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An experimental investigation of the effect of fuel nozzle geometry with and without a sudden

expansion on some of the stability features of a turbulent diffusion methane flame with and

without swirling co-airflow has been conducted. The study is divided into two major parts. The

first one concerned an examination of the effect of nozzle geometry with and without sudden

expansion on the entrainment and spreading rates of non-reacting turbulent air jets. The second

part was devoted to an assessment of the effèct of nozzle geometry with and without sudden

expansion on some of the main stability features of a jet (diffusion) methane flame as well as

swirling non-premixed methane fl ame.

Five different nozzles were employed. They have the same external geometry (outer diameter of

14.9 mm) but all have different shape/geometry of the nozzle intemal constriction section, which

are a straight tube/pipe, a triangle, a rectangle, a square, and a contracted circular. The equivalent

internal diameter of constriction is approximately 4.50 mm. The sudden expansion is a 12 mm

long cylindrical pipe with 12 mm intemal diameter. For the co-airflow, four different swirl

numbers were tested, which are 0, 0.31,0.79 and 1.15.

Two measurement techniques were employed. 2D laser Doppler velocimeter (LDV) was used for

velocity measurements, and a high speed imaging system was employed for determining some of

the stability features (such as liftoff height and flame length) of methane flame.

The main results of the effect of sudden expansion on the entrainment and spreading of a

turbulent jet (with zero co-flow) show that the jet flow with the presence of sudden expansion

exhibits higher rates of entrainment and spreading than without sudden expansion. In addition,
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these results reveal that an increase in jet exit velocity reduces jet entrainment and spreading

rates for all nozzles with and without sudden expansion.

The results of the effect of asymmetric fuel nozzles on the stability of turbulent jet methane

flame (with zero-coflow) reveal that asymmetric nozzles reduce the jet flame liftoff height, and

hence stabilizes the flame base closer to the nozzle compared with conventional circular nozzles.

Furthermore, the study reveals that the jet flame liftoff height is reduced further when sudden

expansion is attached to the exit of the nozzle. Consequently, the stability range of the lifted

flame is found to increase when sudden expansion is attached to the nozzle.

Finally, the experimental investigation on the effect of nozzle geometry in conjunction with

swirling and non-swirling co-flow on the stability of turbulent jet methane flame issuing from a

rectangular or a contracted circular nozzle show that the jet flame blowout of the rectangular

nozzle is higher than that of the contracted circular nozzle for identical swirl number. This is

related to the higher entrainment which results in a better mixing engendered by the use of the

rectangular nozzle compared with the contracted circular nozzle. In addition, for both nozzle

geometries as the swirl intensity increases the blowout initially reduces especially for low co-

flow velocity, but as the co-flow velocity increases the blowout suddenly increases noticeably.

However, for low intensity swirl, as the co-flow velocity is increased, the flame blowout reduces

considerably until it blows out at very low velocity while still attached. Furthermore, the flame

liftoff velocity decreases as the co-flow velocity at low swirl number (intensity) increases, while

it increases at high swirl number. In addition, the liftoff velocity of the contracted circular nozzle

is found slightly higher than that of the rectangular nozzle for identical test conditions.

lll



I want to first and foremost appreciate God for this opportunity. The profound effort of Dr. M. Birouk in

supervising this work is greatly appreciated. His unending concern for a thorough job and sustained

guidance and encouragements are acknowledged.

The examination committee's (Dr. S. Ormiston, Dr. G. Thomas, and Dr. I. Wierzba) time and input in this

thesis is greatly appreciated. Their constructive comments and guidance only served to make the thesis

better. Manitoba Hydro (N. Read, Project Monitor) deserves all the appreciation for making this work a

reality. Without their funding of this project, this thesis may have been unrealized.

My wife, Beverly Iyogun and my sons, Jeffrey and Jadon Iyogun are very much appreciated. I could not

have done this work without their full support and cooperation. My wife stood behind me like a pillar and

my sons understood the demands of my program. I drew strength fi'om the knowledge that if everything

falls apart my family is always there for me to lean on. I appreciate the RCCG members and pastors:

Pastor T. Okunnu, Pastor A. Odeshi, Pastor G. Nekou, Sister R. Adegbamigbe, Bro. Femi Olumofin, Bro.

Dave Allenotor, Pastor and Mrs. Adeleye-Olusae, Bro. John Akinyemi, and so on. My parents and

siblings back in Nigeria are also acknowledged as well as my cousin Prof. paul Iyogun and his wife.

My research group is acknowledged-Todd Phillips, Maher Abou-Al-Sood, and Sean Fabbro who worked

with me every time I needed their help. Prof. Gabriel Thomas of the Department of Electrical and

Computer Engineering, Ian, and Collins Gilmore who spent considerable tirne helping me with the

MATLAB code are very much appreciated. My very good friends who have been very helpful in this

pursuit are greatly acknowledged-Elder Samuel Paul, Sola Adeyinka, Martin Agenlichaab, Mohammed

Khalid Shah, Lanre Ojo, James Arthur, Jonathan Tsikata, Kujo, Godwin, and others too numerous to

mention. The technical and friendly support of John Finken, Irwin, and Dan are greatly appreciated.

ACKNOWLEDGEMENTS

IV



This thesis is dedicated to the almighty God who opened this door of opportunity and sustained me
throughout this challenging area of research.

DEDICATION



ABSTRACT.. . .. .. ....ii

ACKNOWLEDGEMENT. . .. . .............iv

DEDICATION.. ....................v

TABLE OF CONTENTS. .................vi

LIST OF TABLES.... ......xii

LIST OF FIGURES...... ...........xiv

CHAPTER 1: INTRODUCTION .........................1

CHAPTER 2: LITERATURE SURVEY. ............4

2.1 Non-Reacting Turbulent Free Jet..... ........................4

2.1.1 rurbulent Free Jets Issuing from Axisymmetric Nozzles..... ........5

2.r.2Turbulent Free Jets Issuing from Asymmetric Nozzles..... ...........9

2.1.3 Motivations and Objectives........... .........14

2.2Reacting Q.{on-Premixed) Turbulent Jets............ ....................15

2.2.1 Turbulent Jet (Diffusion) Flames...... ......15

2.2-2Turbulent Jet (Diffusion) Flame Exposed to a Swirling or Non-Swirling

Co-Airflow ...................1g

2.2.3 Motivations and Obiectives........... .........2I

TABI-E OF CONTENTS

VI



CHAPTER 3: EXPERIMENTAL FACILITY, MEASUREMENT TECHNIQUES, AND

TEST CONDrTIONS.......... ..............23

3.1 Flow Control System...... .....................24

3.2 Flow Seeding System...... .....................26

3.5 Uncertainty Estimates.............. ............44

3.5.1 Non-Reacting Jet Flow Uncertainty Estimates.. .......44

3.5.2 Reacting Jet Flow Uncertainty Estimates.. ...............45

3.6 Test Conditions ..................46

CHAPTER 4: RBSULTS AND DISCUSSIONS.......... .......49

4.1 Non-Reacting Jet Flow.... ....................49

vii



4.1.1 Effect of Sudden Expansion on Entrainment and Spreading of a Turbulent

Free Jet..... ....................48

4.1.1.1 Mean Streamwíse Centerline Velocity Decay WÌthout Quar\....................49

4.1.1.2 Jet Centerline Mean Velocity Decay with Quarl .....................55

4.1.1.3 Development of the Jet Half-Velocity Widthwfthout Quar\......................58

4.1.1.4 Development of the Jet Half-velocity widthwiîh the Presence of Quarl.

4.1.1.5 Profiles of the Mean velociries, Ttrbulence Intensities, and Reynolds

Stresses with andwithour the Presence of Quarl. ..............65

4.1.2Effect of Exit velocity on Entrainment and spreading of a Turbulent

Free Jet..... ....................84

4.1.2.1 Jet Streamwise Centerline Mean-Velocity Decay and HalfVelocity

I4ridthfor Nozzles wfthout Sudden Expansion ...................85

4.1.2.2 Jet streamwise centerline Mean velocity Decay and Half-velocity

Widthfor Nozzles with Sudden Expansion...-............ .........95

4.1.2.3 Profiles of the Streamwise Mean Velocity, Turbulence Intensities and

Reynolds Stresses for Nozzles withour Sudden Expansion ................100

62

vlll



4.2 Reacting Flow....... ...........121

4.2.1Effect of Nozzle Geometry on the Stability of Turbulent Jet Methane

4.2.1.1 Lftoff Heighr................. .....................121

4.2.1.2 Blowout, Lrftoff, and ReatÍachment Velocities.. ...I28

4.2.1.3 Discussion ......135

4.2.2 Effect of Sudden Expansion (Quarl) on Flame Stability.... ......139

4.2.2.1 Effecr of Quarl on the Ltfroff Height................. .,139

4.2.2.2 Effect of Quarl on the Blowout, Ltfîoff and Reattachment Velocities....143

4.2.2.3 Discussion ......149

4.2.3 Effect of Swirling/lr{on-Swirling Air Co-flow and Nozzle Geometry on

Flame Stabi1ity.... .......151

4.2.3.1 Flame Lengrh...... .............151

4.2.3.2 Liftoff Height............... .....154

Turbulence Intensiîies and



4.2.3.3 Bloyvout Velocity..... .........156

4.2.3.4 Lifroff Ve1ocity............ ......159

4.2.3.5 LDV Measurements... .......163

CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS.. ....174

5.1 Summary and Conclusions................ ........:.........774

5. 1 . I Effect of Nozzle Geometry on Entrainment and Spreading Rates of Free

Turbulent Non-Reacting Jets...... ...................174

5.1.2 Effect of Exit Velocity on the Entrainment and Spreading Rates of Free

Turbulent Non-Reacting Jet Issuing from Asymmetric Nozzles..... ....................175

5.1.3 Effect ofNozzle Geometry on the Stability of Turbulent Jet (Diffusion)

Methane F1ame........ ...176

5.1.4 Effect of Nozzle's Sudden Expansion on the Stability of Turbulent Jet

(Diffusion) Methane F1ame........ ....................177

5.1.5 Effect of SwirlingÀ{on-Swirling Co-flow and Nozzle Geometry on a Non-

Premixed Methane F1ame........ ....179

5.2 Recommendations for Further Studies...... ...........179

REFERENCES.......... .....180

APPENDIX A: FREQUENCY RESPONSE EQUATIONS........ ......192

APPENDIX B: MATLAB CODES FOR IMAGE PROCESSING.......... ...........194



8.1 Matlab Code for Determining the Flame Liftoff Height.......... ...............1g4

8.2 Matlab Code for Determining Flame Lengrh...... ..................196

APPENDIX C: EQUATIONS FOR LDV PROBE VOLUME ..........199

APPENDIX D: UNCERTAINTY 4N4LYSIS............ ......200

D.1 Uncertainty Analysis for LDV Measurements... ...................200

D.2 Uncertainty Analysis for Flame Liftoff Height, Length, Blowout and Liftoff

Velocities.. ...........202

XI



Table 3.1: Characteristics of the laser optics set-up. .... -..............43

Table 3'2: Experimental test conditions for non-reacting turbulent jets with and without sudden

expansion .... ... . ....46

Table 3.3: Experimental test conditions for turbulent jet flame without sudden expansion and no

co-flow. ....................46

Table 3'4: Experimental test conditions for turbulent jet flame with sudden expansion but

without co-flow. .....................47

Table 3.5: Experimental test conditions for turbulent jet flame with co-flow but without sudden

expansion. .........47

Table 4.1: Jet decay rate for the pipe flow.. . . . ..........51

Table 4.2: Jet decay rate for the contracted circular nozzle without quarl. .............53

Table 4.3: Iet decay with and without quarl for different nozzle's geometries ................57

Table 4.4: Jet spread rate for the pipe flow.. ..................60

Table 4.5: Jet spread rate for the contracted circular nozzle. .................60

Table 4.6: Jet spread rate with and without quarl for different nozzle geometries ....64

Table 4'7: Comparison of the streamwise centerline mean velocity decay of the contracted

circular jet without quarl with published results. .......g2

LIST OF TABLES

xll



Table 4.8: Streamwise mean velocity decay for various nozzTe geometries with and without

quarl. .....94

Table 4.9: Jet half-velocity width for various nozzle geometries with and without quarl. ..........95

Table 4.10: Blowout, liftoff, and reattachment velocities for differenLnozzle geometries without

sudden expansion and no co-flow. ....130

Table 4.11: Blowout, liftoff, and reattachment velocities of the different nozzle geometries with

and without quarl. ...........145

Table 4.72: Comparison of the centerline mean-velocity decay of rectangular nozzle flame for

typical inlet conditions (U; :20 nlls and Uo: 1.84 m/s) between two different swirl

strengths. ........167

Table D.1: Uncertainties for a typical 30 m/s contracted circular jet at a particular location....202

xllt



Figure 3.1: A picture of the gas burner as well as the flow control system..... ............23

Figure 3.2: Schematic diagram of flow control system. -...26

Figure 3.3: Schematic diagram of burner arrangement used for studying reacting jet (all

dimensions in mm). ........32

Figure 3.4: Schematic diagram of burner arrangement used for studying non-reacting jet (all

dimensions in mm)...... .......33

Figure 3.5: Nozzle shapes (all dimensions are in mm) - (a) Rectangular, (b) Square, (c)

Equilateral triangle, and (d) Contracted circular..... .................34

Figure 3.6: Figure 3.6: Different degrees of vane swirlers used with vane angles and number of

vanes - (a) 0" (40 vanes), (b) 25" (40 vanes), (c) 50'(40 vanes), and (d) 60" (30 vanes)..............36

Figure 3.7: Top view of a typical vane swirler showing how vane angles in Fig. 3.6 were

measured (0 represents the vane angle)........ .........37

Figure 3.8: Definition of flame liftoff height and flame length........ .........40

Figure 3.9: Schematic diagram of LDV (TSI, 2000)... . . . . .. .................4I

Figure 3.10: Schematic layout of the backscattering LDV used in the present study...................44

Figure 4.1: LDV measurement planes for-(a) Smooth pipe or contracted circular nozzle (b)

Rectangular nozzle (c) Equilateral triangular nozzle, and (d) Square nozzle. ...................49

Figure 4.2: Cenferline mean velocity decay for various nozzle geometries without quarl..........51

xiv

LIST OF FIGURES



Figure 4.3: Near-field centerline mean velocity decay for various nozzlegeometries without
quarl.

Figure 4.4: Centerline mean velocity decay for various nozzle geometries with and without

quarl-(a) Rectangle, (b) Triangle, (c) contracted circular, and (d) Square. ...........56

Figure 4.5(a): Jet half-velocity width for various nozzle geometries without quarl. ..........5g

Figure a.5(b): Comparison of the jet half-velocity width of the major and minor plane of the

rectangular nozzle geometry without quarl.

Figure 4'6: Jet halÊvelocity width for various nozzle geometries with and without quarl-

(a) Rectangle, (b) Triangle, (c) Contracted circular, and (d) Square. ...........63

Figure 4.7: Radial profiles of the streamwise mean velocity for various nozzlegeometries

without quarl at x:2 mm. ............65

Figure 4.8: Radial profiles of the mean fluctuating velocity components for variou s nozzle

geometries without quarl at x:2 mm. ............66

Figure 4.9: Radial profiles of Reynolds shear stresses for various nozzle geometries without

quarl at x :2 mm. ......6g

Figure 4.10: Radial profiles of the streamwise mean velocity for various nozz\egeometries

without quarl at x lDn:3 (Symbols are as in Figure 4.7).. ........70

Figure 4.1 1: Radial profîles of the fluctuating velocity components for variou s nozzle geometries

without quarl at x lD,:3 (Symbols are as in Figure 4.S)... .........71

Figure 4.12:Radial profiles of Reynolds shear stress for various nozzlegeometries without quarl

af x lDn:3 (Symbols are as in Figure 4.9).. ..........72

XV

54

62



Figure 4. l3: Radial profiles of the streamwise mean velocity for various nozzle geometries with

and without quarl ar x lD": 5- (a) Pipe, (b) Rectangle, (c) Triangle, (d) circle, and

(e)Square.. ........73

Figure 4.14: Radial profiles of the streamwise mean velocity for various nozzlegeometries with

andwithoutquarl atx/Du:20(SymbolsareasinFigure4.l3). ........74

Figure 4.1 5: Radial profìles of the fluctuating velocity components for variou s nozzle geometries

with and without quarl at x lD,:5- (a) pipe, (b) Rectangle, (c) Triangle, (d) circle, and (e)

Square

Figure 4.16: Radial profiles of the mean fluctuating velocity components for variou s nozzle

geometries with and without quarl at x /D":20 (Symbols are as in Figure 4.15). ..--.......77

Figure 4.17:Radial profiles of Reynolds shear stress for various nozzle geometries with and

without quarl at x /D":5- (a) Pipe, (b) Rectangle, (c) Triangle, (d) Circle, and (e) Square. .......7g

Figure 4.18: Radial profiles of Reynolds shear stress for various nozzle geometries with and

without quarl at x /Du:20 (Symbols are as in Figure 4.17). .........g0

Figure 4.19: Axial profile of the normalized mean fluctuating velocity components for various

nozzle geometries without quarl. ..........g1

Figure 4.20 Axial profiles of the normalized mean fluctuating velocity components for various

nozzle geometries with and without quarl-(a) Rectangle, (b) Triangle, (c) Circle, and (d)

square. .....g3

Figure 4.21: Streamwise centerline mean velocity decay of various nozzle geometries without

quarl: (a) Rectangle, (b) Triangle, (c) contracted circular, and (d) Square. ...........g6

xvi

76



Figure 4.22: Streamwise near-field centerline mean velocity decay for rectangular and triangular

nozzles without quarl at exit velocity of 30 m/s and 65 m/s. .......gj

Figure 4.23: Jet half-velocity width for various nozzle geometries without quarl: (a) Rectangle,

(b) Triangle, (c) Contracted circular, and (d) Square. .........gg

Figure 4.24: Jethalf-velocity width for rectangular and triangular nozzleswithout quarì..........g9

Figure 4'25: Comparison of the major (x-y) andminor (x-z) planes jet half-velocity width for the

rectangular nozzle without quarl. .......90

Figure 4.26: Streamwise centerline mean velocity decay for various nozzle geometries with

quarl: (a) Rectangle, (b) Triangle, (c) contracted circular, and (d) square. ............g7

Figure 4.27: Iet half-velocity width for various nozzle geometries with quarl: (a) Rectangle, (b)

Triangle, (c) Contracted circular, and (d) Square. . . . . . .......9g

Figure 4.28: Radial profiles of mean velocity for various nozzlegeometries without quarl at x:2
mm: (a) Rectangle, (b) Triangle, (c) contracted circular, and (d) Square. ....101

Figure 4.29: Radial profiles of mean velocity for various nozzlegeometries without quarl at r
/D,:3: (a) Rectangle, (b) Triangle, (c) contracted circular, and (d) square. .......102

Figure 4.30: Radial profiles of mean turbulence intensities for various nozzle geometries without

quarlatx:2mm- (a)Rectangle,(b)Triangle,(c)Contractedcircular,and(d)Square...........104

Figure 4.31: Radial pro{iles of mean turbulence intensities for various nozzle geometries without

quarl at x /D":3 - (a) Rectangle, (b) Triangle, (c) Contracted circular, and (d) Square...........105

xvii



Figure 4.32: Radial distribution of Reynolds shear stress for various nozzle geometries without

quarl at x : 2 mm- (a) Rectangle, (b) Triangle, (c) Contracted circular, and (d) Square.. . .. ......106

Figure 4.33: Radial distribution of Reynolds shear stress for various nozzle geometries without

quarl at x lD":3- (a) Rectangle, (b) Triangle, (c) Contracted circular, and (d) Square. .. . . . .. ...107

Figure 4.34: Radial profiles of mean velocity for various nozzle geometries without quarl af x lD"

:5- (a) Rectangle, (b) Triangle, (c) Contracted circular, and (d) Square. .............109

Figure 4.35: Radial profiles of mean velocity for various nozzle geometries with quarl at x lD":

5- (a) Rectangle, (b) Triangle, (c) Contracted circular, and (d) Square. ......1 l0

Figure 4.36: Radial profiles of mean turbulence intensities for various nozzle geometries without

quarl at x lD":5- (a) Rectangle, (b) Triangle, (c) Contracted circular, and (d) Square. ...........112

Figure 4.37 : Radial profiles of mean turbulence intensities for various nozzle geometries with

quarl at x lDn:5- (a) Rectangle, (b) Triangle, (c) Contracted circular, and (d) Square............113

Figure 4.38: Radial distribution of Reynolds shear stress for various geometries without quarl at

x /D":5- (a) Rectangle, (b) Triangle, (c) contracted circular, and (d) Square. .....115

Figure 4.39: Radial distribution of Reynolds shear stress for various geometries with quarl at x

lD,: 5- (a) Rectangle, (b) Triangle, (c) Contracted circular, and (d) Square. .......116

Figure 4.40: Axial development of turbulence intensities for various nozzle geometries without

quarl- (a) Rectangle, (b) Triangle, (c) contracted circular, and (d) Square. . . . ......1 l9

Figure 4.47: Axial development of turbulence intensities for various nozzle geometries with

quarl- (a) Rectangle, (b) Triangle, (c) Contracted circular, and (d) Square. ..........120

xvlil



Figure 4.42:Flame liftoff height versus jet exit velocity for differentnozzle geometries tested

with no quarl. . ..........123

Figure 4.43: Comparison of the present liftoff height with that of Kalghatgi (1984). .............124

Figure 4.44: Comparison of the present liftoff height with the theory of Peters and Williams

(1983)- (a) Pipe, (b) Rectangle, (c) Triangle, (d) Contracted circular and (e) Square. . . . .. .. ......127

Figure 4.45(a): Attached pipe flame during rransition to lifted flame. .........132

Figure a.aí(b)z Attached rectangular nozzle jet flame before transition to lifted flame. . .........132

Figure 4.45(c): Attached rectangular nozzlejet flame during transition to lifted flame. .. .......132

Figure 4.46:Flame liftoff height of differentnozzle geometries with quarl. .........140

Figure 4.47: Cornparison of the flame liftoff height between the various nozzles geometries with

and without quarl- (a) Pipe, (b) Rectangle, (c) Triangle, (d) Circle, and (e) square. ......142

