were limited by the acquisition duration and repetition rate. The
maximum duration of data acquisition before the liner contamination was about 1 minute, in which
current PIV system could take 400 pairs of valid images at 7.4 Hz repetition rate. The images taken
after 1 minute of continuous particle injection could not be used due to degradation by particle
deposition on the inner liner wall. A measurement plane of size 1.7 D_N×1.7 D_N and resolution
2048*2048 were considered to observe the combustor flow field region. The equipment was only
capable of acquiring two dimensional flow data along axial-radial plane, thus not being able to
resolve the out of plane (tangential) velocity components as of now. The velocity vectors for the
flow can be denoted with two components as below.
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𝒗𝑥𝑟 = 𝑣𝑥 𝑥̂ + 𝑣𝑟 𝑟̂
Acquired PIV data showed that while non-reacting flow consisted of large coherent vortices, the
reacting flow appeared to consist of smaller vortices. The results used for the validation of
̅) obtained from the 400 PIV acquisitions
computations include arithmetic mean velocity fields (𝒗
for each velocity vector field.
𝑣 = 𝑣̅ + 𝑣 ′
The total fluctuating velocity components (𝑣 ′ ) were readily available from the instantaneous PIV
measurements after the mean field had been computed. Two dimensional turbulent kinetic energy
(TKE) was calculated according to
1 ̅̅̅̅
̅̅̅̅
′2
′2
𝑘 = (𝑣
𝑥 + 𝑣𝑟 )
2
When only two components of the velocity field were available (at a single plane), a twodimensional TKE was calculated (which underestimates the total three dimensional turbulence at
any given point). It is important to clarify that the TKE as calculated includes the flow fluctuations
due to both coherent and stochastic structures in the flow, and is only an approximation of the
actual turbulent field.

4.5 Computational results
Numerical analysis was performed for inlet Reynolds number of 50000 as the in-house
experimental data was also available for the same inlet air flow conditions under both non-reacting
and reacting environment. The inlet and outlet temperatures for non-reacting case were set to
290K. Air flow was confined only to the annular passage of the swirler for non-reacting case as in
experiments. For the reacting case, the overall equivalence ratio at the inlet was maintained at 0.65
out of which 6% fuel was considered as pilot fuel (at the central region of combustor domain).
About 5% of inlet air was also bypassed towards the pilot flow passage to mimic experimental
conditions. The outlet boundary was set to atmospheric pressure conditions.
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Figure 52: Axial velocity contours (m/s) for Re 50000 under non-reacting (top) and reacting
conditions (bottom)
Figure 52 shows a comparison of axial velocities under non-reacting and reacting
conditions. For the former case, the central recirculation vortex zone (CRZ) extends into the
transition piece section as well. Also, as the swirling jet expands into the combustor from the
nozzle, it impinges along the liner at an axial location x/DN = 0.95. However for the latter case,
the CRZ length is significantly reduced and found to confine within the combustor section itself.
Due to the presence of the pilot fuel, the CRZ structure is also modified at the center. It can also
be observed that the impingement location of the jet has moved further downstream to x/DN = 1.47
(by 50%). One of the driving reasons for such a drastic change in flow dynamics may be attributed
to the intense heat release and associated flow acceleration due to reaction. During reaction, the
swirling flow is also damped thus reducing the swirl number and strength of CRZ. It can also be
seen that the liner impingement location changes as the radial size of the CRZ is also reduced. A
larger CRZ size results in upstream impingement (as for non-reacting case) and the location moves
downstream when the CRZ size is smaller (reacting case).
In Figure 53 and Figure 54, the axial and radial flow profiles are compared between
experiments and computations for both reacting and non-reacting conditions. For comparison, two
upstream cross sections (L1, L2) along the combustor length were chosen where PIV data was also
available. As can be observed, the computations agree well with experiments for non-reacting case
at L1 (this section is not yet influenced by the CRZ), while differs appreciably at L2 by over
predicting the radial size of the central recirculation bubble (wide negative velocity region from
the center). This kind of behavior is attributed the limitations of two equation turbulence model
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that assumes isotropic turbulence and hence may not be able to resolve the effects of vortex
stretching prevalent in swirling flows.
However, the computational predictions at locations L1 and L2 are also in good agreement
with experimental observations under reacting conditions in terms of predicting the magnitude and
location of peak axial velocity of the jet and their radial variation. The reason may be because of
the associated vortex damping that is caused due to the reaction driven heat release. As a result,
the vortex strength is reduced and the flow acceleration in addition straightens the flow further
[29].
The pilot flow at the center is apparently over predicted although. This might be because
the fuel nozzle in the experiment might be releasing less amount of air into the pilot portion in
reality (instead of 5%).
The radial velocities (Figure 54) appear similar for reacting and non-reacting conditions at
location L1. But the velocities increase within the mid-radial region of the combustor for the
reacting case compared to non-reacting case. This effect may be attributed to reaction driven heat
release which expands the flow radially outwards, but is eventually forced to slow down due to
the presence of the combustor liner. The computations however deviate with over predicted radial
velocity for the non-reacting case due to the effect of turbulence model limitations.

Figure 53: Axial flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively
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Figure 54: Radial flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively

Figure 55: Tangential flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively
Since two dimensional planar PIV data was obtained in the experiments (along axial-radial
plane), the tangential flow velocities were not available for comparing against numerical
predictions. As can be seen for the plot at L1 in Figure 55, the reacting case predicts a kind of
Rankine vortex (forced vortex near center and free vortex along radially outward region) [30]. This
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plot again confirms that the recirculation vortex strength is damped under reacting conditions. The
non-reacting case however predicts a flat profile near the center instead of accurately predicting
the CRZ which is due to the turbulence model limitations. A similar effect was observed in earlier
studies as well [15]. As the flow expands further downstream, the tangential velocity for reacting
case at L2 is observed to increase radially up to R/DN =0.8 and then remain almost the same
outwards.
However, it reduces in overall magnitude compared to L1 due to an expanding flow
downstream. From this plot, it can be understood that reaction also increases the tangential velocity
compared to non-reacting case, but the relatively exceeding rate of increase in axial velocity results
in reducing the effective swirl number for the reacting case.

Figure 56: Progress variable and temperature (K) contours for Re 50000 reacting case
The temperature was, however not measured in the current experiments. It would be a part
of future scope for heat transfer studies for the reacting case. However for completeness, the
contours above show the temperature and progress variable distribution under reacting conditions
for the Reynolds number of 50,000 flow case. It has to be noted that the present simulations were
performed assuming adiabatic condition and without including radiation effects and are planned
to be accounted in future.

4.6 Effect of swirl on non-reacting and reacting flow
The currently studied industrial fuel nozzle imparts swirl into the incoming flow based on
a particular design swirl angle of nozzle vanes. The information on swirl angle is a proprietary
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information and hence not mentioned in the present section. Imparting swirl into the flow is very
critical to generate swirl stabilized vortex core within the combustor to efficiently burn the
incoming reactants. Understanding the sensitivity of inlet swirl modification on combustor liner
impingement location also gives important information on combustion driven heat loading
characteristics along the liner wall. The current section summarizes the flow field studied within
the combustor for two additional assumed inlet swirl angle cases Figure 57 below shows the
tangential velocity profiles obtained for the current nozzle (baseline case with a specific inlet swirl
angle) along the radius of the nozzle annulus. It can be seen that the imparted swirl for the baseline
case results in a nonlinear distribution of swirl velocity with two local peaks along the radius of
the nozzle annulus. For the two cases studied, the swirl velocity was scaled such that the respective
inlet swirl angles were 40 and 60 degrees (which are lower and higher values relative to the
baseline swirl angle of vanes respectively). These values respectively represent the inlet swirl
conditions less than and more than that offered by the baseline design.

Figure 57: Swirl velocity profiles for different inlet swirl angles
Figure 62 through Figure 60 below summarizes the velocity contours (axial, radial and tangential)
for the three cases (baseline swirl, 40 and 60 degree swirl) under both non-reacting and reacting
conditions. Like before, the flow profiles are extracted at two cross-sections (L1 and L2) in the
upstream region of the combustor.
At L1, both conditions (reacting and non-reacting) predict invariant flow profiles for all the three
components of velocity under different inlet swirl angle conditions. This indicates that the effect
of reaction has not yet manifested in the flow at this location within the combustor. The only
difference is that the reacting case has a pilot flow at the center whereas the non-reacting case
doesn’t. As the flow proceeds further to L2, the peak location of axial velocity tends to shift
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radially outward with increase in swirl angle under both conditions. This also indicates that the
radial size of central recirculation zone (CRZ) increases with swirl angle. The effect of reaction
heat release is clearly reflected at L2, with increased axial velocity magnitudes in contrast to nonreacting conditions.
The peak radial velocity also shows a radially outward shift with increased swirl angle. The heat
release driven flow expansion is also reflected in the radial direction for reacting case. However,
the same trend is not observed for non-reacting case at L2 where, the peak velocity magnitude
reduces with increase in swirl angle. This might be because of a relatively wider corner vortex for
high swirl case (swirl_60 case).
The overall profile of tangential velocity is similar for all swirl angles for non-reacting and reacting
conditions at L2. But the reacting case shows a relatively larger magnitude due to heat release
driven energization. Another feature that is noteworthy for this case is that, the swirl strength
within the combustor increases and concentrates in the mid-radius region as the inlet swirl angle
is increased.