Figure 4.48: (a) transition of pipe (with quarl) flame from attached to lifted, (b) lifted pipe (with

quarl) flame, (c) Onset of "necking ot holes" in the flame zone from the rectangular nozzle with

quarl, (d) holes developing in a rectangular nozzle (with quarl) flame, and (e) rectangular nozzle

(with quarl) flame's transition from attached to lifted ......146

Figure 4.49: Comparison of the flame length of rectangular nozzle and contracted circular nozzle

nozzles-(a) Contracted circular nozzle flame (U":0.58 m/s and S:0); contracted circular

nozzle flame (u,:0.58 m/s and S: 1.15); and rectangular nozzle flame (u,:0.58 m/s and s:

0), (b) contracted circular nozzle and rectangtlar nozzle flame (U,: 3.02 rn/s and S : 1 . i 5)...1 53

Figure 4.50: Comparison of the flame liftoff height with and without co-flow of (a) rectangular

nozzle flame and (b) contracted circular nozzle flame. ...........155

xix



Figure 4.51: Comparison of the liftoff height between the rectangular nozzle and contracted

circular nozzle flames- (a) U": 0.58 m/s and S: 1.15, (b) U":2.65 m/s and S: 1.15..... ...156

Figure 4.52 Comparison of the blowout of lifted and attached rectangul ar nozzle and contracted

circular nozzle flames for various degrees of swirl- (a) 0" (S : 0), (b) 25" (S : 0.31), (c) 50" (S:

0.79), and (d) 60" (,S: 1.15) vane angles. LF and AF denote lifted and attached flame,

respectively

Figure 4.53: Comparison of the liftoff velocity of rectangular nozzle and contracted circular

nozzle flames forvarious swirlervane angles- (a) 0'(S:0), (b)25" (S:0.31), (c) 50" (^S :0.79),

and (d) 60" (S : 1 .15). ..............t62

Figure 4.54: Comparison of the streamwise mean-velocity profiles of the 0o swirling and 60o

swirling rectangular nozzle flame for typical exit conditions (U, : 20 m/s, f[o: L 84 m/s). .....165

Figure 4.55: Comparison of the mean turbulence intensity radial profiles of the zero-swirling and

60o swirling rectangular nozzle flames for typical exit test conditions (U¡:20 mls, (Jo: 1.84

m/s).. ...t66

Figure 4.56: Comparison of the centerline mean-velocity radial profiles of the rectangular nozzle

and contracted circular nozzle flames for typical test conditions (Ur: 60 m/s, (Jo:3.02 m/s and

^s:1.15)..... ...........170

Figure 4.57: Comparison of the mean turbulence intensity radial profiles of the rectangular

nozzle and contracted circular nozzle flames for typical test inlet conditions (Uj: 60 mls, (Jo:

3.02 mls, and S: 1.15). ...........171



Figure 4.58: Comparison of the mean Reynolds shear stress radial profiles of the rectangular

nozzle and contracted circular nozzle flame for typical test initial conditions (U¡: 60 mf s, (Jo:

3.02m1s, and S: 1.15). ............172

Figure 4.59: Comparison of the streamwise centerline mean-velocity decay of the rectangular

nozzle and contracted circular nozzle flames for typical test conditions (Ur: 60 m/s, U":3.02

m/s, andS:1.15)..... ........175

xxl



This thesis is concemed with an experimental investigation of turbulent jet flows with and

without chemical reactions. One aspect of the work assesses the effect of nozzle geometry on the

entrainment and spreading of turbulent non-reacting jets. While the other evaluates some of the

diffusion flame characteristics as a function of nozzTe geometry and co-airflow swirl strength.

There are similarities between turbulent jets with chemical reactions and those without.

Therefore, laser Doppler Velocimeter (LDV) results on non-reacting jets have been used to help

explain their corresponding reacting jets (e.g. Gollahalli et al., 1986; Gutmark and co-workers,

1989a, 1989b, 1991; Langman et a|.,2007). Consequently, the present thesis adopted in some

flow cases this strategy in order to lower the cost of the experiment as well as to avoid the

complexity of dealing with reacting jets. Nevertheless, LDV measurements were also obtained in

some other reacting jet flow cases.

CHAPTER 1: INTRODUCTION

Turbulent jet flows with and without chemical reactions have several applications which include,

for example, gas turbine engines and industrial bumers. In these systems, the gaseous fuel and air

are separately supplied to the combustion chamber. The rate of mixing of fuel with the oxidant is

a determining factor in the combustion process. Among the combustion perfornance parameters

that can be influenced by bumer aerodynamics are flame stability and emissions (e.g. NOx,

soot).

A wide range of bumer configurations have been developed and assessed with the aim of

enhancing flame stability and also to minimize combustion emissions (e.g. Nathan et a\.,2006).

Examples include the use of swirl in the case of non-negligible co-airflow momentum, and non-

conventional fuel nozzles in the case of turbulent free reacting jets. Swirling co-airflow has been
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demonstrated to drastically enhance flame stability as well as reduce emissions (e.g. Birouk and

Gupta, 200I). Non-conventional (asymmetric) fuel nozzles are also believed to have an impact

on the overall reacting and non-reacting jets characteristics (e.g. Gutmark et al., 1989a,1989b,

1991; Quinn,1994,1995,2005;Miet a1.,2000; Langman et a1.,2007; Ho and Gutmark, 1987).

It has been shown that using non-conventional nozzles such as a rectangular configuration, may

tend to form a more uniform mixture that would reduce NOx and at the same time increase

combustion efflrciency. For instance, Yap and Pourkashanian (1996) reported that rectangular

bumers produced flames with increased flame stability, low NOx emissions, and high

luminosity. In addition, Kamal and Gollahalli (2001) found a significant reduction in NOx

emissions for some elliptic nozzles depending on their aspect ratio while in the worst case

scenarios there were no signif,rcant differences between the NOx emissions from an elliptic

nozzle and a contracted circular nozzle. This indicates that the worst scenario is there is no

reduction in NOx but combustion effrciency increases as a result of increased mixing of fuel and

oxidant by using asymmetric nozzles.

The present research is aimed at contributing to the global effort on the development of

"enhanced mixing" burners, which increase the mixing of fuel and oxidant. The present effort

builds upon previous published research which uses passive means of controlling entrainment

and spreading of a jet. In the present study, asymmetric nozzles with sudden expansion are used

to examine their effect on jet entrainment and spreading rates, and consequently their overall

effect on non-premixed flame stability. To accomplish the goal of the present study, first, a non-

reacting jet issuing from a non-axisyrnmetric nozzle with and without a sudden expansion is

evaluated to quantify nozzle geometry effect on jet entrainment and spreading rates. Jet

entrainment and spreading rates are good indicators of the level of fuel-oxidant mixing and hence
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the molecular mixture of the fuel and oxidant which provides insight into the combustion

efhciency and pollutant emissions.

One other very good indicator of combustion efficiency is the flame stability. Flame stability is a

term that can be measured (not in value) by its blowout and liftoff velocities, flame length, liftoff

height, and reattachment velocities. The knowledge of these variables for a particular flame gives

an indicator of the flame stability. Note that flame stability gives the overall working range of the

fuel and oxidant. Consequently, increasing the stability limit would stretch the working range of

the combustion system which implies higher efficiency. Therefore, the second objective of the

present study is to examine the effect of nozzle geometry (non-axisymmetric fuel nozzles) on jet

(diffusion) flame stability. Finally, the effect of fuel nozzle geometry in the presence of a

swirling/non-swirling co-flow is assessed to determine some of the stability features of non-

premixed methane flame.

The thesis is organized as follows. Chapter 2 expands upon the introduction presented above to

provide a comprehensive review of previous research related to turbulent free jets issuing from

axisymmetric or asymmetric nozzles. This chapter will also include review of pertinent literature

on reacting jets with and without swirling co-airflow. Chapter 3 describes the experimental

facilities, measurement techniques, uncertainty analysis, and experimental conditions employed

in the present work. Chapter 4 presents and discusses the experimental results on reacting and

non-reacting jet flows. Finally, Chapter 5 summarizes the conclusions reached from the

experimental results and outlines some suggestions for further work.



The literature review is divided into two main sub-headings namely: non-reacting turbulent free

jets and turbulent diffusion flames. The non-reacting free jets review covers advances made on

turbulent free jets with particular focus on asymmelric nozzles used for conveying the fluid

before discharging into a quiescent environment. The review of turbulent diffusion flames, on

the other hand, provides a fairly detailed account of diffusion flame characteristics with great

attention paid to flame stability analysis.

CIIAPTER 2: LITERATURE REVIE\il

2.1 Non-Reacting Turbulent Free Jet

Turbulent jets are used in several applications, such as air-conditioning and more specifically in

combustion power systems. In fact, the entrainment and spreading rates of turbulent jets are

controlling factors for the combustion performance as well as the level of pollutants emissions.

Consequently, the configuration of a turbulent free jet provides a unique opportunity for

evaluating the relationship between, for example, nozzle geometry as well as inlet conditions,

and the jet characteristics such as spreading and entrainment. The jet entrainment and spreading

rates can, in fact, be assessed via the centerline mean velocity decay and the jet half-velocity

width profiles (e.g. Antonia et a|.,1980; Boersma et a|.,1998; Capp et a\.,1990). Note that the

jet half-velocity width is defined as the distance from the centerline to the radial location (i.e.y-

location) where the mean streamwise velocity becomes half of the centerline velocity. In fact, the

centerline mean velocity decay and jet half-velocity width are, respectively, indicators of fluid

entrainment rate and the level ofjet spreading.



2.1.1 Turbulent Free Jets Issuing from Axisymmetric Nozzles

In a turbulent free jet configuration, it was customary to use an axisymmetric nozzle (e.g.,

Antonia eî al.,1980; Hussein et al., 1994; Hussein and Zedan, 1978;Mi et a1.,2007a,2001b; Xu

and Antonia,2002). A conventional axisymmetric nozzle consists of a smooth circular pipe or a

contracted circular nozzle, which are characterized by fully developed velocity profiles, and top-

hat velocity profiles, respectively. An orifice plate has sometimes also been investigated (see for

example, Mi et a|.,2001b).

Early measurements of the mean velocity prohles of an axisymmetric jet were summarized by

Hinze (1959) and turbulent quantities were presented in Corrsin (1943), Corrsin and Uberoi

(1949, 1951), and Corrsin and Kistler (1955). Hinze summaries were for measurements

undertaken with pitot tubes but with the advent of hot-wire anemometry and presently non-

invasive measurement techniques such as laser Doppler velocimeter (LDV) and particle image

velocimeter (PIV), turbulence fluctuations are now easily measured.

Nevertheless, a common denominator for most investigators of axisymmetric turbulent free jets

in the 1960s is the issue of self-similarity of the mean velocity prof,rles, and sometimes the

turbulence intensities. Wygnanski and Fiedler (1969) made a detailed investigation of the mean

velocity and fluctuating components of a contracted circular nozzle using hot-wires. The

measurements covered 40 to 100 diameters downstream from the nozzle exit. From the mean

velocity and turbulence intensities; turbulence stresses, intermittency, skewness and flatness

factors, correlations, and scales, were extracted. The major finding was that the mean velocity

becomes self-similar at downstream distance less than when the turbulence intensities achieve

self-similarity. Consequently, Wygnanski and Fiedler (1969) concluded that the iet truly



becomes self-preserving at about 70 diameters downstream from the nozzle exit which is the

distance at which turbulence intensities achieve self-similarity.

In the 1990s, however, due to the introduction of new velocity measurement tools such as LDV

and particle image velocimeter (PIV) and the improvements of early velocity measurement tools

such as hot-wires, new research work took place. These activities used different velocity

measurement tools and identified the differences in the velocity profiles, For example,

Panchapakesan and Lumley (1993) continued the investigation of a turbulent free jet discharging

from a contracted circular nozzle into a quiescent air. Different modifications were made to the

hot-wire used in order to eliminate some erïors common with the use of a hot-wire, such as

rectification errors (i.e. inability to resolve flow reversal). Streamwise centerline mean velocity

decay were provided and compared with previous authors as well as the mean velocities and

fluctuating components. Overall, major differences were observed in most quantities compared

with other authors. Panchapakesan and Lumley (1993) attributed these differences to the

disparate measurement tools employed by each group of investigators. In addition, Hussein ¿/ a/.

(1994) explored the differences inherent in the use of different measurement tools for mean

velocity and fluctuating components of a turbulent free jet issuing from a contracted circular

nozzle and discharging into a Iarge room. As a result, they used flying and stationary hot-wire

and LDV for their measurements. The results presented once again differ signifîcantly from

those of other investigators both in the magnitude and shape of the profiles. The authors

attributed these differences to the dissimilar size of enclosure the jet discharges into. In addition,

the results of the LDV and flying hot-wire used by Hussein er al. (1994) differ from the values

obtained using stationary hot-wire from the same study. This was attributed to the cross-flow and



rectification effors inherent in the stationary hot-wire when used to measure high turbulence

intensities.

Starting in 2000, there were several investigations to distinguish between the entrainment and

spreading rates of a jet issuing from a contracted circular nozzle and a straight pipe (e.g. Mi et

a1.,2001a, 2001b; Xu and Antonia, 2002). For example, Xu and Antonia (2002) examined both

of these nozzles' jet flow configurations and observed that there was improvement in fluid

entrainment and jet spreading rates of the contoured circular nozzle compared with the fully

developed turbulent pipe jet flow. This is in accordance with the findings of Mi et al. (2001a,

2001b). Xu and Antonia (2002) concluded that for the pipe jet, the streamwise vortices, which

enhance entrainment and turbulent mixing, are absent in the shear layer of the pipe jet whereas

they are present in the contracted circular jet. This is also in agreement with the findings of Mi ¿r

al. (2001a). Langman et al. (2007) in their diffusion flame study basically agreed with the

findings of Xu and Antonia(2002),Mt eî al. (2001a), and a host of other investigators of non-

reacting turbulent free jet. They observed that the flame liftoff height issuing from a cylindrical

pipe is different from that of a contoured circular nozzle. However, Coats and Zhao (1989)

noticed no difference in the combustion characteristics, such as the flame liftoff height, between

the two different nozzles. In addition, Antonia and Zhao (2001) found that the pipe and the

contracted circular nozzle achieved self-similarity at approximately the same downstream

location.

Mi et al. (2001b) in their investigation of the mixing characteristics of a turbulent free jet

examined an orifice plate jet in addition to the contracted circular nozzle and long straight pipe

jets. The findings were consistent with previous investigators concerning the increase of jet

entrainment rate as a consequence of using a contracted circular nozzle instead of a pipe.
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Nevefiheless, the orifice plate was found to have the highest mixing with the ambient. They also

observed that there were coherent large-scale structures in both the orifice and contracted

circular jets. Finally, they noted that even though the pipe jet has some large scale structures,

they were poorly correlated and do not occur regularly. Consequently, the pipe jet has a weaker

entrainment of the ambient fluid.

In addition, Ferdman et al. (2000) investigated the effect of initial velocity profile on the

development of round jets. They used a long straight pipe and another pipe that had a 90-deg

bend upstream of the exit, thus preventing a fully developed velocity profile and instead giving

an asymmetric profile. The finding showed that the bend has an effect only in the near-freld (i.e.

x/D, < 15) after which the profiles of the two jets become similar. Nevertheless, in the near-f,reld

where there are differences, turbulence intensities and spreading rates of the bent pipe are larger

than those of the long straight pipe. When these two jets results were compared with the initial

results of a contracted circular jet it was observed that their turbulence intensities were smaller.

2.1.2 Turbulent Free Jets Issuing from Asymmetric Nozzles

The level of mixing between a jet and its surrounding fluid can be enhanced by using, for

example, passive means such as asymmetric nozzles. They have been found to enhance jet

entrainment and spreading, which in tum increases mixing, relative to their corresponding

axisymmetric counterparts. For instance, it has been reported that asymmetric nozzles promote

higher entrainment and jet spreading compared with their circular (i.e. axisymmetric)

counterparts (e.g., Gutmark et al., 1989a, 1989b, 1991; Quinn, 1994, 1995,2005, Mi et al.,

2000).



This difference in entrainment and spreading rates of the asymmetric jets compared with their

axisymmetric counterparts has been widely researched, and most investigators found that 'axis-

switching' was the main cause. Axis switching is a phenomenon that occurs when the jet half-

velocity width in the minor axis of an asymmefric nozzlejet which was initially lower than that

of the major axis suddenly becomes higher downstream. It is also a re-orientation of the axes

such that the initial orientation of the axis changes in the downstream field of the jet. This

phenomenon \¡/as observed to be a major reason why asymmelric nozzles have higher rate of

mixing relative to their axisymmetric counterparts (e.g. Ho and Gutmark, 1987; Gutmark et al.,

1989a, 1989b, 1989c, etc). For example, Ho and Gutmark (1987) used a small-aspect-ratio

elliptic nozzle as a passive means of increasing jet entrainment compared with the same flow in

an axisymm etric nozzle. Ho and Gutmark ( 1 987) concluded that the mass entrainment of a small

aspect rafio (2:1) elliptic jet is several times higher than that of a circular or a two-dimensional

jet. In addition, they found that axis switching was prevalent in the elliptic jet but absent in the

circular jet. The same conclusion about axis switching was reached by Gutmark et al. (1989a,

1989b, and 1989c), Hussain and Husain (1989), Koshigoe et al. (i989), Quinn (1994), and

Zaman (1996). Hussain and Husain (1989) observed jet axis switching for different elliptic

nozzles of varying aspect ratios and internal geometries and concluded that this phenomenon of

axis switching enhances large-scale mixing. In addition, they attributed the source of the axis

switching to the vortical structures caused by self-induction which is in accordance with the

findings of Ho and Gutmark (1987). The frequency of axis switching has been credited to

directly affect the rate of entrainment and mixing (e.g., Quinn, 2005).

Free jets issuing from other types of asymmetric nozzles with more complex geometries such as

rectangle, square, triangles, star-shaped, cross-shaped (e.g. Gutmark et a|.,7989a, 1989b, and
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1989c; Quinn, 1991, 1994; Mi et al., 2000; Koshigoe et al., 1989) were investigated. For

example, Gutmark et al. (1989a) used an elliptic nozzle with aspect ratio (i.e. AR) of 3,

contracted circular nozzle, and a rectangular nozzle of AR: 3 to investigate the non-reacting air

flow dynamics using hot-wire anemometry. They found that both the rectangular and elliptic jets

had remarkably higher entrainment and mixing with the ambient fluid compared with the circular

jet as manifested by the increase in the jet streamwise centerline mean velocity decay. This

increase was also attributed to the self-induction process of the jet's vortices in the near-field.

However, they found the elliptic nozzle had a slightly higher rate of spreading compared with the

rectangular jet. This scenario was attributed to the impact of the vertices of the rectangular

nozzle which reduces the coherence of the jet's large-scale structures, thereby weakening the

selÊinduction process which ultimately leads to a slightly reduced spreading rate. However, the

elliptic vortices produced as a result ofjet instability in the near-field were found to deform. This

deformation was claimed to be caused by the different convection velocities at different

azimuthal locations. Consequently, as a result of this deformation a self-induction process was

initiated, which increased the spreading rate.

Gutmark et al. (1989b, 1989c) investigated the influence of nozzle vertex angle on a non-

reacting turbulent free jet. These authors concluded that different turbulence dynamics occurs in

the nozzle flat side and the corners. It was shown that highly coherent structures u,ere shed from

the flat sides of the nozzle while small-scale turbulent flow emanated from the vertex. This

interplay of different structures is claimed by these authors to be beneficial to mixing. In

addition, these authors found that the initial turbulence level at the vertices were considerably

higher than those found at the center of the flat sides with the isosceles triangle having three

times more while the equilateral triangle was doubled. However, the amplif,rcation rate of the
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turbulence intensity was higher at the flat sides compared with the vertices in the downstream

region of the jet. Finally, they found that as the corner angle increases the differences in the

streamwise development of the turbulence intensity between the vertices and the flat side

reduces. As a result, for a corner angle of 90" (i.e. a square) there is almost no significant

difference between the flat sides and the vertices in the amplification of the turbulence intensity

as the jet develops further downstream.

However, the most complicated asymmetric nozzle used to date seems to be that of a 'lobed'

nozzle designed primarily to increase mixing (see for example, McCormick and Bennett, 1993;

Belovich et al., 1996). The concept was to stretch the perimeter of the shear layer exposed to the

ambient fluid so that entrainment could be increased. However, as a result of this shear layer

stretching, streamwise vorticity was found to be introduced as a result of the asymmetry of the

nozzle (e.g. Zaman, 1999). This increase in streamwise vorticity contributed to enhanced

entrainment (Ho and Gutmark, 1987) relative to a round jet.

An attempt to furlher increase entrainment by using 'tabs', which are also passive means of

controlling entrainment, has been explored (e.g. Ahuja and Brown, 1989; Zaman et al., 1994;

Reeder and Samimy, 1996; Reeder and Zaman, 7996; Zaman, 1996, 1997, 7999; Foss and

Zaman, 1999; Sau, 2002,2004). Zaman (1999) defined a tab as "a small protrusion placed at the

jeL nozzle exit that produces a pair of counter-rotating vortices". Sau (2002) studied numerically

jets issuing from a rectangular channel with a suddenly expanded and contracted part to assess

the effect of sudden expansiott/contraction on vortex dynamics. Tabs were used to generate the

strong streamwise vortices in order to enhance further the rate of entrainment in accordance with

previous studies. Sau (2002) studied the source and type of the streamwise vortices present in the

flow field. Sau (2002) agreed with the findings of Zaman (1996, 7997, 1999) conceming the
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introduction of inflow pairs of vortices by the tabs. However, the source of generation of

streamwise vortices was attributed to the evolution of the jet from the developed high pressure

regions to the surrounding low pressure regions inside the channel. Sau (2002) funher extended

his work to a jet flow issuing from a square nozzle with a sudden expansion (Sau, 2004). This

work of Sau (2004) is similar to the study of Nakao (1986) who experimentally examined square

sudden expansion flows and observed the presence of weak streamwise vortices, which fail to

persist downstream. It was found in both numerical studies (9au,2002, 2004) that the developed

transverse pressure gradient skewing controls the generation of streamwise vortices.

Another attempt to increase entrainment and jet spreading rate was investigatedbyNew et al.

(2007). They varied the sudden expansion (called collar by these authors) from a simple circular

geometry to triangular as well as square while also changing the expansion-ratio. One of the

major findings was that using a triangular collar produced the highest spreading rate compared

with other collar geometries of square and circle.