Figure 58: Axial flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively for
reacting (R) and non-reacting conditions (NR)
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Figure 59: Radial flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively for
reacting (R) and non-reacting conditions (NR)

Figure 60: Tangential flow profiles within combustor at 𝑋/𝐷𝑁 = 0.16 and 0.91 respectively for
reacting (R) and non-reacting (NR) conditions
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Figure 61: Static pressure plots along combustor liner length under reacting (R) and non-reacting
condition (NR)

Figure 62: Axial velocity (m/s) and TKE (m2/s2) contours for different inlet swirl angle cases (nonreacting condition)
The axial velocity and turbulent kinetic energy (TKE) contours are compared for non-reacting and
reacting cases for different inlet swirl angles in Figure 62 and Figure 63. It is observed that, the
central recirculation region extends into the transition piece under non-reacting condition and tends
to extend axially outwards with increase in inlet swirl angle. However, the same feature is not
observed for reacting case where, all cases show a relatively similar central vortex length that is
within the combustor domain. These contours also indicate the downstream shift in the liner
impingement locations when compared with non-reacting case.
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Figure 63: Axial velocity (m/s) and TKE (m2/s2) contours for different inlet swirl angle cases
(reacting condition)
The TKE contours for non-reacting case indicates that there is more turbulence near the inner shear
layer region of the swirling jet as the inlet swirl angle is increased. The same trend is observed for
the reacting case as well. However, the contours differ due to the presence of pilot jet at the center
as well as due to the redistribution caused due to heat release induced vortex damping.
Additionally, the region of high TKE tends to increase with inlet swirl angle indicating an upstream
shift in liner impingement location as seen for the reacting case (Figure 63).
Static pressures are plotted along the axial length of the combustor liner to compare the peak
impingement location for all the cases summarized earlier (Figure 61). The impingement location
is believed to be the location where the jet impinges the liner wall and reaches a stagnation point.
As can be seen from the non-reacting cases, the impingement location moves upstream with
increase in inlet swirl angle. As discussed earlier, the radial size of the central core (CRZ) increases
with higher inlet swirl imparted which in turn results in upstream shift of the impingement location.
The reacting case also shows a similar trend of upstream shift. But the difference lies in the
magnitude of impingement strength where the reacting condition results in almost 50% reduction
in peak pressure magnitude due to the axial flow expansion and vortex damping caused as a
consequence of reaction driven heat release.
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Table 3: Liner impingement location for Re 50000 flow case

Swirl
Swirl_BL
Swirl_40
Swirl_60

Impingement Location
(x/DN)
Non-reacting

Reacting

1.02
1.08
0.95

1.47
1.82
1.36

% shift
44%
69%
43%

Table 3 summarizes the impingement location shift caused by reaction and inlet swirl
modification. It can be noted that the reaction tends to shift the liner impingement location by
nearly 40% further downstream for baseline case. For the current geometry, further increase in
inlet swirl angle does not modify the impingement location significantly since the radial flow
expansion is being limited and confined by the liner walls. However, reducing the swirl angle at
the inlet shifts the impingement location further downstream due to appreciable reduction in swirl
number magnitude for reacting case ( due to increased axial velocities). It can also be observed
that the non-reacting case does not show enough sensitivity to inlet swirl angle in terms of
impingement location shift. This is likely due to the fact that the overall swirl strength within the
combustor domain has already reached beyond a critical value to cause any further radial flow
expansion within the combustor.

4.7 Conclusions
Steady state, non-reacting and reacting numerical simulations were performed for a model gas
turbine combustor and were compared with in-house experimental flow field data (PIV). The
analysis was performed to test an industrial lean premixed fuel nozzle that imparts swirl into the
incoming air and premixes with fuel injected within the nozzle geometry. The flow analysis was
performed for an inlet flow Reynolds number of 50000 (based on nozzle diameter). The reaction
cases were studied for an equivalence ratio of 0.65. The following conclusions were derived from
the study:
•

Reacting flow predicted that the swirling jet impinges at a farther location when compared

to non-reacting flow condition. This effect was attributed to intense heat release driven flow
expansion and vortex damping caused under reacting conditions. Additionally, the central vortex
length was significantly shorter compared to the non-reacting case.
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•

Simulations predicted a deviation from experiments when evaluating the flow field for non-

reacting case. This deviation may be attributed to the inherent limitations of turbulence model in
predicting the central vortex accurately. However, the numerical results were in very good
agreement with experiments for the reacting case. This was likely due to the effect of vortex
damping and flow acceleration caused in the presence of reaction.
Another study was performed for both non-reacting and reacting cases in order to investigate the
effect of different inlet swirl angles of the fuel nozzle. It was observed that,
•

Non-reacting case predicted increased turbulence kinetic energy within the inner shear

layer with increase in swirl angle at the inlet; additionally, the central recirculation zone length
extended further for higher swirl case. But there were no appreciable changes with respect to the
jet impingement location along the combustor liner wall.
•

Reacting simulations also showed a similar increase in turbulent kinetic energy and inner

vortex strength as the inlet swirl angle was increased. However, the central vortex length remained
the same. It was also observed that the impingement location did not change for higher swirl angle
indicating no further radial flow expansion. However, the impingement location shifted
downstream for the lower swirl angle case because of vortex damping and reduction in effective
swirl number as a result of reaction heat release.
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5 Conclusions and future work
The test rig capabilities at Heat, Energy and Fluid Transport Lab (HEFT) of Virginia Tech were
previously limited to analyzing swirl driven combustor flow and wall heat transfer phenomena
under non-reacting conditions alone, and for testing scaled models of industrial fuel nozzles. Thus,
the facility lacked simulating realistic flow driven heat transfer estimation as observed in actual
combustors. To mitigate these limitations, a new actual scale combustor test facility was recently
developed that currently stands in fully operational mode at Applied Propulsion and Power
Laboratory at Virginia Tech. It was one of the most challenging and rewarding contribution to the
current project in addition to what is described below. As part of its entire scope, the project went
through the initial benchmarking phase with respect to other test facilities and outside of the nation,
followed by the initial design phase that frequently got updated till the current final set up, followed
by the developmental phase in the past three years. Now, the test rig is fully functional to provide
valuable experimental data (flow data for reacting conditions in addition to heat transfer data under
non-reacting conditions) for desired operating conditions. The project involved testing an
industrial lean-premixed fuel nozzle in order to characterize the flow features within the combustor
and also characterize convective heat transfer along the inner walls of the combustor liner under
both non-reacting and reacting conditions. As part of the current project scope, it involved both
experimental as well as numerical approaches for undertaking the research tasks. While other
research colleagues undertook the rig development and experimental responsibilities, the current
author has contributed entirely covering the numerical aspects. The author has actively been
through all these phases and has primarily contributed with initial benchmarking and designing
tasks, involved with feasibility and impact driven decision making and simultaneously contributed
to the project covering the numerical aspects of flow and heat transfer characterization under both
non-reacting as well as reacting environment.
As part of the first phase of research, the combustor flows were numerically analyzed to
characterize liner wall heat transfer for a scaled fuel nozzle (swirler). RANS turbulence model (k SST) incorporated within a commercial CFD solver, Ansys Fluent was used for the studies. The
efforts were limited to non-reacting, but isothermal conditions. After the initial validation studies
with respect to previously performed experimental studies in the old test rig (only isothermal, nonreacting flow conditions), the effort was extended to analyzing flow feature modifications subject
to three different combustor geometry configurations. These configurations were studied with an
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exit constriction whereas the validated case was without a constriction. The three designs were
respectively a cylindrical combustor section connected with (1)- an entirely cylindrical portion till
the exit, (2)- an upstream divergent section, and (3)- with a downstream divergent section
connecting to the exit constriction. All the combustor domains were a 90 degree sector without the
inlet swirler being modeled. Instead, the velocity profiles obtained from previous experiments and
computations were used as a simplified approach. The liner wall heat transfer and flow were
investigated and characterized for these combustor designs by applying a uniform heat flux along
the wall for a specific inlet Reynolds number of 50000 based on combustor diameter. The analysis
results predicted that including the exit constriction (case 1) moved the jet impingement and peak
heat transfer location along the liner wall further downstream by nearly 75% in comparison to the
validation case (where the exit was not constricted). This was primarily due to the flow acceleration
caused in the presence of exit constriction. Consequently, the magnitude of impingement driven
peak heat transfer also reduced by 50%. Case (2) predicted an increased peak heat transfer
magnitude by 11% and moved the impingement location upstream by 25% compared to the
validation case. Case (3) however showed the results to be very similar to Case (1) in terms of
peak heat transfer magnitude as well as location along the liner wall. This parametric work
contributed towards providing support to choose the appropriate combustor section and transition
piece shape for the newly built combustor test section.
Extending the numerical analysis effort to the new combustor test rig, isothermal steady
state computations using the k- SST model were performed for a full scale industrial swirler and
compared with experimental data from a laboratory scale combustor test rig. Three studies under
atmospheric pressure conditions were performed for a Reynolds number of 50000 with respect to
the nozzle diameter. The main conclusions from the numerical investigations are summarized
below:
•