Among the studies on asymmerric nozzles, there have been several discrepancies in the results

reported by different authors. For example, results of fluid entrainment rate indicated by the

centerline velocity decay of isosceles and equilateral triangles nozzles as reported by Mi et al.

(2000) differ from those of Quinn (2005). While Mi et al. (2000), who used nine differentnozzle

geometries, found that their isosceles triangular jet induced a better entrainment rate than its

counterpart equilateral triangular jet; Quinn (2005) reported the opposite scenario. Furthermore,

Zaman (1999) and Gutmark et al. (1989a, 1989c, 1991) reported discrepancies concerning the

extent of the increase in jet spreading and entrainment of rectangular nozzles as opposed to

circular nozzles. Indeed, while Gutmark et al. (1989a, 1989c, 1991) observed considerable

increase in jet spreading and entrainment of the rectangular nozzles (with an aspect ratio of 2:1)
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compared to their circular nozzle counterpart, Zaman (1999), who performed an experiment at a

much higher Reynolds number (i.e. compressible flow) observed only slight increase for the

same geometry. Zaman (1999) attributed this discrepancy to the different Reynolds numbers

employed in both studies. The difference in the entrainment rates of identical nozzle geometries

employed by Mi et al. (2000) and Quinn (2005) was also attributed to the different Reynolds

number employed by both research groups.

As a result of these several discrepancies in the open literature, there have been attempts to

discern their causes. For example, Riopelle et al. (1994) studied the effect of ambient pressure

field on the entrainment rate of plane jets and axisymmetric jets and reported that the pressure

field can in fact cause discrepancies. In addition, a different aspect ratio (AR) for the same

nozzle geometry may cause some discrepancies. For example, Zaman (1997, 1999) reported that

for a rectangular nozzle, varying the aspect ratio does not have any effect on the spreading and

entrainment rates until a threshold is passed before any significant change can be noticed. This

threshold varied from AR : i0 to AR: 16. However, Quinn (1991) observed significant change

in entrainment and spreading rates for a rectangular slot with AR : 10 compared with the same

geometry but AR : 2. This seems to contradict the findings of Zaman (1997, 1999).

Howevet, the assertion of Reynolds number causing discrepancies had not been thoroughly

investigated for the asymmetric nozzles, especially triangular and rectangular nozzles.

Nevertheless, there have been studies which dealt with the effect of exit velocities on the ensuing

entrainment and jet spreading of axisymmetric jet (e.g. Malmstrom et al., 1997:- Warda et al.,

1999). For example, Warda et al. (1999) showed that the far stream centerline mean velocity

decay of an axisymmetric jet decreases with an increase in exit velocity. However, the same

study found that there is no significant change in the near-field mean streamwise centerline
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velocity decay except that the length of the potential core increases for the higher exit velocity.

This reduction in centerline mean velocity decay as exit velocity increases was attributed to the

reduced turbulence intensity at the exit of the nozzle as a result of increased exit velocity (e.g.

Warda et al., 1999).

2.1.3 Motivations and Objectives

Although, literature reviewed above showed that there is substantial published data on the effect

of nozzle geometry on the ensuing turbulent jet, there are still great deal of inconsistencies in the

conclusions reached for the same nozzle geometry. In addition, some characteristics of free jets

issuing from other different asymmetric nozzles than those reviewed above are yet to be

investigated.

The present study, which builds upon the literature surveyed above, is a modest contribution to

the understanding of the relationship between nozzle geometry and the characteristics of the

ensuing jet discharging in quiescent atmosphere. The main focus of the present experimental

study is to assess:

i) The effect of an axisymmetric sudden expansion on the entrainment and spreading

rates of a non-reacting jet issuing from asymmetric nozzles. Detailed investigations of

the effect of sudden expansion on asymmetric nozzle flow characteristics are still not

available in the open literature.

ii) The effect of exit velocity on the entrainment and spreading rates of a non-reacting

turbulent free jet issuing from a rectangular, a triangular, a circular, and a square

nozzle with and without sudden expansion. This part of the study is expected to shed
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light on the discrepancies discussed above conceming the main features of a jet

issuing from the same nozzle geometry.

2.2 Reacting (Non-Premixed) Turbulent Jets

2.2.1 T urbulent Jet (Diffusion) Flames

Turbulent jet diffusion flames and particularly its flame stability mechanisms have been an

attractive topic for many decades and are still receiving considerable attention due to their

practical importance. The stability limit of turbulent diffusion flame encompasses the liftoff

height and velocity, flame length, reattachment velocity, and blowout velocity. These terms will

be defined later on in Chapters 3 and 4.

Of prime importance is the liftoff height which has been studied extensively. Several theories

have been proposed to explain the liftoff height stabilization mechanism of a turbulent jet

diffusion flame. The first stabilization mechanism theory is conceived by Wohl et al. (1949) and

has been the most commonly accepted theory. It states that the local flow velocity at the liftoff

height matches the turbulent buming velocity of a premixed flame. This is the same theory which

was fuilher pursued by Vanquickenborne and Van Tiggelen (1966). Their main finding is that a

lifted diffusion flame stabilizes at a height above the burner where stoichiometry is reached.

They also concluded that the flame base is a form of a 'premixed' flame as the gas entrains air

until it reaches this point. Following the same thought, Kalghathi (1984) determined that the

turbulent jet diffusion flame liftoff height increases linearly with the jet exit velocity

independently of the nozzle diameter.
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The second theory has its origins with Peters (1983) which was later expanded by Peters and

Williams (1983). Peters' (1983) theory suggests that the flame lifts off when the mixture of air

and fuel in the combustion zone near the burner exit stretches faster than the mixture can ignite

itself. As a result, the flame extinguishes or becomes extinct. The liftoff height is scaled in terms

of a non-dimensional average scalar dissipation at extinction.

The third theory, which is proposed by Broadwell et al. (1984), states that the time available for

backmixing by large-scale flow structures of hot products with fresh mixtures is less than a

critical chemical time required for ignition. A blowout criterion was then proposed which is

expressed as a ratio of the local mixing time to a characteristic chemical time.

In a review of the aforementioned theories, Pitts (1988) reported that the implicit assumption is

that the base (i.e. the most upstream position) of a lifted jet diffusion flame is the stabilization

point. In addition, Pitts (1988) pointed out that all the theories are based on the turbulent flow-

field of the unignited regions close to the flame base. Pitts (1988), however, concluded that the

stabilization mechanism of turbulent diffusion flame is still poorly understood.

A relatively recent theory, called triple flame, has been developed to describe the stabilization

mechanism of lifted jet diffusion flame (Dold, 1989; Veynante et a|.,1994; Ruetsch et a|.,7995),

although an observation of the triple flame has been reported several decades ago (Phillips,

1965). The triple flame theory presupposes that the base of the diffusion flame (i.e. stoichiometry

point) is a confluence of three types of flames. At the edges are fuel-lean and fuel-rich flames

which essentially are premixed flames and a diffusion flame aligned with the stoichiometry line.

This assumption of triple flame, therefore, presupposes that the base of a lifted diffusion flame is

a partially premixed flame. This theory has recently been pursued vigorously though it is still in
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its infancy. Upatnieks et al. (2004) applied cinema-PlV in an attempt to better understand the

liftoff of turbulent jet diffusion flames and to further examine some of published theories

developed to explain the stabilization mechanisms. They assessed the turbulence intensity theory

proposed by Kalghatgi (1984), the edge-flame or triple flame concept as reported by Buckmaster

and Webber (1996) and Boulanger et al. (2003), and the large-eddy theory reported by Miake-

Lye and Hammer (1988). Upatnieks et al. (2004) concluded that the propagation speed of the

base does not correlate well with the local turbulence intensity or passage of large eddies.

Consequently, they concluded that the edge flame at the flame base propagates at the

stoichiometric laminar burning velocity.

A thorough analysis of an up to date published work on the issue of lifted jet diffusion flame and

all related theories was recently proposed by Lyons (2007). Lyons (2007) reviewed all the

aforementioned theories, with more emphasis on work published since Pitts's review in 1988.

Lyons concludes that there is still lack of complete understanding of the stabilization

mechanisms of a lifted jet diffusion flame issuing from axisymmetric nozzles.

The reattachment and blowout phenomena as well as the liftoff velocity, which are also vital

elements in the stabilization of a lifted jet diffusion flame, have not received equal treatment as

the liftoff height. Scholef,reld and Garside Q9a\ studied the full stability range of a jet diffusion

flame, such as the liftoff, reattachment and blowout velocities and their mechanisms. Scholefield

and Garside Q9a\ attributed the reattachment and blowout phenomena to the effect of the

turbulent flow-field of the unignited gas stream while they reported that the liftoff may be

explained in terms of diffusion, velocity distribution, and thermal effect theories. However,

Scholefield and Garside (9a\ did not believe that the flame liftoff phenomenon can be

explained by only one of these theories.
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After the work of Scholefield and Garside (1949), further investigations of the diffusion flame

liftoff, reattachment, and blowout mechanisms have been reported by several investigators

(Coats and Zhao, 1989; Langman et al., 2007; Eickhoff et al., 1984; Gollahalli et al., 1986;

Takahashi et a|.,1984; Wu et a|.,2006; Dahm and Mayman, 1990). All these studies agree about

the occurrence of hysteresis in which the liftoff velocity is higher than the reattachment velocity.

However, some of these studies reported different mechanisms as being responsible for the

different stability phenomena. For example, Gollahalli et al. (1986) reported that the liftoff (i.e.

the flame transition from attached to lifted) is governed by diffusion and flow structures while

the reattachment is governed primarily by the dynamics of the organized flow structures.

Nevertheless, Eickhoff eî al. (1984), Coats and Zhao (1989), and recently Langman et al. (2007)

all agreed that the flame liftoff is caused by the invasion of the laminar flame base by the

unignited gas turbulence. The blowout phenomenon, according to Dahm and Mayman (1990), is

governed primarily by the molecular mixing rate while the liftoff is controlled by the straining

out of flame front, which is in line with the theory of Peters (1983).

2.2.2Turbulent Jet (Diffusion) Flame Exposed to a Swirling or Non-Swirling Co-Airflow

Stability ofjet (diffusion) flames without co-flow is better understood, as evidenced by the large

amount of published works which have resulted; for instance, in several correlations intended to

describe some of the flame stability aspects such as liftoff height, flame length, and blowout (e.g.

Kalghatgi, 1981, 1984; Peters and Williams, 1983). Introducing co-airflowto a jet flame would

change the whole dynamics of the flowfield and thereby makes the control of the resulting flow

more complicated.
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Nevertheless, there exist several studies devoted to examining the influence of co-flow on the

stability of a jet flame issuing from axisymmetric nozzles (e.g. Wierzba and Oladipo, 1994;

Karbasi and 'Wierzba, 
1995; Takahashi and Schmoll, 1990). Takahashi and Schmoll (1990)

classified four different types of lifting criteria based on observations of diffusion flames issuing

from axisymmetric nozzles, with small diameters, surrounded by co-flow of air having a

maximum exit velocity of 4.5 m/s. 'Wierzba 
and Oladipo (1994), who examined jet flame with

co-flow of air having an exit velocity in the range below 10 m/s, proposed an empirical

correlation for the blowout of attached and lifted flames.

The effect of swirling co-flow on the stability of a diffusion flame has also been studied quite

extensively but it is still less understood due to the complexity caused by the flow's swirl.

However, most studies of swirling flames agree that swirl enhances flame stability by generating

a recirculating vortex, which then controls the size and shape of the flame, and enhances

combustion intensity (e.g. Chigier and Chervinsky,7967; Aref and Gollahalli, 1995; Al-Abdeli

and Masri, 2001). Several studies in the literature reported that there is a strong cor¡elation

between swirling flame stability and mixing. For example, Sheen et al. (1996) noted that swirl

increases the rate of fluid entrainment and mixing. This is a conf,irmation of the results of Panda

and Mclaughlin (1994) who found that spreading and mass entrainment rates increases for

swirling jets compared to non-swirling jets. 'Wu and Fricker (1976) and also Syred and Beer

(1974) reported that swirl strength influences the growth rate of the recirculation size and

strength.

The effect of swirl strength on flame stability dynamics has also been investigated (e.g., Masri

and Dally, 1999; Feikema et al., 1997; Fricker and Leuckel, 1976; Tangirala et al., 1987) and it

was reported that swirl strength does not always enhance flame stability. For instance, Masri and
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Dally (1999) found that using low swirl strength does not necessarily increase flame stability.

Consistent with this fìnding, Feikema et al. (1991) showed that weak swirl strengths tend to

produce flames with blowout similar to those without swirl. In addition, swirl strengths above

unity have been shown to play conflicting roles on flames stability (e.g. Fricker and Leuckel,

1976; Tangirala et al., 1987). For example, Tangirala et al. (1987) observed no increase in the

recirculation zone or turbulence levels as swirl number was increased from 1.0 to 4.0. Because of

signifìcantly increased tangential velocity as a consequence of using very high swirl number, the

flame becomes even leaner and less stable. Furthermore, this may also result in damaging burner

material because of the strong recirculation of the hot products.

It is generally believed that using a swirl automatically shortens the flame length. However,

recent study reported that this is not always the case (Al-Abdeli and Masri, 2007). Al-Abdeli and

Masri (2007) found that irrespective of the co-flow exit velocity, flame length increases as swirl

strength increases until a critical swirl number of around 0.2 after which the flame length starts

decreasing. In addition, they found that flame length increases as the jet exit velocity increases

which Al-Abdeli and Masri (2007) attributed to increased jet momentum. However, it is

important to mention here that this finding was based on only a very limited jet exit velocity

range; i.e. 40 m/s and 60 m/s. They also found that the flame becomes shorter as the co-flow exit

velocity increases for swirl strength higher than 0.2. There were several attempts to explain this

apparent effectiveness of swirl to shorten the flame length. For example, Fricker and Leuckel

(1976) stated that the primary effect of swirl is to increase mixing of gaseous fuel and

surrounding ambient air. However, Feikema et al. (1991) attributed this improvement in flame

stability to the ability of the swirl to form localized flow regions with reduced flow velocity and

hence reduced local strain rates. Tangirala et al. (1987) on the other hand, found that heat release

20



is the major driving force of recirculation whereby it enforces the recirculation zone downstream

of the nozzle exit and it also helps to increase turbulence levels. They found, however, that the

effect of heat release was more pronounced for highly swirling flames.

2.2.3 Motivations and Objectives

Based on the literature review above concerning turbulent jet (diffusion) flames, it can be seen

that jet flames issuing from axisymmetric nozzles have been extensively examined. However,

studies on jet flames issuing from asymmetric geometries are very limited and not detailed

enough. The stability studies of asymmetric nozzle flames are perfunctory at best and limited to

very few asymmetric nozzles, despite the significant effect a nozzle geometry has on the overall

jet dynamics (i.e. increase in jet entrainment and spreading which therefore leads to increased

mixing).

The only stability investigations to the author's knowledge that were carried out on diffusion

flames issuing from asymmetric nozzles are those from ellipticnozzles (Gollahalli et a|.,1992).

Though, there are some other studies which examined diffusion flame issuing from asymmetric

geometries, their focus was more on determining temperature and pressure fields (e.g. Gutmark

et al., 7989a, 1989b, 1991). Nonetheless, it was found that the geometry (e.g. elliptic) of the

nozzle has an influence on the liftoff and reattachment velocities (Gollahalli et a\.,1992).

In this thesis, for the flame without co-flow investigation, one objective is to expand upon

previous studies of axisymmetric nozzles by examining specifically the effect of nozzle

geometry on the stability phenomena of a jet diffusion flame. In addition, this study seeks to

obtain additional experimental data that would help shed more light on the mechanisms

goveming the liftoff height and associated liftoff and blowout phenomena. However, some of
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these published stabilization height theories will be appraised with a view to unravelling the

more relevant one that describes best the present experimental data.

Furthermore, a review of the literature showed that several nozzle's geometries were developed

with the goal of enhancing further fluid entrainment and mixing very close to the nozzle exit

(e.g. Nakao, 1986; Zaman,1999; Sau, 2002 and2004). Therefore, the present investigation will

examine the effect of a sudden expansion on the stability of a turbulent jet diffusion methane

flame.

As for jet flame with swirling/non-swìrling co-flow, it is well known that swirl introduces large

scales which are important for mixing. However, small scales are important for chemical

reactions. To the best knowledge of the author, all published literature dealt with a central jet

issuing from a circular pipe surrounded by an annulus of swirling air. Recent studies surveyed in

the previous two sub-sections have shown that asymmetric fuel nozzles have the potential of

inducing various turbulent structures compared to a simple pipe counterpart. Therefore, the main

purpose of the present part of the study is to examine some of the stability features of non-

premixed swirling flame as subjected to both large scales induced by the swirl and relatively

smaller scales generated by the asymmetric fuel nozzle. Specifically, this present study will

report on the blowout and liftoff velocities as well as the liftoff height and length of a swirling

non-premixed methane fl ame.
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CHAPTER 3: EXPERIMENTAL F'ACILITY, MEASUREMENT
TECHNIQUES, AND TEST CONDITIONS

This chapter gives a description of the experimental test rig which consists mainly of the bumer

configuration, flow control, and seeding system as shown in Fig.3.1. The measurement

techniques employed here, which are mainly a high speed camera and a two-component TSI

laser Doppler velocimeter (LDV) are presented. In addition, test conditions for both reacting and

non-reacting jets, as well as measurement uncertainties are also provided.

Figure 3.1 : A picture of the gas burner as well as the flow control system.

A central seeder

)'tall: :'
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3.1 FIow Control System

A schematic representation of the flow system, as shown in Fig. 3.2, comprises of a series of

flowmeters, pressure gauges, valves, regulators, and cylindrical pipes which convey the gas to

the bumer. The gas was either methane from a compressed cylinder or air from a compressed

supply line.

For reacting jets investigations, methane was supplied from a compressed cylinder as shown in

Fig. 3.2. The supply line pressure of methane from the cylinder was initially regulated by a two-

stage Prostar regulator before it passed through a pressure gauge and then into a Matheson FM-

i050 series flowmeter. The regulator has an outlet pressure range of 0 - 200 psi. A pressure

gauge installed downstream of the flowmeter, which had an operating range of 0 - 60 psi, is

intended to give an accurate reading of the pressure of the gas flowing through the flowmeter.

The flowmeter was designed to have interchangeable tubes so that a variety of flow rates can be

used. In the present experiment two tubes were used; i.e. the low flow tube has a range of 1.26

fo 22.6 LPM of methane (or 0.88 to 16 LPM of air) while the high flow tube has a range of 3.51

to 59.3 LPM of methane (or 2.4 fo 44 LPM of air). The flowmeter has a 6 tum utility valve at the

outlet to control the flow supplied to the central seeder and finally the nozzle exit. Most of the

reacting and non-reacting flow experiments were run at a pressure of 40 psi in the flowmeter.

The flowmeter was calibrated at atmospheric pressure, therefore, a cotrection factor must be

used when running at higher pressures, which is given as

Qn,, = Q,on¿
P"r,/
/ P^,
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where Qor, is the actual flow rate, ]no¿ is the flow rate read from the flowmeter, Po"¡ is the

pressure at the inlet of the flow meter and Po¡,n the room atmospheric pressure. The accuracy of

the flowmeter is +1olo full scale.

The air was supplied from the University of Manitoba's compressed air system. The inlet

maximum pressure was 90 psl. As shown in Fig. 3.2, the experimental air was regulated by a

one-stage Prostar regulator having an operating range between 0 and 200 psi. A 0 - 60 psi

pressure gauge was employed to ensure greater accuracy.

For some measurements where co-flow was required, two flowmeters were installed based on the

co-flow velocity demands. A Brooks Model 1000 flowmeter with a range of air flowrates from

159 LPM to 1589 LPM at 30 psi (which is the pressure at which this flowmeter is calibrated),

with an accuracy of +1o/o full scale is used for relatively high exit velocities. A Cole-Parmer

acrylic flowmeter for low velocity air flow, which is capable of a flow range between 30 to 280

LPM, and it is calibrated at standard conditions, was installed in parallel with the Brooks Model

1000 flow meter.

The maximum air flow attainable from the University compressed air line was 600 LPM at 30

psi. The exit airflow velocity range achievable using these two flowmeters ranges between 0.56

m/s and ll.4l m/s. The flow system has a valve connecting the air and fuel line to enable using

air instead of methane. Note that all the three flowmeters have safety valves that open up when

the pressure exceeds the value that the flowmeter tubes can withstand.

The flowmeters were supplied with calibration charts from the manufacturers. To confirm if the

manufacturer's calibration charts are accurate, LDV velocity measurements at the exit of a pipe

flow was undertaken. After the LDV measurements were taken, the average velocity at the
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nozzle exit was also determined from the flow f,reld. This was used with the cross sectional area

to determine the flow rate. This flow rate matched very closely with the manufacturer's

calibration data (i.e. difference of < +lo/o).
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Fig.3.2: Schematic diagram of flow control system.

The seeding system was used to add light scattering particles (referred to as tracers) to the gas

flow in order to facilitate LDV measurements. See Section 3.4.2 for more details about the

operating principles of LDV. The seeding system consists of two settling chambers in which

solid parlicles or incense smoke can be deposited and then picked up by the methane or air

26

TT
ÅNf,¿LILUS

ANI{ULIJS
SEEDER



before flowing out of the burner. One seeder is used for the air flow through the annulus and

another for the central nozzle. The settling chambers (or seeding chambers) are cylinders made

from mild steel and have a welded plate on the bottom and a welded flange on the top. A top

plate was then bolted to the flange. Three ports were machined on the top for the air or fuel in

and out, as well as for particles supply. One port on the sides (close to the bottom) of the central

nozzle seeder has an air tight slot fitted with an aluminum piece. It is used to house series of

incense for seeding the air flow for non-reacting flow studies (see Fig. 3.1).

Three types of seedings were employed. Titanium oxide with a mean diameter of 0.2 þm was

used for the combustion experiments because of its ability to survive in high temperature

environment. It is important to mention that the titanium oxide particles must be kept very dry as

moisture can cause them to bond together rendering them large and hence useless. However,

incense smoke was introduced through the central nozzle seeder for the non-reacting flow

investigations while simultaneously introducing into the annulus a low-momentum co-flow

seeded with Di-Ethyl-Hexyl-Sebacat (DEHS) particles produced by a 10-bar LaVision droplet

generator. It is important to mention here that the incense smoke's (mass median aerodynamic)

diameter was estimated to be around 0.3 pm based on the f,rndings of Cheng et at. (1995) and

Chang et al. (2007) while the DEHS had an average diameter much less than I pm (the DEHS

particles bimodal diameter provided by the droplet generator manufacturer is 0.25 Fm).