Using the experimental turbulent kinetic energy profiles as the inlet turbulence conditions

resulted in improved convergence and more reliable numerical results compared to those obtained
when using a prescribed inlet turbulent intensity and length scale. This highlights the importance
of appropriately specifying turbulent properties at the boundaries.
•

As the inlet swirl angle for the flow entering the combustor is increased, the impingement

location shifts upstream due to increased tangential momentum and early jet expansion.
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•

The peak heat transfer location along the liner using k- SST turbulence model is in

excellent agreement with experimental observation (within 7%). But the heat transfer
augmentation is over-predicted by ~ 27%.
The study was further extended with several other two equation models out of which the
Realizable k-e model was found to offer more realistic flow and liner heat transfer predictions for
Re 50000. Using this as the baseline turbulence model, the study was extended to higher Reynolds
numbers (100000-200000) and was realized that the location of peak heat transfer reached similar
to experimental observations. This behavior was observed because the two equation models are
devised based on high Reynolds number flows since the isotropic eddy viscosity is better valid in
that regime. However, the peak heat transfer magnitude was observed to be over-predicted as the
Reynolds number was increased. This was because, the mean velocity gradients predicted were
also high which further increased the wall shear stress predictions. The unsteady SAS-SST model
was also employed to simulate the swirling flow for Re 50000 case to evaluate any benefits
compared to the steady state RANS computations using SST model. This model was found to
show negligible heat transfer prediction improvement relative to RANS although, the coherent
vortices present within the swirling flow were better observed.
As the final portion of the author’s work towards the dissertation, steady state, non-reacting
and reacting numerical simulations were performed for the same model gas turbine combustor,
now with an exit transition piece and were compared with in-house experimental flow field data
(PIV). The analysis was performed to test an industrial lean premixed fuel nozzle that imparts swirl
into the incoming air and premixes with fuel injected within the nozzle geometry. The flow
analysis was performed for an inlet flow Reynolds number of 50000 (based on nozzle diameter).
The reaction cases were studied for an equivalence ratio of 0.65. The following conclusions were
derived from the study:
•

Reacting flow predicted that the swirling jet impinges at a farther location when compared

to non-reacting flow condition. This effect was attributed to intense heat release driven flow
expansion and vortex damping caused under reacting conditions. Additionally, the central vortex
length was significantly shorter compared to the non-reacting case.
•

Simulations predicted a deviation from experiments when evaluating the flow field for non-

reacting case. This deviation may be attributed to the inherent limitations of turbulence model in
predicting the central vortex accurately. However, the numerical results were in very good
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agreement with experiments for the reacting case. This was likely due to the effect of vortex
damping and flow acceleration caused in the presence of reaction.
Another study was performed for both non-reacting and reacting cases in order to investigate the
effect of different inlet swirl angles of the fuel nozzle. It was observed that,
•

Non-reacting case predicted increased turbulence kinetic energy within the inner shear

layer with increase in swirl angle at the inlet; additionally, the central recirculation zone length
extended further for higher swirl case. But there were no appreciable changes with respect to the
jet impingement location along the combustor liner wall.
•

Reacting simulations also showed a similar increase in turbulent kinetic energy and inner

vortex strength as the inlet swirl angle was increased. However, the central vortex length remained
the same. It was also observed that the impingement location did not change for higher swirl angle
indicating no further radial flow expansion. However, the impingement location shifted
downstream for the lower swirl angle case because of vortex damping and reduction in effective
swirl number as a result of reaction heat release.

5.1 Future efforts
The current numerical investigation involved only the initial portion of the overall goal for
evaluating combustor driven liner heat transfer with respect to the current test rig. This work has
demonstrated the capabilities as well as limitations of RANS and SAS turbulence models in
predicting non-reacting and reacting flow and convective heat transfer within the combustor using
a simplified approach by not using the entire inlet fuel nozzle (swirler). However, simulating the
combustor flow including the swirler (fuel nozzle) geometry would provide realistic inlet
conditions for the combustor flow which may enhance predictive capabilities of these lower order
models. Moreover, large scale eddy influence can also be investigated using LES models towards
obtaining accurate liner heat transfer predictions for reacting flows. This study has to be further
investigated for higher Reynolds numbers for reacting flows as well. Once these targets are
accomplished, the reacting flow study can be extended to higher combustor pressures as operated
in actual gas turbine configurations (approximately 120 PSIG). The computational efforts can be
extended further to test reacting conditions for different fuels and may be validated with in-house
experiments. The current progress attained on the computational front as described in this
dissertation is expected to provide a strong baseline support which can be leveraged by future
researchers within the lab towards pursuing the above mentioned objectives.
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APPENDIX
This section includes additional studies which were performed as part of the dissertation work, but
are yet to be published. It also includes additional details which may provide useful information
for future researchers to continue the computational research work for reacting flow in gas turbine
combustors.
Isothermal simulation results:
Steady state RANS simulations were performed for an inlet flow Reynolds number (fuel nozzle
diameter based) of 50000. Out of many turbulence models implemented for the study, kRealizable model provided reliable combustor flow profiles and liner heat transfer characteristics
based on convergence trend as well as flow prediction. In spite of the ability of RNG model to
predict appropriate liner heat transfer characteristics, it deviated from experimental combustor
flow profiles and suffered convergence difficulties. For this reason, RNG model was not
considered for extended studies of higher Reynolds number flows. The key results for Re 50000
flow are summarized below.

Figure 64: Axial velocity (m/s) and Turbulence kinetic energy (m2/s2)
As seen in Figure 64, the structure of inner recirculation zone, impingement location and region
of maximum turbulent kinetic energy varies for different turbulence models. Figure 65Figure 67
show the velocity profiles at different downstream locations (L1, L2, L3, L4) along the combustor
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length. Figure 68 indicates that the impingement location along the liner is under predicted by k-
Realizable model due to the inherent assumptions associated with two equation turbulence
modeling formulation.

Figure 65: Axial velocity profiles at different downstream locations within combustor

Figure 66: Radial velocity profiles at different downstream locations within combustor
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Figure 67: Tangential velocity profiles at different downstream locations within combustor

Figure 68: Axial velocity vector comparison for Re 50000 flow case (isothermal)
The above Figure 69 shows that the liner heat transfer magnitude predicted by k-e Realizable
model is under predicted. The peak heat transfer location is predicted to be at an upstream location
as observed by the vector contours of Figure 68. The rhs plot of Figure 69 shows that the peak
magnitude marginally reduces with higher inlet flow rates as predicted by both experiments and
computations indicating that the heat transfer augmentation is marginal for higher flow rates.
While the peak heat transfer location along the liner is almost invariant as per experiments (since
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Figure 69: Nusselt number distribution along the liner for Re 50000 and higher inlet flow cases
(normalized based on Dittus-Boelter correlation)
swirl number doesn’t vary for higher flow rates), the computational predictions indicate a
downstream movement of this location for higher Reynolds numbers thus reaching closer to
experimental observations. This is possibly because, the turbulent model assumptions (isotropic
turbulence) are more appropriate for higher flow rates. The deviations of computational predictions
against experiments are summarized in Table 4 below for different Reynolds numbers.
Table 4: Peak heat transfer magnitude and location deviations for different Reynolds numbers with
respect to experiments