Following the method of Melling (1997), the frequency response of the incense smoke was

determined (See Appendix A) to be about 76 kHz, that of titanium oxide particles was 43 l<ÍIz

while that of DEHS parlicles was 126 kHz (based on an average diameter of 0.25 pm).
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3.3 Gas Burner

The burner which was designed, manufactured and assembled at the University of Manitoba

consists of a central fuel nozzle surrounded by an annulus of air. A schematic of the burner

arrangements along with its dimensions are shown in Fig. 3.3 and 3.4. The bumer base plate, top

plate, and the outer and inner chambers were machined from mild steel. The swirl pipe and throat

were machined from stainless steel while the central pipe was a stainless steel piece of extruded

pipe. Plastic swirl generators were first created from CAD images using a rapid prototyping

machine. The plastic forms were then cast out of stainless steel. This was necessary due to the

complexity of their machining. The asymmelric nozzles, as shown schematically in Fig. 3.5 were

also made following the same fashion, while the contracted circular nozzle was machined from

stainless steel. The quarl is a hollow cylindrical pipe made from stainless steel with an inner

diameter of about 12 mm and a thickness of I mm. It is placed at a height of 12 mm above the

nozzle exit (see Figure 3.4). Relatively different arrangements of the bumer for different

investigations were used, as described below.

3.3.1 Gas Burner Arrangement for Diffusion Flame without Co-Flow

The schematic diagram shown in Figure 3.3 was used for diffusion methane flame without co-

flow. Methane with a purity of 99o/o is fed through the central pipe from a 6 foot tall compressed

methane cylinder. The required flowrate (described in Section 3.1) enters the central nozzle

settling chamber. Afterwards, the methane gas at the exit of the seeding/settling chamber flows

through a pipe of 7.62 mm in diameter (called here as the central pipe), and exits through a

nozzle, which is attached to the pipe, as shown in Fig. 3.3. To ensure a well-developed flow at

the exit of the pipe, the ratio of the length, I to diameter, d of the pipe (i.e. Lld)is taken to be

about 135. The nozzle, which is about 47 mm long and attaches to the central pipe through a
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nozzle holder, is interchangeable. Four interchangeable nozzles with different internal

geometries, which are a rectangular, a triangular, a contracted circular and a square, were used

(see Fig. 3.5).

The contracted circular nozzle has a diameter of 4.82 mm and the other tkuee nozzles have

similar equivalent diameter, D, (i.e. the diameter of round slot with the same exit area as the

geometry in question). The rectangular nozzle has D, : 4.71 with an aspect ratio of 2:1, the

equilateral triangle has D, : 4.46 mm, and the square nozzle has a D" : 4.56 mm. In addition, a

straight pipe of diameter, d: 4.45 mm with L/d = 180 was also used as a reference for the

present study so that comparisons with the existing data of pipe from previous investigators can

be made.

Two different flow arrangements were tested; one with the presence of quarl (sudden expansion)

which is attached to the exit of fhe nozzle, as shown in Fig. 3.3, and the other without quarl.

These two arrangements were employed to assess the effect of quarl on the characteristics of a

turbulent flame issuing from an axisymmetric or asymmetric nozzle. Note that all the five

nozzles mentioned above were tested with quarl except for the pipe.

3.3.2 Gas Burner Arrangement for Diffusion Flame with Co-flow

The co-flow addition and the absence of quarl are the only major differences between the jet

flame experiment with co-flow and without co-flow. Consequently, the same confìguration

shown in Fig. 3.3 was also used for investigating jet flame with co-flow except for the absence of

quarl and the presence of co-flowing air. That is, methane was supplied through the central

settling chamber which contains TiOz while co-flow air was supplied through the air annulus

from the annulus seeder (see Fig. 3.2). Note that the co-flow used here was either swirling (i.e.
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swirl generator vane angles greater than zero) or non-swirling (i.e. swirl generator vane angle of

zero) co-flow.

The air co-flow was supplied from a laboratory compressed air line through a Brooks Instrument

Flowmeter or a Cole-Parmer Flowmeter in the flow control system to measure the flowrate. The

Cole Parmer Flowmeter is used for air flowrates that are below 110 LPM while the Brooks

flowmeter handles higher flowrates. The Cole-Parrner flowmeter and the Brooks Instrument

flowmeter have a full scale accuracy of +3o/o and +lYo, respectively. However, the pressure of

the air delivered to the flowmeter is measured by pressure gauges installed before and after the

flowmeters.

Consequently, the desired air flowrate, Uu, is then conveyed through high pressure hoses to the

annulus settling chamber which contains titanium oxide particles of 0.2 pm average diameter.

Thereafter, the seeded air is conveyed to a manifold where it is connected to four equally-spaced

tangential ports in the burner's outer chamber. The air travels upwards in the space between the

walls of the inner and outer chambers as shown in Fig. 3.3. The air first passes through a coarse

screen fitted in the annulus close to the base of the burner to straighten the flow after which it

enters a honey-comb to make the flow more uniform across the annulus. Further downstream, it

passes through another screen but of finer pores before going through the swirl generators and

exiting through an air annulus which has an inside and outside diameter of H.9 mm and 36.6

mm, respectively. The four swirl generators used here as shown in Fig. 3.6(a) to (d) (also see

Philips, 2006) have vane angles d , of 0o, 25o,50o, and 60o, which corresponds to swirl numbers,

Sof 0, 0.37,0.'/9, and 1.15. The swirl number is calculated as (Birouk and Gupta,200i):

-2J = -tana
-t
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Figure 3.7 shows the top-view of a typical

measured.

vane swirler indicating how the vane angles were
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Figure 3.3: Schematic diagram of bumer arrangement used for studying reacting jet (all

dimensions are in mm). A-Swirl Pipe, B-Nozzle, C-Nozzle holder, D-Vane swirl generator, E-

Fine screen, F-Honeycomb, G-Coarse screen, H-4 Equally-spaced tangential air ports where air

seeded with TiOz or not seeded at all is introduced, I-Bottom plate, J-Methane either seeded with

TiO2 or not seeded at all in through the central pipe, K-Top plate, L-Outer chamber, M-Inner

chamber, and N-Quarl (Sudden expansion).
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Figure 3.4: Schematic diagram of burner arrangement used for studying non-reacting jet (all

dimensions are in mm). A- Sudden expansion (or quarl), B-Nozzle, C-Nozzle holder, D-0o Vane

swirl generator, E-Fine screen, F-Honeycomb, G-Coarse screen, H-4 Equally-spaced tangential

air ports where air seeded with DEHS is introduced, I-Bottom plate, J-Air seeded with incense

particles in through the central pipe, K-Top plate, L-Outer chamber, M-Inner chamber, and N-

Perforated cylindrical plate filled with equally spaced concentric holes of Ø2.0 mm.
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Figure 3.5: Nozzle shapes (all dimensions are in mm) - (a) Rectangular, (b) Square, (c)

Equilateral triangle, and (d) Contracted circular.

3.3.3 Gas Burner Arrangement for Non-Reacting Jet Flow

l\.r /
r !-{r
4;

Figure 3.4 shows a schematic of the flow arrangement used for the non-reacting jet. It is almost

the same configuration used for jet flame (reacting flow) without co-flow. The only differences

are that the swirl pipe in the reacting jet flow is replaced by a perforated cylindrical plate which

has equally spaced Ø2 mm concentric holes on top and the presence of a very weak co-flow.

This is intended to minimize the effect of seeding bias, which can be caused by not seeding the

surroundings of the jet. Therefore, a similar method to that employed by Mi et al. (2007) for

seeding the jets' ambient was used. This was recommended in order to approach an acceptable
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level of statistically uniform spatial seeding which is needed for bias-free LDV measurements

(Hussein et al., 1994). The seeded co-flow is a very low-momentum flow with a maximum exit

velocity of less than lo/o of the jet's bulk exit velocity of 30 m/s. Also in this burner

configuration, the air supplied from a laboratory compressed supply line replaces the methane as

shown in Fig. 3.4. A fraction of the air is passed through the annulus while the remaining flows

through the central nozzle's flowmeter before entering the central pipe.

The same nozzles used for the reacting jet were also employed in this configuration for studying

non-reacting jet. However, the smooth pipe was different. A larger pipe of Ø7.62 mm replaced

the Ø4.45 mm pipe used for the flame experiments. This relatively large diameter of the smooth

pipe was chosen because a smaller diameter pipe was found prone to misalignments and hence

could cause er¡or in the LDV velocity measurements.
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Figure 3.6: Different degrees of vane swirlers used with vane angles and number of vanes - (a) 0"

(40 vanes), (b) 25" (40 vanes), (c) 50'(40 vanes), and (d) 60" (30 vanes).

(b)

(c) (d)
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Figure 3.7: Top view of a typical vane swirler showing how vane angles in Fig. 3.6 were

measured (0 represents the vane angle).
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3.4 MeasurementTechniques

The measurement techniques employed were based on the type of data needed. For the flame lift

off height and the flame length, a high speed digital video camera was used whereas LDV was

used for flow velocity measurements of the reacting and non-reacting jet flows. The following

sub-sections present a brief overview of these measurement techniques.

3.4.1 Imaging Technique

The liftoff height, h, and flame length, l, are imaged by a NanoSense MKIII high-speed camera.

The distance from the nozzle exit to the flame base (i.e. the lowest point of the flame) is the

liftoff height while flame length is the distance from the nozzle exit to the visible flame tip (i.e.

highest point of the flame). Figure 3.8 shows a typical definition of flame liftoff height and flame

length.

The camera resolution of 1280 x 1024 pixel was used for all measurements. The camera

frequency of 60 FIz was used for the jet flame with co-flow measurements while two different

camera frequencies were employed for the jet flame experiments without co-flow; 60 Hz for exit

velocities greater than 40 m/s, and 30 Hz for velocities below 40 m/s. For the flame experiments

without co-flow, over 1600 images were taken for each set condition to determine the average

flame liftoff height while a total of not less than 815 images were taken to detemine the average

liftoff height and length of flames with a co-flowing air stream. For the flame liftoff height

measurements, the camera was set close to the flame, whereas it was set relatively farther away

for the flame length in order to capture a larger field of view as the flame length fluctuates more

than the liftoff height. The relatively high number of images was chosen to statistically improve

the accuracy of the fluctuating flame liftoff height and flame length.
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A ruler was first placed over the burner in order to calculate the height of a pixel, and thus

calibrate the imaged field of view. The liftoff height and length of each flame was measured

from the nozzle exit plane. An in-house developed MATLAB code (i.e. image processing code

presented in Appendix B) was used to analyze the images and determine the flame base and peak

based on the brightness of each pixel, and thus calculates the number of pixels between the

nozzle exit and the flame base or tip. A threshold was applied to separate the background from

the real flame image. The MATLAB code assigns each pixel a brightness level between 0 and

256,with 0 being black and256 being white. The number of pixels between the flame base or tip

and nozzle exit was then multiplied by a pixel heìght to determine the liftoff height or the flame

length, respectively.
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3.4.2 Laser Doppler Velocimeter (LDV)

Figure 3.8: Definition of flame liftoff height and flame length.

The main components of the LDV system used in the present study are shown in Fig. 3.9. This

LDV is capable of two-dimensional flow velocity measurements capability. It is a non-intrusive

technique for measuring the instantaneous velocity of a seeding particle assumed to be moving at

the same speed as the camier fluid, and it requires no calibration. The flow of interest is seeded

with small tracer particles that follow the fluid motion faithfully. The seeding particles are

illuminated by a coherent laser light causing them to scatter light which is picked up by the
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transmitter and sent to the analyser which determines the particle's frequency and velocity

information. The transmitter/receiver is mounted on a traversing mechanism controlled by the

Flowsizer software installed in the computer. The traversing mechanism is used to position the

probe in x-y-z direction. The traversing mechanism cannot move below 0.01 mm in all

directions. Note that it is only the x and y directions that could be automatically controlled by the

computer but the z direction has to be manually adjusted via a micrometer. The operating

principle of the laser used in this thesis is presented next.

Firewire Cabls

Photo Detector Module

PDM (1000)

Figure 3.9: Schematic diagram of LDV (TSI, 2000).

3.4.2.1Operating Principle of the LDV Used in the Present Study

Figure 3.10 shows a schematic layout of the LDV system used in this study. It operated in a

back-scattering mocle. Innova 70C series, 5 W (all modes included), argon-ion laser generates a

coherent (fixed frequency) beam which illuminates the flow (i.e. seeding particles). The laser

used in this experiment generates two green beams of equal intensity (having a 514.5 wn

wavelength) and two blue beams with equal intensity (wavelength of 488 nm). These beams are

transmitted through an optical fiber to the transmitting/receiving optic that uses a 363 mm focal

4t

iber

optic

Tra nsm itter/Receiver optics



length lens to intersect the beams. The intersection at the focal point of the lens forms a probe

volume. The probe volume consists of a set of bright and dark fringes. The measurement volume

has a Gaussian intensity distribution in all three-dimensions. The bright fringes increase in

intensity as you move towards the center of the measuring volume. A particle scatters light as it

crosses the bright fringes. The scattered light is collected by the transmitting/receiving optics and

converted to electrical signals by Photomultiplier Tubes (PMTs) (i.e. the Photo Detector Module

1000 (PDM 1000). The PDM 1000 sends the signal as an electrical signal to the TSI Flow Size

Analyzer 4000 (FSA 4000) signal processor. The latter extracts the frequency at which the

seeding particle crossed a bright fringe. This frequency is known as Doppler frequency, fp, and

because the fringe spacing, ô¡ is geometrically fixed, the Flowsizer can determine the particle's

velocity, uØ) as

u-: E¡fo.

The measurement (probe) volume is ellipsoidal in shape and its dimensions are tabulated in

Table 3.1 (see Appendix C for the equations used in calculating the dimensions of the probe

volume). Furthermore, the settings of the optics and the laser beams used are also tabulated in

Table 3.1.

To maximize the data rate, the software called Flowsizer is optimized. This process is mostly

iterative and it involves selecting the right PMT voltage, Burst threshold, Band pass filter,

S i gnal-to-Noise Ratio, and downmix frequency.

(3.3)
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Table 3 . I : Characteristics of the laser optics set-up

Wavelength (nm)

Focal Length (mm)

Beam Separation (mm)

Laser Beam Diameter (mm)

Channel I (Green Beams)

Fringe Spacing (pm)

Probe Volume Width (¡rm)

514.5

Probe Volume Length (mm)

363

Channel2 (BIue Beams)

Probe Volume Height (¡rm)

40.00

Note that LDV was mainly used for the non-reacting turbulent jet and the reacting jet in the

presence of swirling/non-swirling co-flow. For each flow location, 40,000 sample points are

taken to determine the orthogonal mean velocities, (J and V, and their mean fluctuating

components.

2.80

488

4.6762

363

84.93

40.00

1.53

2.80

85.06

4.4353

80.55

t.46

80.67
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Figure 3.10: Schematic layout of the backscattering LDV used in the present study.

3.5 Uncertainfy Estimates

This section treats separately the combined measurement uncertainties of the reacting and non-

reacting jet flows. There are two broad sources of error in experimental measurements, namely

bias and precision enors. Consequently, the total uncertainty can be found by combining

precision and bias errors âSr o¡s¡¿¡ : f(B+tP), where B is the bias error, P is the precision error,

and t : 1.96 for a 95%o confidence level.

Signal

backsc:rttered light

t (measured)

3.5.1 Non-Reacting Jet Flow Uncertainty Estimates

V-
measuring volume

The error analysis of the LDV data is based on the recommendations of Schwarz (1998) and

relevant references cited therein. A 95Yo confidence interval for Gaussian (or nearly Gaussian)
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distribution was assumed (Moffat, 1988). The equations used for the uncertainty estimates are

given in Appendix D.

Applying these uncertainty equations, it was found that close to the nozzle exit (i.e. x :2 mm)

and downstream, a typical er¡or obtained for the mean velocities at the center of the jet are about

+0.4o/o while those at the shear-layer (i.e. at the jet edges) are about :'0.9o/o. The corresponding

mean turbulence intensity uncertainties at the centerline and shear-layers are +0.7 o/o for u and

+0.6Yo for v while the Reynolds shear stress uncertainty in the shear-layer is about +I0oÄ atx : 2

mm. The Reynolds shear stress unceftainty in the far-field shear-layer reduces to about 13.0%

while those of the turbulence intensities remain nearly unchanged.

3.5.2 Reacting Jet FIow Uncertainty Estimates

The reacting jet flow combined uncertainty was quite difficult to quantify. In contrast to the

precision errors, the bias errors were not very difficult to quantify. Consequently, the precision

error of the measurements was estimated by using 95Yo confidence interval. The error estimated

for the liftoff height measurements is about +0.60/0 while that of the flame length is about +1 .0o/o.

The maximum error estimated for the blowout and liftoff velocities are +5.4o/o and +3.4yo,

respectively. The relatively higher error of the flame blowout and liftoff velocities are mainly

due to the limited number of samples taken (i.e., three measurements for each set condition).

However, these three measurements for each set condition were very similar so, in order not to

waste the methane gas, these measurements were deemed suff,icient.
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3.6 Test Conditions

Table 3.2 represent the test conditions employed in the study of non-reacting jet flow as well as

reacting jet flow (with no co-flow). Table 3.3 represents the conditions tested for turbulent

methane flame with swirling/non-swirling co-flow.

Table 3.2: Experimental test conditions for non-reacting turbulent jets with and without sudden

expansion.

Nozzle

Contracted Circular

Pipe

Rectangle

D"

(mm)

Triangle

Table 3.3: Experimental test conditions for turbulent jet flame without sudden expansion and no
co-flow.

Square

U, (m/s)

7.62

Nozzle geometry

4.82

D" (mm)

4.71

Reacting jet's exit velocity (m/s)

30

4.46

30,65

-J

Re (x1g ¡

4.56

30,65

t6.r

30,65

10.2-22.1

30, 65

Pipe

9.9 -2t.6

9.4 - 20.4

Contracted circular

4.45

2t-68

9.6 -20.9

4.81

27-68

Rectangle

4.71

Triangle

27-78
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4.46

Square

27-68

4.56

27-68



Table 3.4: Experimental test conditions for turbulent jet flame with sudden expansion but

without co-flow.

Nozzle geometry

Q (mm)

Reactins iet's exit velociw fmls)

Table 3.5: Experimental test conditions for turbulent jet flame with co-flow but without sudden

expansion.

Pipe

4.45

Quantities Measured

27-67

Contracted
circular

Liftoff Height, h

Blowout

Flame Length

Liftoff Velocity

U,'r,r, v, zv (LDV)

4.81

Contracted Circular Nozzle

27-88

(ccN)

U¡ (tn/Ð U" (n/Ð

35-90 0.58,2.65

* 0.58-4.56

35-75 0.58, 3.02

+ 0.59-4.56

60 3.02

Rectangle

4.71

*Denotes the quantity that is required to be measured.

2l-88

Triangle

4.46

Square

27-88

,s

0, 1 .15

0-1 .1 5

0, 1.15

0-1.1 5

i.t5

4.56

Rectangular Nozzle (RN)

27-88

U¡ (rn/Ð

35-90

*

35-75

4

20,60

U" (n/Ð ,S

0.58,2.65 0, 1.15

0.58-4.56 0-1.15

0.58,3.02 0, 1.15

0.5 8-4.56 0- I .1 s

1.84,3.02 0, 1.15
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This section is sub-divided into non-reacting and reacting jet flows. Non-reacting flow results on

the effect of sudden expansion on the entrainment and spreading of a turbulent free jet issuing

from asymmetric nozzles are presented first, followed by the effect of exit velocity on the jet

centerline mean velocity decay and spreading. Reacting jet flow results, conceming the effect of

asymmetric nozzles and sudden expansion on the stability of a turbulent methane jet flame

issuing into a quiescent environment are presented next. Finally, this section will be concluded

by results on swirling and non-swirling methane flames.

4.1 Non-Reacting Jet Flow

CIIAPTER 4: RESULTS AND DISCUSSIONS

4.1.1 Effect of Sudden Expansion on Entrainment and Spreading of a Turbulent Free Jet

The results presented in this sub-section concern LDV profiles of the streamwise mean velocity

decay, the streamwise development of the jet half-velocity width, the streamwise and radial

mean velocity, turbulence intensity and Reynolds shear stresses of each nozzle's geometry with

and without sudden expansion along the centerline plane as shown in Fig.4.1. However, the

sudden expansion (quarl) is not used for the pipe flow, as the current bumer arrangement

requires further complicated modifications to allow the use of quarl. The two-dimensional results

presented below are deemed sufficient because the main focus of the present work is on studying

the effect of a sudden expansion (i.e. quarl) on jet's entrainment and spreading, which can be

determined via two-dimensional measurements. Furtherrnore, two-dimensional study can reveal

largely the rate of entrainment because the most significant quantity needed to determine jet's

entrainment is the mean centerline velocity decay. However, for a better understanding of the

effect of the asymmetry of anozzle on the spreading of the rectangular jet, the minor plane (x-z)
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of the rectangular nozzle was also explored to assess the development of the half- velocity width

along this plane. Note that all results in this sub-section are for a 30 m/s air jet.

Figure 4.1: LDV measurement planes for-(a) Smooth pipe or contracted circular nozzle (b)

Rectangular nozzle (c) Equilateral triangular nozzle, and (d) Square nozzle.

4.1.1.1 Mean Streamwise Centerline Velocity Decay Witltout Quarl

Figure 4.2 shows the effect of asymmetric nozzles on the streamwise centerline mean velocity

decay without the presence of a quarl. For a self-preserving round jet, the centerline mean

velocity decay is expressed as (Xu and Antonia,2002)

(c)

U-n 
=("-"0)u"t crD" )

where xo is the vinual origin, C, is the decay constant, x is the centerline streamwise distance

from the nozzle exil-, U,,,o* is the maximum centerline mean velocity, and (J"¡ is the centerline

mean velocity. For a round jet, it is usually assumed that the self-preserving region is at

,lD" >20 (e.g., Boersma et al., 1998; Capp et al., 7990; Xu and Antonia, 2002: Quinn, 2005;

Panchapakesan and Lumley, 1993). Consequently, Eq. (a.1) is used to fit the measured data

presentedinFig.4.2intherangebetweenx/D":20-45, whereforthepipejet, Cland x'are

found to be approximately 5.82 and 2.76D", respectively. The present value of Cr is not in good

agreement with published values reported in Table 4.1, however, the present .rr0 seem to be in
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fair agreement with that of Xu and Antonia (2002). One may attribute this discrepancy in C7 to

the difference in the exit conditions of the pipe's jet (e.g., Reynolds number, orifice exit shape)

or the technique employed by the different investigators to measure the jet velocity profiles.

However, since the value of C7 reported by Xu and Antonia (2002) is nearly similar to published

results of Boersma et al. (1998) and Ferdman et al. (2000) which are obtained at two largely

different Reynolds numbers, this rules out the possibility of Reynolds number difference being

the cause of this disparity in the value of C t. However, the published velocìty measurements

were obtained by using hot-wire anemometry (Boersma et al., 1998; Xu and Antonia,2002;

Ferdman et al., 2000) whereas LDV is used in the present study. It has been found that

measurements of mean velocities and their fluctuating components obtained using hot-wire

anemometry exhibit some differences compared to those obtained by using LDV (Hussein et al.,

7994;Panchapakesan and Lumley,1993).In fact, the value of C¡ for a contracted circular nozzle

obtained, with the same test conditions, by using hot-wire anemometry and LDV was quite

different (Hussein et al., 1994). Some of these discrepancìes were assumed to be caused by the

cross-flow and rectification errors present in stationary hot-wire measurements. However, even

the flying hot-wire measurements were also found to differ from those acquired by using LDV

(Hussein et al., 1994). Therefore, the reason for the discrepancy in the values of C¡ between the

present study and published studies may be attributed to the different techniques used for

velocity measurement. It is believed that the co-flow is too weak to cause such a significant

discrepancy in the value of Cr.
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Figure 4.2; Centerline mean velocity decay for various nozzle geometries without quarl.
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Table 4.1: Jet decay rate for the pipe flow

Boersma et al. (1998)

40

Ferdman et al. (2000)

U
(m/s)

50

30

ZJ.J

D" (mm)

7.62

N/A

55

N/A

N/A

Re x 10-3

14.5 (far-f,reld) and

25.4 (near-field)

15

86

Ct

2.4

5.82

xo

24

6.5

2.76D,

6.3

2.6D"

6.7

N/A

N/A
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Using Eq. (a.1) and the same xf D" range reported above for the pipe, the corresponding values

for the rectangular, triangular, contracted circular, and square jets are C.,: 5.93,5.74,6.23,6.26

while :ro is -0.65D",0.71D", 1.45D", and -1 .01D", respectively (see Tables 4.2 and 4.3). The

linear fit for all nozzle jets have almost perfect value of R2 which is about 1. This value

corresponds to a perfect fit. It has to be acknowledged that using the same self-similar region for

computing C, and xo does not in any way imply that all nozzles achieve self-similarity at the

same streamwise location.

The present measured value of C, for the contracted circular jet is not in good agreement with

most published data, as shown in Table 4.2 though it is close to the value of 6.06 obtained by

Panchapakesan and Lumley (i993). The difference in Ct may be primarily due to the

dissimilarity in the profile of the nozzle's orifice contraction, and could also be slightly caused in

part by the low-momentum co-flow employed in the present study. In fact, the nozzlds orifice

contraction ratio of the present contracted circular nozzle is quite low (i.e. 2.5:l) which may be

the reason why the velocity profiles are not perfectly top-hat at the exit of the nozzle. The value

of xo for the present contracted circular jet is also not in agreement with the values reported in

Table 4.2. These discrepancies may be partly caused by the same reasons as for C,. However,

the value of ro can be different for different Reynolds numbers. In fact, it has been shown that

an increase in Reynolds number can lead to a decrease in the streamwise mean velocity decay as

a result of a decrease in the rate of jet entrainment, which in tum engenders an increase in the

potential core of the jet (i.e. an increase in xo) (Warda et a1.,1999). Furthermore, the values of

C, and ro for the triangular jet are not in agreement with those of Quinn (2005) whose values

are 5.10 and 0.389D,, respectively, a|, a Reynolds number of 184,000. This difference could
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result from the Reynolds number, which is significantly different in both studies, the little

difference in the nozzle's contraction geometry employed in the two studies, or it could be both.

It has to be acknowledged that the nozzle employed by Quinn (2005) has very sharp-edges with a

slightly different (larger) contraction compared to the nozzle's configuration employed here.

Table 4.2: Jet decay rate for the contracted circular nozzle without quarl

Present Work

Reference

Xu and Antonia (2002)

Boersma et al. (1998)

Capp et al. (1990)

U

(m/s)

Capp et al. (1990)

Measurement
type

30

Rodi (1975)

23.3

Panchapakesan and

Lumley (1993)

LDV

N/A

Hot-wires

D"
(*m)

N/A

DNS

N/A

Figure 4.2 shows clearly that with a jet bulk exit velocity of 30 m/s, the jet decay is faster for the

triangular nozzle, followed by the rectangular, with the pipe as the lowest. This trend confirms

the findings reported in (Mi et al., 2000;' Quinn, 2005) amongst others. This is more evident

when observing the centerline streamwise mean-velocity decay of the jet's near-field region (i.e.

x I D" < 15 ), as shown in Fig. 4.3.

LDV

Re x 10-'

4.82

101

Hot-wires

55

21

Hot-wire

9.4

N/A

Hot-wire

C7

86

N/A

2.4

N/A

6.23

N/A

12

5.6

xo

N/A

6.1

5.9

1.45D"

87

5.8

3.1D"

il

5.9

N/A

5.9

N/A

6.06

N/A

N/A

-2.5D"
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What can be retained from the brief discussion above and from Fig. 4.2 to 4.3 is that the

coefficient C, alone seems incapable of predicting the trend of the rate of jet entrainment for all

nozzles' geometries as presented in Fig. 4.3. Also the values of xo alone do not reflect this trend.

It has been shown that the lower the C,, the higher the rate of entrainment (Xu and Antonia,

2002). However, this concept fails when the pipe, which has the lowest entrainment rate and the

square with the third highest rate of entrainment, are included. This failure is due to the

differences in the decay rate of the pipe and square in the near-field (i.e. x/D" 520) and far-field

(i-e. x/D" > 20) relative to other nozzles. In the near-field, the pipe's streamwise centerline mean

velocity decay is lower than all of the other nozzles but becomes similar to the square jet and

even becomes higher than the contracted circular nozzle in the far-field when self-preservation of

8

x/D
e

t2 I6

54



the jet is reached. Consequently, because C, is calculated in the far-field (i.e. x/D,>20), it does

not give an accurate representation of the near-field which determines the extent of entrainment.

This f,rnding is consistent with that of Quinn (2005) who tested triangular jets and a sharp-edged

circular nozzle. Quinn (2005) found that the value of Cr for the round jet and isosceles triangular

jet were lower than that of the equilateral triangular jet but the near-freld clearly showed that the

equilateral triangular jet had better entrainment. On the other hand, the xo in the present study

does not have any particular order/trend and no firm conclusion can, therefore, be obtained from

it. This is also in accordance with the findings of Quinn (2005). However, if C, and xo of each

individual nozzle, as presented in Tables 4.1 to 4.2, arc combined then they can predict an

overall pattern or order of the velocity decay rate (i.e. entrainment rate) shown by the tested

nozzles. Consequenfly, C, and xo are sufficient to predict the nozzles' streamwise mean velocity

decay in the far-stream.

4.1.1.2 Jet Centerline Meøn Velocity Decay with Quarl

The streamwise mean velocity decay in the jet centerline is shown in Figure 4.4 for the

rectangular, triangular, square, and contracted circular nozzles with and without quarl. Note that

the measurements of the mean velocities and their fluctuating components with the presence of

quarl were taken starting from xf D" = 3.5 downstream of the nozzle exit. Consequently, to make

a comparison between the quarl and no-quarl jet configurations, the results of the no-quarl

configuration are only considered foru ID" > 3.5. In addition, the (1,,,o, for the sudden expansion

configuration is taken as the U,o, of the coresponding geometries without sudden expansion

(often taken at x : 2 mm or further downstream depending on the nozzle type). This practice is

necessary in order to account for the effect of sudden expansion and exit velocity on the
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streamwise centerline mean velocity decay. Figure 4.4 compares the centerline mean velocity

decay for the jet flow configurations with and without quarl. Utilizing the same Eq. (4.1) to fit

the present quarl experimental data in the range 20 < xf D" < 45, we find the values of C, and

rro as reported in Table 4.3.
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Table 4.3: Jet decay with and without quarl for different nozzle's geometries

Geometries

(Uo,^ taken at x:2 mm or the highest t/"¡)

U7:30 m/s

Rectangle

Triangle

Circle

No Quarl

Ct

Square

Figure 4.4 clearly reveals that there is considerable improvement in the jet decay when quarl is

used as opposed to without quarl. This increase in entrainment may be related to the jet flow

changes induced by sudden expansion of the jet flow issuing from a relatively smaller diameter

into a larger diameter. For example, studies of the effect of square and rectangle sudden

expansion ofjets issuing from a square and rectangular nozzle, respectively, showed that the rate

of entrainment and spreading is controlled by the growth rate of the streamwise vortices, which

are accelerated by the sudden expansion of the nozzle (e.g., Sau, 2002, 2004; Nakao, 1986).

Consequently, the higher entrainment generated by the use of quarl may possibly be attributed to

the higher growth rate of the streamwise vortices generated by the circular sudden expansion of

the jet flow issuing from either an asymmetric nozzle or a contracted circular nozzle. ln

particular, the higher entrainment of the rectangular and triangular nozzles with quarl is also

attributed to their much higher growth rate of their streamwise vortices compared to the other

geometries with quarl, such as the square and contracted nozzles. For example, Nakao (1986)

found that for a square duct followed by an expansion, the streamwise vortices were largely

57

5.93

5.7 4

6.23

xo

-0.65D,

6.26

0.llD"

With Quarl

7.45D"

Ct

-1.07D"

3.99

4.35

5.90

X¡

1.40D"

5.19

-2.74D,

0.63D"

-052D"



weak and do not persist downstream which is an indication of a relatively low jet entrainment.

However, Sau (2002) found that there were strong streamwise vortices that dominate the entire

flow field of a rectangular sudden expansion jet. Sau (2002) reported that these strong

streamwise vortices increase the relative rate of entrainment of the rectangle sudden expansion

flow. This may explain why sudden expansion seem to influence the streamwise centerline

velocity of the rectangular nozzle much more compared to all other nozzles used here.

4.1.1.3 Development of the Jet Half-Velocity I'Yidth witltout Quarl

The jet halÊvelocity width is a very good indicator of the jet spreading rate. Figure 4.5(a)

presents the jet spreading as a function of xf D"along the major plane (x-y) of the rectangular

nozzle as well as the planes shown in Fig. 4.1 for the remaining four nozzle's geometries tested

in the present study.
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Figure 4.5(a): Jet half-velocity width for various

0.0

nozzle geometries without quarl.
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The requirement for self-preservation for a round jet, according to Xu and Antonia (2002), is

given as

!,¡, f D" : Cr(* - ,orY D,

where !y2isthejethalf-velocitywidth,Czisaconstant,andxs2isavirtualorigin.However,the

maximum streamwise location where the jet spread is measured for each nozzle is at xf D" = 25

and therefore only two locations (i.e. xlD":20 and25) are used to compute Cz and xe2. The

experimental data for each nozzle's geometry, which is presented in Fig. 4.5(a), is used to fit Eq.

(a.1. The value of Cz for the pipe jet is found to be 0.097 (see Table 4.4), which is not in good

agreement with the value of 0.086 found by Xu and Antonia (2002). The value of xoz for the pipe

is found to be 2-65D. in this study. While the values of Cz and xs2 are found to be 0.084 and -

7.28D";0.098 and 1.72D,;0.085 and -l .78D,; and 0.097 and -0.17D" for the rectangular,

triangular, contracted circular, and square jet, respectively. The value of Cz for the contracted

circular jet is not in good agreement with the LDV measurements of Capp et al. (1990), the hot-

wire measurement of Xu and Antonia (2002) and the hot-wire measurements of Panchapakesan

and Lumley (1993) who obtained a value of C2 equal to 0.094, 0.095 and 0.096, respectively, as

shown in Table 4.5. However, the present value of Cz is in fair agreement with those of Rodi

(1975) and V/ygnanski and Fieldler (1969) who both obtained a value of 0.086. These

differences may, in part, be due to the variation of the nozzle's orifice contraction profile used by

each investigator, and also possibly in part to the different measurement techniques employed. It

has to be emphasizedthx the values of C2andx62 when used individually do not give a very

clear indication of the trend of the spreading rate when comparing different nozzles especially

the asymmetric nozzles. For example, the near-field of the triangular and rectangular nozzle

(4.2)
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gives the impression that they have higher rate of spread; however, the far-field shows that the

square nozzle and the contracted circular nozzle become higher. This discrepancy is due to the

fact that the pipe, contracted circular nozzle, and to some extent the square nozzle have

symmetric mean velocity profiles across most of the planes whereas the rectangular and

triangular nozzles are not.

Present Work

Ref.

Xu and Antonia (2002)

Table 4.4: Jet spread rate for the pipe flow

U (n/s)

30

Table 4.5: Jet spread rate for the contracted circular nozzle

23.3

D" (mm)

7.62

55

Present work

Re x 10-"

Capp er al. (1990)

15

Ref.

Panchapakesan and Lumley (1993)

86

Cz

Xu and Antonia (2002)

0.097

Consequently, to put in perspective

ofthe jet spread for the rectangular

represented in Figure 4.5(b) which

Wygnanski and Fieldler (1969)

0.086

xoz

Rodi (1975)

2.65D,

N/A

Cz

0.085

0.094

xoz

-1.78D"

0.096

NiA

0.095

the effect of this asymmetry on jet

nozzle is also performed along the

shows the phenomenon of 'axis

N/A

0.086

N/A

0.086

N/A

N/A
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observed and described in the literature (e.g., Quinn , 7995,2005; Zaman, 1996)- In the near-field

where the rectangular jet still retains its shape (see Quinn,1995), the spread rate along the minor

axis is seen to be lower than that of the major plane but at around x/D":10, they become very

similar until the jet spreading rate along the minor axis grows much faster than that along the

major axis farther downstream. This phenomenon is termed as axis switching and it has been

shown that as its frequency of occuffence increases, the rate of entrainment and subsequently

mixing is increased. For example, it was observed by Quinn (2005) that axis switching occurs

multiple times for the equilateral triangular jet, which may explain its apparent increase in

entrainment and jet spreading compared to other nozzle geometries. Furthennore, the halÊ

velocity width of the rectangular and triangular jets, as shown in Fig. 4.5(a), decreases initially or

remains nearly constant in the very near-field (i.e. for x/Du < 2),which Quinn (2005) attributes to

the vena contracta effect of the triangular nozzles. However, for x/Dn > 2, the jet half-velocity

width increases linearly with the streamwise distance. Nevertheless, the half-velocity width for

the other nozzles remains nearly constant starting from the initial point of measurement (i.e. x:

2 mm) to about x/D, < 5 before it increases linearly with the streamwise distance.
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Figure 4.5(b): Comparison of the jet half-velocity width of the major and minor plane of the

rectangular nozzle geometry without quarl.

4.1.1.4 Development of tlte Jet Half-Velocity Width witlt the Presence of Quarl

0.0

The use of quarl considerably increases jet spreading for all the nozzles tested here, as shown in

Fig. 4.6. However, the effect of quarl is more predominant in the case of asymmetric nozzles

compared with their axisymmetric counterpart (such as the contracted circular nozzle).
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Eq. (a.\ is fitted to the data presented in Fig. 4.6 in order to determine the values of Cz and xs2

for the different nozzles' configuration. We find that Cz and xs2for the quarl configurations are

0.056 and -34.63D,; 0.091 and -9.06D"; 0.073 and -6.80Du; and 0.080 and -8.92D, for the

rectangular, triangular, contracted circular and squarejets, respectively (see also Table 4.6).
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Table 4-6: Iet spread rate with and without quarl for differentnozzle geometries

Geometries

Rectangle

Triangle

Circle

It has to be emphasized again, that the values of Cz and xe2 when considered individually are

incapable of representing the trend of the jet spreading rate shown in Figure 4.6. This is because

the determination of Cz and xs2 is only based on the self-similar region (which is assumed to

range from x/Dn > 20); consequently, they do give an overall good representation of the self-

similar regions. Each coefficient (i.e. Cz or x¿2) when taken individually, however, is not

sufficient to indicate the overall trend of the rate of jet spreading as revealed in Figure 4.6.

However, comparing rhe Cz and x¡¡2 of the geometries with quarl and those without quarl, it can

be seen that the virtual origins of the geometries with quarl become lower which is an indication

of a shorter jet's potential core length and lower values of Cz. In addition, from Figure 4.6, one

can easily notice that the rectangular nozzle has the highest overall spread rate followed by the

triangular nozzle and thereafter the square nozzle which is in accordance with the trend of the

coresponding streamwise centerline mean velocity decay.

Square

No Quarl

C2

0.084

0.098

xoz

0.085

-1.28D"

0.091

With Quarl

1.72D"

Cz

0.0s6

1.78D"

-0.71D"

0.091

xoz

0.073

-34.63D".

-9.06D"

0.080

-6.80D,

-892D"
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4.1.1.5 Profiles of the Mean Velocities, Turbulence Intensities, ønd Reynolds Stresses with and

ntithout tlte Presence of Quørl

Figure 4.7 presents the centerline mean velocity prof,rles at a typical near-field region, i.e. x :2

mm (which corresponds to the first streamwise location measured), for the five different nozzles

tested in the present study.
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Figure 4.7: Radial profiles of the streamwise mean velocity for various nozzle geometries

without quarl at x:2 mm.

For the rectangular nozzle, the mean velocity profiles and their corresponding fluctuating

components as well as Reynolds stresses are presented only for the major plane (x-y). This figure

shows that apart from the pipe, most nozzles' velocity profile approaches a top-hat shape

especially the rectangular nozzle's jet. The pipe's fully developed turbulent profile (U/U,ù is
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fairly well described by the empirical power-law relation (t-2y/D")ih with n: 6, which confirms

that the flow upstream of the pipe exit is fully-developed turbulent pipe flow. At flow locations

prior to x/Dr:3, LDV measurements for the quarl configuration could not be made because the

quarl extends beyond x:2 mm and it is rather too close to x/D": 3. Consequently, the quarl

measurements for the mean velocity profiles, turbulence intensities, and Reynolds stresses are

made only for x/D, > 3. Figure 4.8 shows the corresponding turbulence intensities at x :2 mm.
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Figure 4.8: Radial profiles of the mean fluctuating velocity components for various nozzle

geometries without quarl at x:2 mm.
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their higher shear-layer turbulence intensities. The higher turbulence intensities at the comers of

the triangular and rectangular nozzles have been shown by (Quinn, 2005) to produce a stronger

vortex pair which enhances entrainment and spreading rates. There are different scales of

turbulence for the asymmetric nozzles according to (Gutmark et al., 1991). The small-scale

structures occur at the nozzle corners and the large-scale structures at the flat sides (Gutmark e/

al., 1991).It has also been established by Gutmark et al. (1991) that the coexistence of large-

scale structures at the flat side and small-scale structures at the corners improve combustion as a

result of improved mixing. Gutmark et al. (1991) also stated that as a result of the high level of

turbulence at the corners, combustion reaction starts closer to the nozzle exit when compared to

the axisymmetric nozzles with no corners. Consequently, according to (Gutmark et al., l99l;

Quinn, 2005) the improved entrainment and spreading of the asymmetric nozzles compared to

their axisymmetric counterparts could be due to the influence of the comers which produce

strong vortex rings due to high velocity gradients at these locations. Quinn (2005) and Sau

(2002,2004) reported that the counter-rotating vortex pairs have a drastic impact on mixing. It

has also been remarked by (Gutmark et a|.,1991) that the smaller the corner angle, the higher the

level of turbulence and subsequently, the higher the spreading. Consequently, the triangular

nozz\e with smaller corner angles (i.e. 60 degrees) compared to the rectangular and square nozzle

(i.e. 90 degrees) could indicate why entrainment and spreading seems higher for the triangular

nozzle as shown above. Furthermore, the thinner shear layers and the flat centers of the

asymmetric nozzles compared to their axisymmetric counterparts could indicate why the

vorticity may be concentrated at the edges of the jet. The thin shear layer has been known to be

responsible for the formation of uniform azimuthal vortex rings in axisymmetric jets and non-

uniform azimuthal vortex rings in asymmetric jets (e.g., Mi et a|.,2007; Sau, 2002). This vortex
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dynamics has been shown to be responsible for axis switching in elliptical, rectangular and

triangularjets (e.g., Ho and Gutmark, 1987;Zaman,1996,1999; Sau,2002,2004). However, Xu

and Antonia (2005) hypothesized that for a pipe jet, the turbulence is spread over a wide range of

wavenumbers, thereby irnpeding vortex formation and pairing processes needed for mixing. This

could also explain why asymmetric nozzles have better entrainment and spreading compared to

the pipe jet.

The Reynolds shear stress distribution at the same location (i.e. x : 2 mm) for all the nozzles

used in this study is shown in Fig. 4.9.
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Figure 4.9: Radial profiles of Reynolds shear stresses for various nozzle geometries without

quarl at x:2 mm.
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This figure shows clearly that the Reynolds shear stresses are higher at the nozzle edges, which

are the regions where high spanwise or radial velocity gradients are predominant. It, therefore,

indicates that the Reynolds shear stresses correlate well with the mean spanwise velocity

gradients (i.e. ôUlôy). Consequently, the Reynolds shear stress is very flat in the center of the

jets but increases significantly at the edges, though it is not symmetric as also shown in (e.g., Xu

and Antonia, 2002; Quinn, 2005). This Reynolds shear stress flatness scenario is more

predominant for the jets characterized by a top-hat velocity profile compared to the pipe with a

fully developed turbulent pipe flow.

Figure 4.10 shows the mean velocity profiles at x/D": 3. This figure clearly shows the departure

from the nearly top-hat velocity prof,rle shape that is seen at x:2 mm. This is an indication of the

entrainment of the ambient fluid that has already taken place up to this flow location.