Comparison with earlier work from Patil et al.[1]:
In the normalized Nusselt number plots shown in the previous section, the Reynolds number used
for Nusselt number estimation (denominator term, Dittus-Boelter based) was based on diameter
and velocity scales of combustor. The figures below (Fig. 70) compare the current results with
previous work of Patil et al. where the Reynolds number used for Nusselt number estimation
(denominator term) was based on swirler inlet velocity and combustor diameter. Using equivalent
scales, both works show a normalized peak Nusselt number enhancement near 3.5 to 4 for
equivalent, higher Reynolds numbers as specified below indicating a reduction in augmentation
values for very high Reynolds numbers.
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Figure 70: Normalized Nusselt number plots comparison current work (lhs) and the work of Patil
et al.[1] (rhs) (Re based on swirler inlet velocity and combustor diameter)
Now that we have the actual industrial swirler, further study needs to be performed experimentally
and numerically to know if the augmentation is of the order of 8 to 10 for lower Reynolds numbers
as observed by Patil et al.[1] due to increased normalized turbulence kinetic energy within the
impinging shear layers.
It has to be noted that, the swirler geometry of Patil et al.[1] had inlet flow entering the swirler
vanes from a step contrary to the current swirler geometry. With respect to the geometry features,
the former model had 20 vanes with 450 turning angle whereas the current model has 16 vanes
with 490 turning angle.

Figure 71: Swirler model of Patil et al. (lhs) having an inlet step; current model (rhs) with no step
upstream of vanes
Unsteady simulation predictions for isothermal flow case using SAS model:
The Scale Adaptive Simulation (SAS-SST) model is a hybrid RANS model with the capability to
resolve the turbulent spectrum in the region of fluctuating flow field (like swirling flow region),
and behaves like RANS in the rest of the region (steady flow field). Like RANS, this model also
solves two turbulent transport equations (𝑘, 𝜙) where the turbulent length scale determining
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equation (modified  equation i.e., 𝜙 ) incorporates a new length scale (Von-Karman scale) in
addition to modeled turbulent length scale. This scale is formulated based on the strain rate tensor
as well as the second gradient of velocity that is expected to work well for swirling flows. Unlike
URANS simulation which is able to resolve only the large scale unsteadiness, the SAS model can
predict multiple scales of the turbulent spectrum dynamically in the same domain. If the mesh
resolution does not meet the specified requirements, the simulation will be equivalent to a
URANS-SST simulation. A typical RANS based two equation model suffers from being able to
describe the large turbulent length scale behavior, instead it describes the dissipation scales. Due
to the lack of an exact length scale equation, it models  or  analogous to k. Rotta developed an
exact equation for a term that is a product of k and L (modeled length scale) which helps
representing large scale turbulence. [2]
Length scale equation variable, 𝜙 = √𝑘𝐿
Modeled turbulence scale, 𝐿 =

√𝑘

1
(𝑐𝜇 ⁄4 𝜔)

Von Karman length scale, 𝐿𝑣𝑘 =
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This model is found to be computationally economical compared to LES simulation [24] and was
thus employed to investigate the simulating abilities of swirling flows. The figures below show
the flow and heat transfer comparisons of SAS model studies that were performed on a full 3D
combustor domain which has three million grid size. It was obtained by revolving the sector grid
which was used for RANS model (for Re 50000). The mesh resolution was determined based on
the constraint specified in the Ansys user manual [2,3] by choosing the critical region to be the
annular spacing of the upstream swirler section. The simulation was run until statistically steady
results were observed. The statistically averaged flow and heat transfer data were obtained later
by running the simulation for four flow time scales. The simulation was executed in a 16 core
processor which took more than a month for the current case. Figures below show the summarized
results for Re 50000 case for isothermal swirling flow.
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Figure 72: 3 million grid size mesh used for SAS simulation (Re 50000)

Figure 73: Instantaneous Axial velocity contours along a plane for Re 50000 using SAS model
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Figure 74: Coherent structures inside the combustor using Q-criterion iso-contours for Re
50000 using SAS model

Figure 75: Instantaneous liner temperature contours for Re 50000 using SAS model
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Figure 76: Averaged Reynolds stresses along a plane for Re 50000 using SAS model

Figure 77: Axial velocity contours comparison for different turbulent models for Re 50000
including SAS model
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Figure 78: Axial velocity profiles at different downstream locations within combustor for Re 50000
using SAS model

Figure 79: Radial velocity profiles at different downstream locations within combustor for Re
50000 using SAS model

Figure 80: Tangential velocity profiles at different downstream locations within combustor for Re
50000 using SAS model
As observed from the above plots, the combustor velocity predictions did not show significant
improvement compared to RANS results. Also, it did not predict a precessing vortex core as was
observed in the experiments. This behavior is suspected to be due to a) lesser mesh resolution; and
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b) not simulating the combustor flow including actual swirler geometry. But it is clearly able to
predict the inner and outer shear layers (seen as thin concentric high velocity regions in Figure 81).