Furthermore, this figure shows that the U/U"¡ profile for the asymmetric nozzles is wider than

that of the axisymmetric counterparts as a result of the higher spreading and entrainment of the

asymmetric nozzles.
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Figure 4.11 shows the radial distribution of u/U"¡ and v/U,¡for the different nozzles tested here.

This figure demonstrates that the asymmetric nozzles have higher turbulence intensities at the

nozzle edges compared to their axisymmetric counterparts. However, the rectangular jet seems

to have a relatively flatter center compared to all other nozzles which is also a characteristic of

the mean streamwise velocity distribution at this location, as shown in Fig. 4.10. This flatness of

the turbulence intensity profile in the center of the rectangular jet is an indication that the

turbulence intensities are concentrated at the edges of the asymmetric nozzles though not very

obvious for the triangular nozzle because of the plane of measurement used and the configuration

of the geometry. Consequently, this figure emphasizes again the influence of asymmetric nozzles
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on the rate of ambient air entrainment srnce

with the radial distributions of u/U,¡ and v/U"t
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Figure 4.1 1: Radial profiles of the fluctuating velocity components for various nozzle geometries

without quarl at x /D":3 (Symbols are as in Figure 4.8).

Figure 4.12 shows the radial profiles of the Reynolds shear stress at x/Du: 3. This figure shows

very similar profiles to those measured at x : 2 mm, except that there is a reduction in the

flatness at the center of the asymmetric nozzles as a result of entrainment. This reduction is due

to a change in the velocity gradient as a result of the entrainment of more ambient fluid by the jet

flow (i.e. AUIõy changes). However, the asymmetnc nozzles still have the highest Reynolds

shear stresses at the edges compared to their axisymmetric counterparts. The higher Reynolds

shear stresses of the asymmefric nozzles in the mixing layer indicates higher entrainment and

spreading of the asymmetric nozzles compared to their axisymmetric counterpafts.
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Figure 4.12: Radial prof,rles of Reynolds shear stress for various nozzle geometries without quarl

atx lD":3 (Symbols are as in Figure 4.9).
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Figures 4.73 and 4.14 show the radial distribution of the normalized mean velocity profiles at
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The location x/Dr: 20 is chosen because it is assumed that downstream of this normalized

streamwise location, the mean velocity profiles of an axisymmetric jet becomes self-similar.

Furthermore, the effect of quarl is clearly evident from these figures. The profile of the quarl

configuration is seen to be wider than the no-quarl configuration indicating a greater jet's

spreading rate of the quarl configuration compared to the no-quarl configuration. However, while

the quarl configurations of the asymmelric nozzles are seen to have much wider profiles

compared to their no-quarl counterpart, only little change is observed for the quarl and no-quarl

ofthe contracted circular nozzle.

Figures 4.75 and 4.16 show the radial distribution of u/U,¡ and v/(J,¡ at x/D" : 5 and 20,

respectively, for the quarl and no-quarl conhgurations of the different nozzles tested here. Again,

it is clearly shown in these figures that the turbulence intensity profîles of the quarl

configurations are wider and much larger than the no-quarl configurations. This also confirms

the initial stipulation that the rate of entrainment and spreading correlates well with the increase

in turbulence intensities at the edges. Mixing is initiated at the edges or corners and the higher

the turbulence at these edges and corners, the higher the entrainment and spreading rates.

Consequently, the asymmetric nozzles with quarl, which have the highest turbulence intensities

at the edges, have also higher jet entrainment and spreading compared to their no-quarl

counterparts. In addition, Figure 4.16 which shows the profile of u/U,¡ and v/U,¡ at x/D":20

gives the impression that the profiles of the mean fluctuating components have not reached self-

similarity at this location. This is in accordance with the proposition by Boersma et al. (1998)

that self-similarity for the velocity fluctuations can only occur aT x/Du > 35 for axisymmetric

nozzles.
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Figures 4.17 and 4.18 showthe Reynolds shear stresses of the different nozzle geometries with

and without quarl atx/D": 5 and 20, respectively. These figures clearly reveal that the Reynolds

shear stress distribution is higher for the quarl configuration compared to the no-quarl

counterparts. This implies that the radial velocity gradient @Ul}fl is higher for the quarl

configuration compared to the no-quarl configuration. Consequently, as a result of increased

Reynolds shear stress for the quarl configuration over the no-quarl counterpart, jet's spreading

and entrainment are improved.
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Figure 4.18: Radial profiles of Reynolds shear stress for various nozzle geometries with and

without quarl at x /D":20 (Symbols are as in Figure 4.17).
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The normalized centerline mean fluctuating velocity profiles (i.e. u/U¿ and v/U,) are shown

Figure 4.19 for different nozzle geometries without quarl.

0.3

0.2

\J

-\ 0.1

tsJ

o

Î
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Figure 4.19: Axial profile of the normalized mean fluctuating velocity components for various

nozzle geometries without quarl.
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This figure shows that in the near-field, the values of u/U,t and v/U"t are higher for the

asymmetric nozzles compared to their circular counterparts. Consequently, this increase in

turbulence intensities could be responsible for the better entrainment and spreading of the

asymmetric nozzles. The same figure shows also that the normalized mean fluctuating velocity

(i.e.uf U,,) for the pipe jet increases until it reaches a value of uf U,, = 0.24 at xf D" = 30 . This

is in fair agreement with the findings of Xu and Antonia (2002) who measured a maximum value

of ufU,, :0.25 at xf D" 240. The corresponding maximum values for other nozzle jets is
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identical to that of the pipe; that is ufU,, =0.24. However, these maximum values occur at

different x/D, locations compared to the pipe's maximum ufU,, location. This figure shows

clearly that the asymmetric nozzles have much higher ulU"t at the initial stage (i.e. near-field) of

the jet development compared to their axisymmetric counterparts. Consequently, the higher

turbulence in the near-field of the asymmetric nozzles enhances the jet's entrainment. This

observation that asymmetric nozzles have higher fluctuating components compared to their

axisymmetric counterpart confirms the findings of Mi et al. (2000). Overall, these observations

strengthen the role of turbulence in jet entrainment and spreading.

Figure 4.20 underscores the influence of quarl on u/U"¡ and v/U"ù as it shows thaf, at any given

streamwise flow location, u/Ur¡ and v/U"t increases signif,rcantly for the quarl configurations of

the asymmetnc nozzles compared to their no-quarl configurations. However, the increase in the

axisymmetric nozzles (i.e. contracted circular nozzle) is not as significant as that of the

asymmetric nozzles. This increased turbulence which is more pronounced for the asymmetric

nozzles with quarl over the axisymmetric nozzles with quarl partly explains why the asymmetric

nozzles have higher rates of ambient fluid entrainment and jet spreading. Figure 4.19 shows that

the hump observed by Mi et al. (2000) is not easily discernible in the present experiment for the

triangular and rectangular jets. This could be due to the fact that no measurements were made in

the region 5<xf D" <l0,where Mi et al. (2000) observed the hump. However, this hump is

easily discernible for both the triangular and rectangular jets with quarl at x/Du : 5.
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The foregoing shows, for instance, that just as the tabs in the rectangular nozzle of Zaman (1996,

1999) are found capable of increasing jet spreading and entrainment, the use of quarl, which is a

cylindrical sudden expansion, is also found to promote higher rates of entrainment and spreading

than without quarl. Furthermore, the effect of quarl is seen to be more predominant for the
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triangular jet and least for the contracted circular jet. It is shown that this phenomenon could be

the result of increased vortical dynamics and increased turbulence intensity of the asymmetric

nozzles with quarl compared to the axisymmetric nozzle (i.e. contracted circular nozzle) with

quarl.

4.1.2 Effect of Exit Velocity on Entrainment and Spreading of a Turbulent Free Jet

The results presented below are an attempt to investigate the effect of exit velocity on the

entrainment and spreading of a turbulent free jet. To accomplish this objective, 30 m/s (already

reported above) and 65 m/s profiles of the mean-velocity decay and half-velocity width, as well

as the radial and axial profiles of the mean-velocity, turbulence intensity and Reynolds shear

stresses along the jet centreline plane are compared. These data are reported for each nozzle

configuration with and without sudden expansion for two different jet exit velocities. The two-

dimensional results presented here are deemed suff,icient because the main focus of the present

work is on studying the effect of initial flow conditions (e.g. jet exit velocity) on jet's

entrainment and spreading, as these characteristics of a jet can be determined via two-

dimensional measurements. However, for a better understanding of the effect of the asymmetry

of anozzle on the spreading of the rectangular jet, the minor plane (x-z) of the rectangular nozzle

was also explored to assess the development of the half- velocity width along this plane. Note

that, the present investigation employed all nozzles except the pipe jet. The nozzle planes

measured with the LDV is as represented in Fig. 4.1.
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4.1.2.1 Jet Streamwise Centerline Mean-Velocity Decøy and Half-Velocity Width for Noules

ytitlto ut S udden Expans io n

It should be noted that the nearest LDV measurement flow station was at x:2 mnt for the nozzle

conf,rgurations without sudden expansion. Fig. 4.21 presents the effect of exit velocity on the

streamwise centerline mean-velocity decay for the different nozzle's geometries without the

presence of sudden expansion.
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This figure shows that the exit velocity appears to affect similarly the streamwise centreline

mean velocity decay of all the jets. That is, for these nozzles, the jet streamwise centerline mean

velocity decay tends generally to decrease as the exit velocity increases. The near-f,reld

streamwise centerline mean velocity decay of the nozzles (i.e. the triangular and rectangular)
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with the highest rate of entrainment in the near-field shown in Fig. 4.22 emphasizes the effect of

the exit velocity described above. That is, at the lower exit velocity of 30 m/s, the triangular

nozzle has the highest decay rate followed by the rectangular nozzle. However, at the exit

velocity of 65 m/s, the centerline mean velocity decay reduces but the triangular nozzle is still

slightly higher than that of the rectangular nozzle. These trends confirm the findings reported in

the literature (Mi et a|.,2000; Quinn, 2005, amongst others).
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Figure 4.22: Streamwise near-field centerline mean velocity decay for rectangular and triangular

nozzles without quarl at exit velocity of 30 m/s and 65 m/s.
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However, the jet half-velocity width, shown in Fig. 4.23, which is also re-emphasized in the

near-field for the triangular and rectangular nozzles in Fig. 4.24 have a slightly different trend

compared to the streamwise centerline mean velocity decay. The contracted circular and square
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jets, however, still indicate that an increase in the jet exit velocity leads to a lesser jet spreading

rates. As for the rectangular and triangular nozzles, the effect of exit velocity is not well

noticeable especially in the mid-field. This scenario suggests that exit velocity affects the jet

spreading rate of these two nozzles differently in the different planes of measurements as a result

of their asymmetry.
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Figure 4.24: Jef half-velocity width for rectangular and triangular nozzles without quarl.
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Consequently, Fig. 4.25 represents the streamwise development of the x-y and x-z jet half-

velocity width of the rectangular nozzle for both exit velocities. What is clearly evident from this

figure is that, at both exit velocities, the streamwise development of the jet halÊvelocity width in

the major axis plane (x-y) is higher than that of the minor axis plane (x-z) in the near-field (say

for x/Du < 10), but it changes as the jet evolves progressively farther downstream. At the exit

velocity of 30 m/s, the jet halÊvelocity width along the minor axis plane catches up with that of

the major axis plane at about x/D": 10 and subsequently becomes higher. However, at the exit

velocity of 65 m/s, the minor axis plane jet halÊvelocity width catches up with that of the major

axis at around x/D, - 15 and then becomes higher further downstream. This phenomenon is

referred to as 'axis switching' which has been observed and described in the literature (Quinn,

1995, 2005; Zaman, 1996). Quinn (2005) stated that axis switching significantly increases

entrainment, and the frequencies of the occurrence of 'axis switching' enhance further jet
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entrainment and spreading rate. For example, it was observed by Quinn (2005) that axis

switching occurs multiple times for the equilateral triangular jet, which may explain why it has

higher entrainment and jet spreading compared to other nozzle's geometries presented here. One

pertinent point to emphasize from Fig. 4.25 is that the location where axis switching occurs is

affected by the exit velocity. At lower exit velocity, axis switching occurs earlier, whereas it

takes slightly longer for axis switching to develop at the higher exit velocity of 65 m/s. It has to

be acknowledged that increasing the near-field entrainment could potentially increase molecular

mixing. This may partly explain why the 30 m/s jet has a higher entrainment and jet spreading

compared to the 65 m/s jet for both the triangular and rectangular jets.
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Figure 4.25: Comparison of the major (x-y) and minor (x-z) planes jet half-velocity width for the

rectangular nozzle without quarl.
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Eq. (4.1) is used to fit the measured data presented in Figure 4.21 in the range between

,lD":20-45. The decay constant, Ct,is found to be approximately 6.23 and 6.21, andthe

virtual origin, xo, is equal to 7.45D, and 3.10D" for the contracted circular jet at the exit

velocities of 30 m/s and 65 rrls, respectively. The present measured values of C, at both exit

velocities for the contracted circular jet are not in good agreement with most published data, as

shown in Table 4.7, though they are close to the value of 6.06 obtained by Panchapakesan and

Lumley (1993).
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Table 4.7: Comparison of the streamwise centerline mean velocity decay of the contracted

circular jet without quarl with published results

Present Work

Ref.

Xu and Antonia (2002)

U

(m/s)

Boersma et al. (1998)

Measurement

type

30,65

Capp et al. (1990)

Capp et al. (1990)

LDV

¿-7,.7

D"

(mm)

Rodi (1975)

N/A

Hot-wires

Panchapakesan and

Lumley (1993)

Rex

10-3

4.82

N/A

DNS

N/A

9.4,20

LDV

Ct

55

The differences in C, may be primarily due to the dissimilarity in the profìle of the nozzle's

orifice contraction, and could also be slightly caused in part by the low-momentum co-flow

employed in the present study. In fact, fhe nozzle's orifice contraction ratio of the present

contracted circular nozzle is quite low (i.e. 2.5:1) which may be the reason why the velocity

prof,rle shape is not perfectly top-hat at the exit of the nozzle. However, one pefiinent observation

is that Cr does not vary signihcantly with exit velocity which is attributed to the fact that the far-

92

101

Hot-wires

6.23,

6.21

N/A

86

xo

27

Hot-wire

1.45D",

3.70D"

N/A

2.4

5.6

Hot-wire

N/A

N/A

5.9

3.7D"

t2

N/A

5.8

N/A

6.1

87

5.9

N/A

l1

5.9

N/A

6.06

N/A

-2.5D"



field differences in the streamwise centerline mean velocity decay between the two exit

velocities remains almost the same at each streamwise location. That is, at higher exit velocity

(i.e. 65 m/s), the decrease in the far-field streamwise centerline mean velocity decay is consistent

from one streamwise location to another. This may explain why most studies seem to have very

good agreement in the decay constant. However, the difference in exit velocities could be

responsible for the disparity in published values of xo. In addition, Fig.4.21 shows that though

C7 does not vary much as the exit velocity increases from 30 m/s to 65 m/s, the streamwise mean

velocity decay of the contracted circular nozzle decreases which implies a reduction in

entrainment and a change in xo . This reduction as a result of increased exit velocity could be one

reason why different investigators using different Reynolds numbers have dissimilar results. This

is consistent with the findings of 'Warda 
et al. (1999) who noticed an increase in the length of the

potential core as exit velocity is increased and, Malmstrom et al. (1997) who observed a decrease

in the centerline mean velocity decay of an axisymmetric jet.

Using Eq. (a.1) and the same xf D"range reported above for the contracted circular jet, the

corresponding values of C, and xo for the rectangular, triangular, and square jets are reported in

Table 4.8 for exit velocities of 30 m/s and 65 m/s, respectively. Comparison of C, and xo for the

triangular, rectangular, and square nozzles tested here with published results will only be limited

to that of the triangular nozzle because published data for the remainder of nozzle's geometries

are currently unavailable. The values of C, and xo for the triangular jet at both exit velocities are

not in perfect agreement with those of Quinn (2005) who reported, respectively, 5.i0 and

0.389D", at a Reynolds number of 184000. These differences could result from the Reynolds

number, which is significantly different between both studies or from the differences in the
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nozzleJ contractions. It has to be acknowledged that the nozzle employed by Quinn (2005) has

very sharp-edges with a slightly different contraction.

Table 4.8: Streamwise mean velocity decay for various nozzle geometries with and without quarl

Geometry

Rectangle

With Quarl

30 m/s

C1

Triangle

(Un,*taken atx/Dr:2)

3.99

Circle

xo

4.35

-1.40D"

65 m/s

Square

Ct

5.90

-2.74D"

For the jet half-velocity width, the maximum streamwise location where the jet spread is

measured for each nozzle is at xf D":25 and therefore only two locations (i.e. xlD":20 and

25) are used here to compute Cz and roz. Ee. (.2) is used to fit the experimental data presented

inFig.4.23 for each nozzle's geometry without sudden expansion at exit velocities of 30 m/s and

65 m/s for xl D" in the range from 20 to 25 . The value of Cz for the contracted circular j et is found

to be 0.085 and 0.079 at 30 m/s and 65 m/s, respectively (also shown in Table 4.9). Though the
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4.07

5.i9

xo

0.63D,

4.03

-0.04D"

30 m/s

No Quarl

Ct

-0.52D"

6.02

1.44D"

5.93

s.29

2.52D"

xo

5.74

-0.65D"

65 m/s

t.l7 D,

Ct

6.23

0.7rD"

6.06

6.26

xo

7.45D,

5.88

t.90D,

-1.0rD"

6.21

0.86D"

5.59

3.10D"

3.83D,



values of Cz are not very different at both exit velocities, they are mostly not in perfect

agreement with published results (Iyogun and Birouk, 2009a). These dissimilarities could be

caused by the same reasons mentioned above for the differences in C7 obtained here compared to

other studies. The values of xs2 for the contracted circular jet in the present study are found to be

-I.78D,and2.27D, forthe 30 m/s and 65 m/s exitvelocity, respectively. The differences inxç2

also give a good indication of the effect of exit velocity. The corresponding values of Cz and xoz

at exit velocities of 30 m/s and 65 m/s for the rectangular, triangular, and square jets are shown

in Table 4.9. Each geometry shows a unique value of Cz and x62 which also reflects exit velocity

effect.

Table 4.9: Jet half-velocity width for various nozzle geometries with and without quarl

Geometry

Rectangle

Triangle

30 m/s

Cz

With Quarl

Circle

0.056

Square

0.091

xnz

-34.63D,

4.1.2.2 Jet Streamwise Centerline Mean Velocity Decay ond Half-Velocity Width for Nozzles

tvith Sudden Expansion

The streamwise centerline mean velocity decay at 30 m/s and 65 m/s is shown inFig.4.26 for the

rectangular, triangular, square and the contracted circular nozzles with sudden expansion. Note

that the nearest LDA measurement flow station for the sudden expansion configurations is x/Dr:
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0.073

-9.06D"

65 m/s

0.080

C2

-6.80D"

0.090

-8.92D,

0.120

xoz

-4.83D"

0.077

0.708D"

30 m/s

0.1 1s

Cz

No Quarl

-3.r9D.

0.084

2.90D"

0.098

xoz

-1.28D"

0.085

1.72D"

65 m/s

0.097

Cz

-1.78D"

0.056

-0.11D"

0.089

xoz

-13.18D"

0.079

-0.69D"

0.1 05

2.27D,

3.89D,



3.5. However, the U,,o, for the sudden expansion configuration is taken as the U^o, of the

corresponding configuration without sudden expansion (often taken at x : 2 mm or slightly

downstream depending on the nozzle geometry). This practice is necessary in order to account

for the effect of sudden expansion and exit velocity on the streamwise centerline mean velocity

decay. Figure 4.26 shows that the effect of exit velocity on the trend of the streamwise centerline

mean velocity decay of the nozzles is similar whether these nozzles have a sudden expansion or

not as shown in Fig. 4.21. This is also confirmed by the jet half-velocity width shown in Fig.

4.27 which illustrates the same scenario. That is, an increase in exit velocity leads to a reduction

in the jet decay and spreading.
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One other observation from Fig. 4.26 and 4.27 is that using sudden expansion generally

improves the entrainment and spreading rates of all nozzles and especially that of the rectangular

nozzlejet. Note that without sudden expansion, the triangular nozzlejet has a better entrainment

(i.e. higher decay rate) and spreading rates compared with the rectangular nozzlejet. Comparing

Fiç.4.21 and 4.23 with Fig. 4.26 and 4.27, respectively, reveal that the presence of sudden

expansion for both exit velocities improves the streamwise centerline mean velocity decay of

each nozzle for the 30 m/s jet (Iyogun and Birouk,2009a). Furthermore, it has to be noted that

this increase in entrainment and spreading rates are so significant, especially for the rectangular

nozzlejet, that the phenomenon of axis switching does not make the 30 m/s jet half-velocity

width lower than that of the 65 m/s jet in the far-field. Rather, the 30 m/s jet with sudden

expansion has consistently higher halÊvelocity width compared to the 65 m/s jet at any

streamwise location. This increase in the streamwise centerline velocity decay and half-velocity

width of the nozzles with sudden expansion may be an indication of higher growth rate of

streamwise vortices as reported by Sau (2002,2004) and Nakao (1986).

Equation (a.1) is used to fit the present sudden expansion experimental data presented in Fig.

4.25 for the streamwise centerline mean velocity decay in the range 20 < xf D" < 45, and hence

determine the values of C, and xo as reported in Table 4.8 for the various nozzles at exit

velocities of 30 m/s and 65 m/s. On the other hand, Eq. (4. 2) is used to fit the half-velocity width

data shown in Fig. 4.27 in order to determine the values of Cz and xs2for the differenf nozzles

with sudden expansion at the two exit velocities as reported in Table 4.9. The sudden expansion

affects the decay and spreading rates, as well as the virlual origins for each nozzle's geometry at

any exit velocity. Consequently, at both exit velocities examined here, the effect of the sudden
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expansion is seen to lower the values of C, and xo compared with their counterparts' values

obtained without sudden expansion.

4.1.2.3 ProJiles of the Streamtpise Mean Velocity, Turbulence Intensities and Reynolds

Stresses for Nozzles witltout Sudden Expansion

The radial and streamwise profiles of the mean velocities, turbulence intensities, and Reynolds

stresses may give further insight into the effect of exit velocity on the streamwise centerline

mean-velocity decay and jet half-velocity width of the various nozzles with and without sudden

expansion. In addition, these profiles may also be helpful for CFD modeling. Figures 4.28 and

4.29 present the normalized centerline mean velocity radial profiles at a typical near-f,reld region,

i.e. x : 2 mm (corresponds to the first measured location) and x/D, : 3 respectively, for all

nozzles at the two exit velocities tested in the present study.
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Figure 4.28 shows that at this location (¡:2 mm), the nozzles mean-velocity radial profiles are

similar for both exit velocities. However, the radial profiles of the nozzles are slightly wider for

the lower jet exit velocity. This is an indication of higher spreading of the jet at the lower exit

velocity for all nozzles. This scenario occurs because the rate of entrainment of ambient fluid (as
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indicated by the jet decay) is higher at the jet lower exit velocity (i.e. 30 m/s) compared with that

at the higher exit velocity (i.e. 65 m/s). Figure 4.28 also shows that the rectangular nozzle has a

velocity profile shape that approximates top-hat at this location (x : 2 mm) for both exit

velocities while the shape of the contracted circular nozzle and others deviates slightly from a

top-hat velocity profile shape. This is caused by the small contraction ratio mentioned earlier for

the contracted circular nozzle. However, Fig. 4.29 shows the complete departure from the top-hat

velocity profile shape that is seen at x : 2 mm for the rectangular nozzle while the profiles of the

olher nozzles are gradually becoming more parabolic. In addition, Fig. 4.29 shows that the

profiles of the 30 m/s jets are in general slightly wider than those of the 65 m/s jets compared

with Fig.4.28. This is an indication of the entrainment of the ambient fluid that has taken place

up to this location and the fact that the 30 m/s jet appears to entrain higher rate of ambient fluid.

Figures 4.30 and 4.31 presentthe correspondingradial distribution of u/(J"tandv/U,¡atx:2tnm

and x/D": 3, respectively, at the exit velocities of 30 m/s and 65 m/s. The turbulence profiles

especially the shear-layer turbulence shed more light on the mixing that takes place between the

jet and the ambient fluid. There is a good correlation between the shear-layer turbulence and the

level of molecular mixing expected. It is therefore reasonable to suggest that entrainment of

ambient air would also increase as the shear-layer turbulence increases. Figures 4.30 and 4.31

show that, for all nozzles, the 30 m/s jet has higher u/U,¡ and v/U"¡ af every identical streamwise

location compared with the 65 rn/s jet. Figure 4.30 shows that the square, rectangle, and

triangular nozzles exhibit a tt/U,¡ in the order of 20%o inthe shear-layer, and that of the contracted

circular nozzle is only about 18%. Figure 4.31 shows that there is a slight decrease in shear-

layer, u/Ur¡, for all nozzles further downstream, e.g. x/Du: 3. Thus, it is clearly shown that

turbulence intensity profiles corelate fairly well with the jet spreading, entrainment, and mean-
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velocity for the all nozzles. This affirms the initial postulation that the higher the level of shear-

layer turbulence, the higher the tendency for both jet entrainment and spreading rates to increase.
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Reynolds shear stress distribution of the jef af x : 2 mm and x/Dn: 3 for all nozzles at the two

exit velocities tested in this study are shown in Fig. 4.32 and 4.33, respectively. These figures

show that for all nozzles, the Reynolds shear stress profile is generally wider and has larger value

at any identical location for exit velocity of 30 m/s compared with that of the 65 m/s.
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By observing Fig. 4 .32 and 4.33 , it can be seen that Reynolds shear stress values at the edges of

the nozzle are higher at x : 2 mm compared with their corresponding values at x/Du: 3, as a

consequence of increased entrainment of ambient fluid. This results in a reduction of the

spanwise mean velocity gradient (i.e. ôUlôy) as the jet evolves further downstream. In addition,

the 30 m/s jet's Reynolds shear stress profiles gradually becomes slightly wider than those of the
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65 m/s as the jet develops downstream (e.g., x/D":3). V/hereas, for all nozzles, the difference

in the profiles between the two exit velocities is not easily noticeable at the first streamwise

location x:2 mm. Similar scenario is also shown by the turbulence intensity and mean velocity

profiles discussed above. Consequently, the dynamics of entrainment and spreading of the jet

might be attributed to the large scale mixing by the mean flow, and the small scale mixing

perpetuated by the fluctuating components of velocity and the Reynolds shear stresses.

Moreover, Fig. 4.32 shows that for both exit velocities, Reynolds shear stresses are higher at the

nozzle's edges, which are the regions where high spanwise or radial velocity gradients are

pronounced. It, therefore, indicates that Reynolds shear stresses correlate well with the spanwise

mean velocity gradients (i.e. ôUlôy). Consequently, Reynolds shear stress is very flat at the

center of the nozzlesljet at both exit velocities but increases significantly at the edges. Figure

4.33, on the other hand, shows very similar profiles to those measured at x:2 mm, except that

there is a reduction in the flatness at the center of the nozzles as a result of ambient fluid

entrainment up to this location. This reduction causes a change in the velocity gradient as a result

of entrainment of more ambient fluid by the jet flow (i.e. ôU/ôy changes).

4.1.2.4 Profiles of tlte Streamwise Meøn-Velocity, Turbulence Intensities and Reynolds

Stresses for Nozzles with ønd witltout Sudden Expønsion

Figures 4.34 and 4.35 present the radial distribution of the normalized mean velocity profiles at

x/Dr:5 for jet flows at 30 m/s and 65 m/s issuing from the nozzle's configurations without and

with sudden expansion, respectively. The x/D":5 location is chosen because comparison of the

mean velocity and fluctuating component profiles can be made with and without sudden

expansion at this position. Note that the sudden expansion made it impossible to measure the
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profiles upstream of x/D" : 3.5. Furthermore, no other location beyond x/D, : 5 was chosen

because it has been reported that similar trend is observed beyond this streamwise location

(Iyogun and Birouk, 2009a).
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Figures 4.34 and 4.35 both show that for all nozzles with and without sudden expansion, the jet

normalized mean-velocity radial profiles in general shrink or becomes smaller as the exit

velocity is increased from 30 m/s to 65 m/s. This is an indication of reduced jet spreading as exit

velocity is increased which is consistent with previous locations reported above (see Fig. 4.27).

Once again this demonstrates the effect of exit velocity on the large-scale mixing which controls

in part the entrainment and spreading of the jet. Figures 4.36 and 4.37, onthe other hand, show

the corresponding radial distribution of u/lJ"¡ and. v/(J"¡ at x/D": 5 for all nozzles with and

without sudden expansion, respectively. These figures demonstrate that the turbulence intensity

profiles are higher and wider at the exit velocity of 30 m/s compared with that of 65 m/s for

identical nozzle's configuration. This is a consistent pattern from x : 2 mm to fuither

downstream locations of the jet. Consequently, the higher and wider the normalized turbulence

intensity profile is, the higher the rates of entrainment and spreading of the jet. Another pertinent

observation from these figures (compare Fig.4.36 with Fig. 4.37) is the significant increase in

the turbulence intensity especially the shear-layer turbulence for both cases of the exit velocity as

sudden expansion is used for all nozzles except the contracted circular. This explains why there

is signifìcant increase in entrainment and spreading as a consequence of using sudden expansion

for the asymmetrci nozzles while there is only a mild increase for the contracted circular nozzle.

This is consistent with the findings reported in earlier sections for the 30 m/s jets, for all

streamwise locations beyond x/D, :5 (Iyogun and Birouk ,2009a).
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Figures 4.38 and 4.39 show the Reynolds shear stresses of the different nozzle geometries

without and with sudden expansion aL x/D": 5, respectively. These figures show consistently

that the jet Reynolds shear stress profiles are generally higher and wider at 30 m/s compared with

65 m/s. This shows that the radial velocity gradient is higher for the 30 m/s compared with the 65

m/s. In addition, there is also noticeable increase in the Reynolds shear stresses especially in the

shear-layer zone of the jet at both exit velocities as sudden expansion is used for all nozzles

except the contracted circular which exhibits a mild increase. This also supports the reason why

there is an apparent increase in the streamwise centerline mean velocity decay and jet half-

velocity width as a consequence of using sudden expansion especially for the triangular and

rectangular nozzles.
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4.1.2.5 Axial Development of Turbulence Intensity
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The axial distribution of the normalized centerline mean fluctuating velocity profiles (i.e. u/U,¡

and v/U"¡) is shown in Fig. 4.40 and 4.41. Figure 4.40 compares the normalized turbulence

intensities (i.e. u/U,¡ and v/U") profiles of all nozzles without quarl at 30 m/s and 65 m/s, while

116

V 65 m/s
L 3o m/s

0.8 1.6

oo
tr

Eo
A

Ç 65 mts9\/

= E 30m/s

E
o

, ,, -1.4 -0.1 0.0(o/ v/D

oo
tr

o

0.7 t.4



Fig.4.4l compares the turbulence intensities profiles of each individual nozzle at 30 m/s and 65

m/s for the same geometries but with sudden expansion. Figure 4.40 shows that for the two exit

velocities, the values of u/Ur¡ and v/U"t are higher for the asymmetric nozzles compared with

their contracted circular counterpart both in the near- and far-field, but more prominent in the

near-field which is consistent with earlier findings reported in this thesis (Iyogun and Birouk,

2009a). That is, there is a faster development of the turbulence intensities for the asymmetric

nozzles such that their near-field turbulence is higher than those of the contracted circular nozzle.

However, the level of turbulence, u/Ur¡, at the jet centreline exit (i.e. y/D": 0, T : 2 mm) for all

the nozzles are quite similar (i.e. = 3o/o) but generally lower for the asymmetric nozzles. This

higher turbulence level at the jet exit could imply that the contracted circular nozzle induces a

wider range of turbulence length scales compared with those generated by the asymmetric

nozzles which may ultimately suppress the development of coherent structures in the far-field of

the contracted circular nozzle jet (Mi et a1.,2007). This scenario according to Mi et al. (2007)

could cause the large scale interaction between the coherent structures themselves or between the

structures and the ambient fluid to be weaker, thereby causing lower entrainment and spreading

of the jet. Note, however, that the near-field growth rate of u/U,¡is higher for the asymmetric

nozzles compared to the contracted circular nozzle. The advantage of this near-field turbulence is

that it has a potential of increasing near-field mixing which ultimately could be of immense

benefit to combustion stability. Consequently, this increased development of the turbulence

intensities could be partly responsible for greater entrainment and spreading rates of jets issuing

from asymmetric nozzles. Overall, these observations strengthen the role of turbulence in jet

entrainment and spreading. Furthermore, Fig. 4.40 shows that for all nozzles, the axial

development of the turbulence intensity levels decreases in the near-field (i.e. x/D" < 20) as the
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exit velocity increases from 30 m/s to 65 m/s. Consequently, there is a good correlation between

the development of axial turbulence and jet entrainment or spreading which is consistent with the

findings of Warda et al. (1999). Figure 4.41, on the other hand, re-emphasizes the influence of

sudden expansion on u/U¿ and v/U"¡ consistent with initial finding reported earlier in this thesis.

That is, at any given streamwise flow location, u/Ur¡ andv/U"¡ are higher for jets issuing from

nozzles with sudden expansion compared to without. However, this difference is more

pronounced for jets issuing from asymmetric nozzles. These observations are noticeable when

comparing Fi5.4.40 with Fig. 4.4l.In addition, Figure 4.40 shows clearly that the near-field

turbulence intensity decrease when the exit velocity is increased from 30 m/s to 65 m/s. The

same figure shows also that the hump observed by Mi et al. (2000) is not easily discernible in the

present experiment for the triangular and rectangular jets at the exit velocity of 30 m/s but

becomes apparent at the higher exit velocity of 65 m/s. However, Fig. 4.4i shows that, at both

exit velocities, this hump is easily discemible forthe triangular and rectangular jets with quarl at

x/D, : 5. In fact, the peak is much larger than that observed for the corresponding 65 m/s jets

issuing fromnozzles without quarl. This hump has been reported by Mi et al. (2000) to be likely

caused by the axis-switching phenomenon that occurs in both the triangular and rectangular

nozzles. Though this assertion is not sufficiently proved here, the figures provide an evidence of

the effect of exit velocity on the formation of the hump. Finally, the good correlation between the

axial development of the turbulence intensity and entrainment and spreading for each nozzle is a

clear indication of the effect of turbulence on jet entrainment and spreading.
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4.2 Reacting Jet FIow

4.2JEffect of Nozzle Geometry on the Stability of Turbulent Jet Methane Flame

The reacting flow results presented here are investigations that reveal the effect of nozzle

geometry on the stability of a turbulent methane flame. To accomplish this objective, the flame

liftoff height and velocity, as well as flame reattachment and blowout are presented and

discussed below for the fle nozzle geometries (i.e. triangular, pipe with 4.45 mm diameter,

contracted circular, rectangular, and square). The discussion of the reacting jet flow results is

aided by the corresponding non-reacting jet airflow results.

4.2.1.1 Liftoff Height

The liftoff height, as a function of the jet exit velocity for the five different nozzle geometries

tested in the present study, is shown in Fig. 4.42. Figure 4.43 presents a comparison of the

present data for the pipe and contracted circular nozzle with the liftoff data of Kalghatgi (1984).

The present lowest and highest exit velocities used for liftoff height determination are based on

the liftoff and blowout velocities of the jet diffusion methane flame. Kalghatgi's (1984) flame

liftoff height correlation is expressed as follows:

hs" =clL( P"/ \"v" 5,,\ / P-)

where å is the flame liftoff height, S,, is the laminar flame speed (,S,, : 0.39 m/s according to

Kalghatgi (1984)), vu is the kinematic viscosity of the fuel at the nozzle exiT, U is the exit

velocity of the reacting jet, C is a constant, pn is the density of the fuel at the nozzle exit and, p-

is the density of the ambient air. From Fig. 4.43 it can be seen that the pipe nozzle tested in the
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present study produces flame liftoff height data that are in fair agreement with that of Kalghati

(1984). In addition,Fig. 4.42 and 4.43 exhibit no significant difference between the liftoff height

of the contracted circular nozzle and that of the pipe. This is in good agreement with the findings

of Coats and Zhao (1989), but not in agreement with those of Langman et al. (2007) who

reported significant differences in the liftoff height between the contracted circular nozzle and

the pipe. These discrepancies may be attributed to the difference in the total mass of ambient air

that each jet is able to entrain. For example, in the present study, the near-field centreline mean-

velocity decay of the pipe jet and that of the contracted circular jet are nearly identical (as shown

in the discussion section below), which might justify why they also exhibit similar lift-off

heights. Nevertheless, Langman et al. (2007) reported different entrainment rate between the

pipe and contracted circular jets. In fact, Langman et al. (2007) did not provide conclusive

evidence about the reasons behind the discrepancies between the liftoff height of the pipe and

contracted circular nozzle, as well as with published data of Coats and Zhao (2007).

Furthermore, Fig. 4.42 shows clearly that the asymmetrical nozzles' flame liftoff heights are, in

general, lower than those of the pipe and the contracted circular nozzle. The rectan gular nozzle

has the lowest liftoff height at exit velocities beyond 43 m/s. In addition, the square and

triangular nozzles have relatively lower liftoff heights compared to their circular counterparts

(i.e. the pipe and the contracted circular nozzle). Aparl from the axisymmetric nozzles (i.e. pipe

and contracted circular) and the square nozzle, the triangle and rectangle nozzles exhibit two

distinct flame liftoff regions. One region spans up to an exit velocity of around 43 mls, while the

other region occurs for an exit velocity of around 48 m/s and above. These two regions are

separated by a transition region or a step change for the rectangular nozzle. In the first region

(i.e. U:21- 43 n/s), the triangular nozzle has the lowest flame liftoff height, however, in the
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second region (i.e. at U : 48 m/s and above), the flame liftoff height of the rectangular nozzle is

the lowest. For exit velocities greater than approximately of 48 m./s, the trend of the

asymmetrical nozzles' liftoff heights can be fairly described by Kalghatgi's (1984) correlation

but with different values of the constant C of Eq. (4.3) than the value of C : 50 reported in

Kalghatgi (1984). However, in the lower range of the exit velocity, i.e. below approximately 43

m/s, the Kalghatgi's correlation fails to completely describe the flame liftoff height trend of the

triangle and rectangle nozzles without changing the value of the constant C. A complete analysis

of the effect of asymmetric nozzles on the flame liftoff height is discussed later on in Section

4.2.1.3.
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20

Figure 4'44presents an attempt to compare the present flame riftoff heights with the extinction

theory of Peters and williams (19s3). This theory, which scales the instantaneous scalar

dissipation at quenching with the global residence time; Dn/(J,is formulated as

xl,=xr,,(n"frL)

60 70 80

U (mß)

Kalghatgi's datct

Peters and williams (1983) derived three analytical expressions using the extinction theory to

account for the liftoff height. The three analytical formulation differ based on the manner the

anal¡ical non-dimensional scalar dissipation rate was anaryzed,. Note, however, that the third
expression for liftoff height (i.e' xtæ) was formulated purely for the purpose of achieving better

agreement with experimental liftoff height data. The three formulated methods relate the non-

dimensional average rate of the scalar dissipation to the liftoff height and, nozzlediameter, as

follows:

90 100 H0

(4.4)
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x r, = x,^ = 0.24(D" lh), 
, 

(t _ o.olo ,l-ù "")
xl, = x tt z = 0.46(D 

" 
I h), þ 

_ o.ozo(n¡ D")r, o 
)

Xl, = X,ts : 0.01g(D" lh)
(4.7)

According to Peters and williams (1983), the presumed liftoff criterion is when x,, = x,,,,where
x'' is the rate of scalar dissipation at stoichiometry un¿xr,,Ls the instantaneous scarar

dissipation tate atextinction or quenching. Figure 4.44 presents the evolution of xl,,versus h/D"
with Eq' (4'4) through (4'7) for the five differe nt nozzlestested in rhe present srudy. The urtimate
goal is to adjust x ,,,,bY trial and error, for each nozzre,to enabre the collapse of Eq. (4.a) with
one or more of the three Eq. (a.5) through (4.7). Among the three expressions, i.e. Eq. (a.5)
through (4'7)' it is found that Eq' (4'7) hasthe best agreement with the theory of extinction
described by Eq' (4'4)' rt is important to mention that, for each nozzle,sgeometry, the varue of
x"'of Eq' (4'4) should normally be obtained experimentaily or sorved for anaryticary.

Nevertheless' the instantaneous scalar dissipation rate atextinction or quenchin g, x r,, is found
(by trial and error) to be 7'8 s-', 8.0 s-1, 8.1 s-ì, g.3 s-1, and r0.1 s-rfor the contracted circurar,
pipe' triangular' square' and rectangular nozzles,respectively. The fact that xnu -g.l s-r for the
triangular nozzle is lower than that of the square nozzremay be attributed to the presence of two
distinct liftoff regions for the triangular nozzre, as shown in Fig. 4.42. rnthe Iower jet exit
velocity region' that is' for u < 43 m/s, the triangu rar nozzlehas the lowest flame riftoff height.
However' in the higher exit velocity region, i.e. for u > 4g m/s, its ]iftoff height increases
significantly and almost levels ofi with the other nozzres,except the rectangurar which produces

(4.s)

(4.6)
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a flame with the lowest liftoff height. This trend suggests that the instantaneous scalar dissipation

rate somehow would depend on the jet exit velocity, as the value of g.l s-tappea.s adequate only

for the second liftoff region. Nonetheless, the differences in the strain rate between the different

nozzle geometries are in accordance with Peters and williams (19g3) proposition that turbulence

intensity has a signihcant effect on the strain rate. consequently, the difference in turbulence

intensity between the different nozzles could possibly be the cause for the difference between

their strain rates' The liftoff data of the present study, shown in Fig. 4.44, arein fair agreement

with the third method (i.e. X¡6 or Eq. (.7)) of Perers and williams (19g3). The reason for
finding a good agreement between Eq. (.7) for determining the non-dimensional average rate of
scalar dissipation rate and the present liftoff data might be due to the way Eq. (4.7) has been

formulated' This equation is derived purely for the purpose of producing better agreement with

experimental liftoff data, and does not include the assumption of quenching in its formulation

(Peters and williams, 19s3). It is, therefore, not surprising why this method of peters and

williams (1983) describes fairly well the liftoff trend of all the tested nozzfe,sgeometries.
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It is demonstrated above that the cor¡elation of Kalghatgi (198a) can, in general, be used to

describe the liftoff heights of the present data but with a value of the constant, C of Eq. (a.3)

different for each nozzle. The correlation of Kalghatgi (i984) simply states that the flame liftoff

height is proportional to the jet bulk exit velocity, as for a given hydrocarbon fuel, all the

remaining terms in Eq. (4.3) are constant. Equating Eq. (.\ and (4.7) results in the following

equation

x ,,(D" lu) = o.otB(D" lh)

knowing thaf Xry is a constant for a particular nozzle and fuel type, Eq.(4.8), therefore, reveals

that hæU, which is the same as the correlation of Kalghtagi (1984). However, the other

methods represented by Eq. (a.5) (e.g. fi6) and,Eq. Ø.6) (e.g.X,tz), which rely less on empirical

data, have poor agreement with the present flame liftoff data, as illustrated in Fig. 4.44. The

foregoing indicates that the laminar flamelet extinction theory of Peters and Williams (19g3)

gives about the same scale of liftoff height as the experimental data of the present study.

However, it falls short of predicting the right liftofÏ height trend. This demonstrates that the

theory of Peters and Williams (1983) is not fully developed to account for the liftoff height and,

therefore, cannot in its present form be used as a stabilization mechanism of a jet diffusion flame.

This is what led to the development of the triple flame concept by Peters (2000) in which the

flame base is partially-premixed; however, this theory still needs additional

experimental/empirical data before it becomes fully exploitable.

4.2.1.2 Blowout, Ltftoff, and Reottachment Velocities

The blowout, liftofl and reattachment velocities of the diffusion methane flame issuing from the

five different nozzles tested in the present study are summarized in Table 4.10. The flame
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stability limits are determined by the liftoff and blowout velocities. The lower flame stability

limit is the velocity at which the flame lifts off the nozzle exit; whereas the blowout velocity is

the upper stability limit at which the flame ceases to exist. Liftoff is attained only when the flame

completely detaches from the nozzle exit. Note that the liftoff velocity is achieved by gradually

increasing the fuel jet exit velocity until the flame lifts off the nozzle exit. The blowout velocity,

on the other hand, is attained by gradually increasing the jet exit velocity of the already lifted

flame until the flame blows out or ceases to exist, whereas the reattachment velocity is the

velocity at which the lifted flame suddenly re-attaches itself to the nozzle. The reattachment

velocity is achieved by gradually reducing the exit velocity of the lifted flame until the flame re-

attaches again to the nozzle.It is worth mentioning that each measurement was repeated at least

three time for each set conditions to ensure the repeatability and hence the reliability of the data.