Figure 81: TKE contours clearly predicting inner and outer shear layers using SAS model (the
sector contours of RANS model (rhs) fails to resolve these features)

Figure 82: Normalized Nusselt number distribution including SAS predictions and overall
deviation of peak liner heat transfer magnitude and location for Re 50000 flow
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As seen in Figure 82, the peak heat transfer magnitude and location was predicted similar to
RANS-SST model and hence was observed to perform not better than k- Realizable model.
Steady state RANS predictions for Re 50000 flow case including transition piece geometry
(geometry as used in Paper#3 of Chapter 4):

Figure 83: Effect of modifying inlet turbulence on combustor flow features for Re 50000 flow
(isothermal case)
This effort was investigated in order to understand the effect of inlet turbulence quantities on
combustor flows. Profile_Mod was the k and e profiles employed at the inlet by scaling (by five
times) the CFD based turbulent profiles as was obtained from the previously performed swirler
simulation (Step 1 of Paper #3). The scaling was performed in order to provide similar inlet
conditions as was seen from experiments on the plane 0.01 X/DN within the combustor. 36% TI is
the equivalent (uniform) turbulent intensity of the Profile_Mod based inlet turbulence. 2% TI was
an assumed turbulence that was chosen to understand the effect of using improper inlet turbulence
levels. As seen in Figure 83, the IRZ structure moves downstream for 2%TI case, compared to the
other two models. Providing turbulence profiles at inlet predicts the recirculation zone further
upstream compared to the equivalent turbulence intensity boundary condition.
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Figure 84: Axial velocity plots at different downstream locations within combustor for Re 50000
flow (isothermal case)
The plots in Figure 84 show that 2%TI case deviates significantly from experiments by predicting
larger IRZ compared to the other two cases. Hence, the impact of providing lesser inlet turbulence
levels for swirling flow results in over-prediction of IRZ size radially and axially.

Figure 85: Effect of turbulence models on combustor flow for Re 50000 flow (reacting case, 𝜙 =
0.65)
RANS simulations for reacting flow were performed using several turbulence models using
methane-air mixture for Re 50000 based inlet air flow, an equivalence ratio of 0.65 and 6% pilot
fuel using Flamelet Generation Manifold model assuming adiabatic walls. This model is capable
of simulating partially premixed combustion using turbulent flamelets assumption as used for
premixed combustion modeling. As can be seen from Figure 85, it was observed that using
different turbulence models did not impact in the flow features for the current reacting flow case.
The velocities are also compared against experiments for axial and radial data. The tangential
velocities were not obtained from experimental PIV for the current case.
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Figure 86: Velocity plots at location L1 within combustor for Re 50000 flow (reacting case, 𝜙 =
0.65)
Figure 87 below shows the temperature contours within the combustor sector. Since the current
modeling approach was limited to adiabatic condition, the temperature of the burnt gases were of
the order of 1700K which closely represents the adiabatic flame temperature for 𝜙 = 0.65 case.
Experiments however predicted an outlet temperature of the order of 1300K.

Figure 87: Temperature (K) contours for Re 50000 flow (reacting case, 𝜙 = 0.65, adiabatic
assumptions)
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Figure 88: Temperature prediction at the exit of transition piece for Re 50000 flow (reacting
case, 𝜙 = 0.65, FGM model based computations)

Figure 89: Turbulent and laminar flame speed contours (m/s) contours for Re 50000 flow (reacting
case, 𝜙 = 0.65, FGM model)
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Residual plots:
The residual, as calculated in fluent is the scaled value of actual residual divided by the summation
of product of coefficient and the solution variable over the entire domain.
𝑅∅ =

∑𝑐𝑒𝑙𝑙𝑠 𝑎𝑛𝑏 ∅𝑛𝑏 + 𝑏 − 𝑎𝑝 ∅𝑝
∑𝑐𝑒𝑙𝑙𝑠 𝑎𝑝 ∅𝑝

Figure 90: Residual plot for Re 50000 flow (RANS model, isothermal case)

Figure 91: Residual plot for Re 50000 flow (SAS model, isothermal case)
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Figure 92: Residual plot for Re 50000 flow (RANS model, reacting case, 𝜙 = 0.65)
Based on the above plots, the iterative convergence error was consistently of the order of 1E-04
for both reacting as well as non-reacting simulations.
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