An order of magnitude of the variability of these measurements is reported in Table 4.10. As

shown in Table 4.10, the flame blowout velocity of the rectangular nozzle is the highest,

followed by the contracted circular nozzle, the squarer nozzle, the triangular nozzle, and the pipe

which has the lowest. This indicates that the rectangular nozzle has the highest flame stability

limit compared to all other nozzles tested here. However, the surprising result concerns the

triangular nozzle which is found to have a lower blowout velocity than the contracted circular

nozzle. An attempt to explain this unexpected finding is provided below in the discussion

section.
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Table 4.10: Blowout, liftoff, and reattachment velocities for differentnozzle geometries without

sudden expansion and no co-flow

Nozzle geometry

Blowout velocity (m/s)

Liftoff velocity (m/s)

Reattachment velocity (m/s)

Pipe

The flame liftoff velocity, on the other hand, is found different for all the nozzle' s geometries.

The rectangular nozzle has the highest liftoff velocity followed by the contracted circular, the

square, the triangular, and lastly the pipe, with the lowest value. However, the behaviour of the

flame during transition from attached to lifted is very similar for all the tested nozzles except for

the pipe. For all nozzles with the exception of the pipe, shortly before the occurrence of the

liftoff, sort of "holes" are formed in the flame front which tends to completely disconnect the

"neck" of the flame from the rest of the flame. Figures 4.45(a) to (c) illustrates the evolution of

the jet diffusion flame from attached to lifted. Figure 4.45(a) shows the pipe's flame during

transition from attached to a lifted flame while Fig.4.a5@) to (c) present that of the rectangular

nozzle, which is also representative of the flame liftoff event of all the other nozzles (i.e.

asymmetric, including the contracted circular, nozzles). Figures 4.45(b) to (c) show the holes that

are formed during transition to liftoff for all these nozzles except the pipe. However, for the pipe,

the flame during transition has no such holes as it lifts cleanly from the exit plane of the nozzle

and stabilizes at a new height above the nozzle exit plane. This finding is consistent with those of

Langman et al. (2007 ) and Coats and Zhao ( 1989) who both investigated lifted flame from a pipe
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and a contracted circular nozzle. Nevertheless, the initial stabilization height which corresponds

to the onset of liftoff is very similar for all nozzles except the triangular nozzle and pipe. For all

nozzles, except the triangular nozzle and pipe, the lifted flame stabilizes at a height of about 10

nozzle diameters above the nozzle exit. In fact, there are different explanations in the open

literature that purportedly clarify the liftoff process (transition from anchored to lifted flame).

For example, Coats and Zhao (1989) showed that the liftoff is initiated as a result of invasion of

the initial laminar flame base by turbulence that originates from the gaseous fuel jet. For the pipe

nozzle, Coats andZhao (1989) reported that the pipe's flame liftoff height is approached when

the initial laminar base of the flame is invaded directly by the pipe's core flow turbulence.

However, for the contoured (i.e. contracted circular) nozzle, the corresponding flame liftoff

height approaches when holes develop in the flame sheet as a result of selective quenching of the

diffusion flame at the point of interference between the inner gaseous jet's high frequency

vortices and the flame front (Eickhoff et al., 1984). According to Coats and Zhao (1989), as the

holes appear, the part of the flame, which is still attached to the nozzle, becomes increasingly

more turbulent until the flame finally lifts off the nozzle.
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Figure 4.45(a): Attached pipe flame during transition to lifted flame.

Figure 4.45(b)z Attached rectangular nozzlejet flame before transition to lifted flame.

Figure 4.45(c): Attached rectangular nozzlejet flame during transition to lifted flame

y of flame

Holes creating a disconnection

between the body of the flame
and the neck
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Consequently, the transition from attached to lifted flame is fairly similar for all the nozzles

(except the pipe) as they have similar velocity profiles, near top-hat shape in the near-field

(Iyogun and Birouk,2009a). There is a so-called "necking" and holes present in the flame sheet

before the onset of liftoff for all the nozzles except for the pipe's flame (See Figures 4.45(a)

through (c)). In addition, the appearance of "holes" seems to reduce the damping effect of the

flame on the growth of the vortical structures in the jet shear- layer zone. As breakdown of

voftices increases, the part of the flame below its neck becomes increasingly more turbulent until

liftoff is initiated. However, the conclusions of Gollahalli et al. (19S6) and Takahashi et al.

(i984) regarding the factors responsible for the flame liftoff are not completely in line with those

of Scholefield and Garside (1949), Coats and Zhao (1989), and Eickoff et al. (1984). However, it

has not been confirmed in the present study if molecular diffusion is primarily responsible for the

liftoff process according to Gollahalli et al. (1986). Scholefield and Garside Q9a\ reported that

diffusion, heat release, and velocity profiles could all be key factors. On the other hand, the

present study reveals that turbulence and flow structures are very likely to have an effect. The

influence of the growth/reduction of organized vortical structures as the jet exit velocity is

increased could explain why the flame issuing from nozzles characterised by nearly a top-hat

velocity profile have different liftoff velocities. In addition, the influence of the turbulence

profìles in the center region of the pipe could be responsible for the lowest liftoff velocity of the

pipe which is similar to the f,rndings of Coats and Zhao (1989) and Langman et al. (2007).

Nevertheless, the flame base is seen to be located away from the shear-layer zones. This, in fact,

seems to corroborate the findings of Gollahalli et al. (1986) and Takahashi er al. (1989 that the

flame base is laminar at liftoff. However, the conclusion of Gollahalli et al. (1986) conceming
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the mechanism of liftoff does not address the differences in the liftoff velocity of the various

nozzles used in the present study. The explanation of Eickhoff et al. (1984) might be appropriate

for this apparent liftoff velocity differences. For example, local extinction regarded as holes in

the flame front, according to Eichkoff et al. (1984), might be caused by the interference of the

vortical structures with the flame front in which significant heat release could be diffused by the

small-scale furbulence structures. This explanation of Eichkoff et al. (1984) also seems to make

sense as holes are absent in the pipe jet flame during transition to liftoff.

The liftoff velocity for the contracted circular nozzle in the present study is slightly different

from that of Gollahalli er al. (1986) who found a liftoff velocity of 29.0 m/s for a contoured

nozzle with a diameter of 5.53 mm. However, the present flame liftoff velocities of the pipe and

contracted circular nozzle are in good agreement with the findings of Coats and Zhao (1989)

who reported 18 m/s and 24 mls, respectively, for a 6 mm in díameter tube and a contracted

circular nozzle, as well as with those of Langman et al. (2007) who reported 28 + 0.8 m/s and 20

+ 0.6 m/s for a 5 mm diameter contracted circular nozzle and pipe, respectively.

The reattachment velocity, on the other hand, is nearly identical, within experimental errors, for

all the tested nozzles, as shown in Table 4.10. This hnding seems to be in line with the

conclusion of Gollahalli et al. (1986), that the reattachment process is governed primarily by the

dynamics of the organized structures for nozzles which have uniform velocity profiles at the exit.

Consequently, the flame reattachment velocity is not significantly influenced by the nozzle

geometry except the pipe which has a distinct velocity profile at the nozzle exit. Subsequently,

from Table 4.70, it appears that the higher the growth of the organized structures of the shear

layer, the higher the reattachment velocity. In addition, the reattachment velocities ane

significantly lower than the liftoff velocities for all the tested nozzles (see Table 4.10). This
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finding of hysteresis is consistent with the hysteresis phenomenon observed by Coats and Zhao

(1989) and Gollahalli et al. (1986). Consequently, asymmetry of fhe nozzle does not seem to

have an influence on the hysteresis.

4.2.1.3 Discussion

Why does a jet diffusion flame issuing from asymmetric nozzles have lower liftoff heights and

largely higher blowout velocities compared to their conventional circular counterparts? In this

section, experimental data of turbulent non- reacting air jet presented in section 4.1.7 are used to

shed light on issues sunounding this question. In fact, non-reacting air jet is used ìnstead ofjet

flame to measure the axial mean-velocity and turbulence profiles for two exit velocities which

represent the two distinct liftoff regions, which are shown in Fig. 4.42.It is more economical to

use air, although combustion may alter the free jet characteristics. However, a non-reacting

turbulent free jet has been shown to still give a good trend and representation of the flow

dynamics in the presence of chemical reactions (Gollahalli et al., 1986; Gutmark and Co-

workers, 1989a, 1989b, l99l; Langman et a1.,2007).

The streamwise centreline mean velocity decay and jet half-velocity width of the non-reacting

free turbulent air jet presented earlier gives a good representation of the entrainment rates of the

nozzles used. Consequently, the results are believed to be indicative of how stable the flame

produced would be. The streamwise centreline mean velocity decay and jet half-velocity width

of the non-reacting free turbulent air jet at an exit velocity of 30 m/s shown in Fig. 4.2 and 4.3

show that, in general, the asymmetric nozzles have higher centerline mean velocity decay and jet

half-velocity width compared to the circular nozzles counterparts. This is in accordance with

published reports (see, for example, Gutmark and Co-workers, 1989a, 1989b, 1991; Mi et al.,
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2000; Quinn, 2005) in which it was observed that asymmetric nozzles induce higher streamwise

centerline mean velocity decay rate compared to their axisymmetric counterparts. These higher

rates of the streamwise centerline mean velocity decay and jet half-velocity width of the

asymmetric nozzles is an indication of increased entrainment and jet spreading, which in turn are

an indication of improved mixing. These figures also show that at an exit velocity of 30 m/s, the

triangular nozzle has the highest rates of entrainment and spreading followed by the rectangular

nozzle with the pipe having the lowest near-field centerline mean-velocity decay and spreading

rates. Figure 4.5(a) and 4.5(b) also reflect the same scenario. Figures 4.21 and 4.23 which

compared, respectively, the centerline velocity decay and jet half-velocity width at an exit

velocity of 30 m/s with those at 65 m/s showed that the streamwise centerline mean velocity

decay of all nozzles decrease as the jet exit velocity increases from 30 m/s to 65 m/s. The

difference in entrainment might be a factor why we have two distinct liftoff regions for the

rectangular and triangular nozzle. Note that the jet half-velocity width shown in Fig. 4.23 and

4.24 for the 30 m/s and 65 m/s jets mirrors the effect of exit velocity on the streamwise

centerline mean velocity decay for all nozzles except for the rectangular nozzle where the reverse

is the case. That is for the rectangular jet as the exit velocity increases the jet half-velocity width

in the major plane increases especially in the far-field. The phenomenon of axis switching is

responsible for this 'anomaly' and it appears exit velocities also affect the onset or frequencies of

axis switching. Consequently, axis switching might be responsible for the two liftoff trends

observed for the rectangular and triangular nozzle. Quinn (2005) showed that axis switching

takes place atx/Dn:3 and 30 for the triangular jet. This earlier occurrence of axis switching for

the triangular jet compared to its location for the rectangular jet (Quinn, 1995) may explain the

two distinct liftoff regions shown in Fig. 4.42.That is, the rectangular nozzle's liftoff height is
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lower than that of the triangular nozzle in the second liftoff region (i.e. U > 48 m/s) but the

inverse scenario happens in the first liftoff region (i.e. U < 43 m/s), In addition, by comparing the

near-field centerline mean-velocity decay trend of the contracted circular and pipe jets, at an exit

velocity of 30 m/s, with their corresponding liftoff heights, it can be seen that they generally do

correlate. That is, the two jets exhibit almost similar lift-off height as they have nearly identical

near-field centreline mean-velocity decay. In brief, the above discussion leads to believe that the

flame liftoff height, as shown in Fig. 4.42, may be governed primarily by local mixing rate,

which is indicated by the streamwise centerline mean velocity decay and jet spreading rates.

From the blowout results shown in Table 4.10 and the entrainment and spreading rates

discussions above, it can be concluded that the blowout is not only influenced by streamwise

centerline mean velocity decay but it is also affected by other factors. For example, the jet

entrainment results show that the near-field centerline mean-velocity decay of the contracted

circular nozzle is lower than most nozzles tested here but its blowout is only second to the

rectangular nozzle. In fact, there have been several attempts in the literature aimed at

understanding the blowout mechanism. For example, some studies reported that flame front

instabilities play a significant role in the blowout process. The kind of instabilities and how they

affect blowout process have not yet been investigated thoroughly. The work of Dahm and

Mayman (1990) identifies two distinct mechanisms which are responsible for liftoff and

blowout. They emphasize that the extinction theory of Peters (1983) govems the liftoff process

while local molecular mixing rate is the mechanism that determines the blowout. However, this

mechanism of blowout reported by Dahm and Mayman (1990) seems to contradict the fìndings

of Langman et al. (2001), which concluded that the mixing rate of the pipe is higher than that of

the contracted circular nozzle. Consequently, based on the conclusion of Langman et al. (2001)
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and the findings of Dahm and Mayman (1990) (i.e. local mixing rate governs blowout); the

blowout of the pipe should be higher than that of the contracted circular nozzle which is,

however, not the case. It has to be acknowledged that while Langman et al. (2007) refers to

global molecular mixing rate, Dahm and Mayman (1990) calls it local molecular mixing rate

which could possibly resolve the apparent contradiction. Consequently, if the molecular mixing

rates of the various nozzles used in the present study would have been measured, they might

have reinforced the authenticity of the blowout mechanism of Dahm and Mayman (1990).

Nonethless, the present findings overall seem to support the assertion of Dahm and Mayman

(1990) that the local molecular mixing rates primarily govem the blowout phenomenon, despite

the fact that the present non-reacting jet flow data do not have a perfect correlation with the

measured blowout velocities for the different nozzles tested here. It has to be acknowledged that

the only nozzles whose flame blowout velocity has no good correlation with the non-reacting

flow entrainment rates are the triangular and the contracted circular nozzles. Nevertheless, their

turbulence profiles in the shear-layer zones of the jet far-field may give a hint on the near and

far-field mixing and hence provide additional credence to the local molecular mixing rate

mechanism of Dahm and Mayman (1990). In addition, these profiles may showthe importance

of organized structures in determining the blowout velocity. Figures a.8(a) and 4.8(b) which

presented the radial prohles of the turbulence intensities, u/U,¡ and v/U"¡, respectively, at an exit

velocity of 30 m/s taken at x : 2 mm, clearly show that in the shear-layer zones where the u/U,1

and v/Ur¡ are the highest, the triangular nozzle has the highest turbulence intensity whereas the

pipe and the contracted circular nozzle have identical turbulence intensities, which are the

lowest. This shows that the higher near-f,reld entrainment and mixing of the asymmetric nozzles

compared to their circular counterparts may be due to their higher turbulence intensity level at
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the mixing layer. Consequently, higher mixing rate implies lower liftoff height which is

generally the case for the asymmetric nozzles. The trend shown by these results indicate that the

higher the shear layer turbulence intensity, the higher the growth rate of streamwise vortices

which increases the rate of the formation of a combustible mixture closer to the nozzle exit.

4"2.2 Effect of Sudden Expansion (Quarl) on Flame Stability

Using the same nozzle geometries in Section 4.2.1, the effect of quarl on the flame liftoff height

as well as the liftofl blowout, and reattachment velocities are presented and discussed. Note

again that the discussion that follows after the presentations of flame stability characteristics is

based on the corresponding non-reacting jet flow's mean and turbulent velocities profiles already

discussed above in Section 4.2.1.

4.2.2.1 Effect of Quørl on tlte Liftoff Height

Figure 4.46 presents the flame liftoff height as a function of the jet exit velocity for hve different

nozzles with quarl. This fìgure shows that the flame liftoff height of each nozzle increases with

the jet exit velocity in accordance with published findings (Kalghatgi, i984; Peters and

Williams, 1983; Iyogun and Birouk,2008). Furthermore, this figure shows clearly that the

asymmetrical nozzles with quarl have flame liftoff heights lower than those of the pipe and the

contracted circular nozzle. The rectangularnozzle with quarl has the lowest flame liftoff height

for jet exit velocities greater than approximately 43 rnls, followed by the triangle nozzle with

quarl while the pipe with quarl has the highest flame liftoff height. In addition, the square nozzle

with quarl has relatively lower flame liftoff height when compared to their circular counterparts

with quarl. Apart from the axisymmetric nozzles (i.e., pipe and contracted circular) and the

square nozzle, which display overall a linear relationship with the jet exit velocity, the triangle
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and rectangle nozzles with quarl exhibit two distinct liftoff regions. In the region which spans up

to an exit velocity of about 43 rrls, the flame liftoff height of the rectangular nozzle with sudden

expansion shows almost unchanged liftoff height as the exit velocity increases, whereas the

triangular nozzle exhibits only a slight increase. However, in the second region (i.e. for U

approximately >47 m/s for the rectangle and U approximately >42 m/s for the triangle), both

flame liftoff heights of the rectangular and triangular nozzles increase linearly with the jet exit

velocity where the rectangular nozzle has the lowest flame liftoff height. An attempt to discuss

these scenarios is provided in the discussion subsection below.
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Figure 4.46:Flame liftoff height of differentnozzle geometries with quarl.

Figure 4.47 compares the flame liftoff height of each nozzle with and without quarl (sudden

expansion). Note that the results of these nozzles without quarl are reported above. From this
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figure, it is apparent that quarl reduces the flame liftoff height for all the different nozzles

geometries tested in the present study. However, overall the effect of quarl is more pronounced

for the flame issuing from the asymmetric nozzles as compared to their circular counterparts.

Furthemore, the two flame liftoff distinct regions which occur with triangular and rectangular

nozzles without quarl become even marked in the presence of quarl.
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4.2.2.2 Effect of Quarl on the Blowout, LtftoÍf, ønd Reøttacltment Velocities

The turbulent diffusion jet flame's liftoff, reattachment and blowout velocities for the five

different nozzles with and without sudden expansion are reported in Table 4.1 1. Note that the

data for the five nozzles without quarl are presented and discussed above, and their usage here is

strictly for comparison purposes. The lifted flame stability limits are determined by the liftoff

and blowout velocities. The liftoff velocity, blowout velocity, and reattachment velocity are

already defined in Section 4.2.1.2. The measurements of the liftoff, blowout, and reattachment

velocities are repeated several times for each nozzle geometry configuration to ensure the

repeatability and hence reliability of their values.

Table 4.11 illustrates that for the nozzle geometries with quarl configuration, the flame blowout

velocity of the rectangular nozzle is the highest followed by the triangular nozzle, the square

nozzle, the contracted circular nozzle, and the pipe has the lowest. The data indicate that the

flame issuing from the rectangular nozzle with quarl has the highest upper stability limit

compared to all other nozzle's geometries. Indeed, as indicated in Table 4.11, the use of sudden

expansion (quarl) results in an increase in the blowout velocity for all nozzle geometries tested

here. However, the increase in the flame blowout velocity is more significant for the asymmetric

nozzles compared to their axisymmetric counterparts (pipe and contracted circular). For

example, the quarl results in an increase of 74Yo in flame blowout velocity for the triangle

nozzle, and 45o/o increase for the rectangle, 36Yo for the square nozzle. Whereas, there is only

around 14 %o and 13o/o increase for the contracted circular nozzle and pipe, respectively. Another

important observation is the correlation between the blowout velocity and the far-field liftoff

height, as presented in Fig. 4.46 and 4.47 . That is, the higher the far-field liftoff height, the lower
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the blowout velocity and vice versa. Further discussion of the effect of sudden expansion based

on the corresponding non-reacting jet velocity profiles is provided in the discussion section.

Table 4.1 1: Blowout, liftoff, and reattachment velocities of the different nozzle geometries with
and without quarl

Nozzle Geometries

Pipe with quarl

Pipe without quarl

Rectangle with quarl

Rectangle without quarl

Triangle with quarl

Triangle without quarl

Blowout
Velocity

Contracted circular with quarl

Contracted circular without quarl

78.4

Liftoff
Velocity

Square with quarl

69.3

Square without quarl

t3r.2

10.2

90.3

Reattachment
Velocity

18

t27.8

On the other hand, the quarl affects differently the flame liftoff and blowout velocities. That is,

for each nozzle the flame blowout velocity increases, whereas the flame liftoff velocity

decreases. However, likewise without quarl, the rectangle nozzle with quarl still has the highest

flame liftoff velocity, and the pipe with quarl maintains the lowest flame liftoff velocity.

Furthermore, the order of the flame liftoff velocity with respect to the different nozzles

144

20.9

73.4

27

92.6

8.5

14.6

81 .1

6.3

19.5

109.5

6.8

18.5

80.7

6.9

24.7

7.5

19.8

7.1

24.2

15.3

6.8

13

6.5



geometries with quarl differs from that of the same nozzles without quarl. For example, the

contracted circular nozzle without sudden expansion has the second highest flame liftoff

velocity, whereas the same nozzle with sudden expansion has the third highest flame liftoff

velocity. However, the contracted circular and square nozzles have nearly identical flame liftoff

velocities, as the difference is within the experimental uncertainties. The behavior of the flame at

transition from attached to lifted flame (e.g., a flame issued from a sudden expanded nozzle) is

very similar for all nozzles except for the pipe. This is also true for flames issuing from similar

nozzles but without quarl presented earlier. Note also that the flame issuing from a nozzle with

sudden expansion anchors to the quarl exit not to the nozzle exit plane as shown in Fig. a.a\@)

to 4.48(e).
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(e)

Figure 4.48: (a) transition of pipe (with quarl) flame from attached to lifted, (b) lifted pipe (with

quarl) flame, (c) Onset of "necking or holes" in the flame zone from the rectangular nozzle wilh

quarl, (d) holes developing in a rectangular nozzle (with quarl) flame, and (e) rectangular nozzle

(with quarl) flame's transition from attached to lifted.
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Figures 4.48(a)-4.48(b) show the liftoff event/sequence of the flame issuing from the pipe with

quarl. Figure a.a\@) shows that during transition to liftoft, the flame anchored to the quarl exit

flashes back into the pipe mouth. It is found that the flashback phenomenon does not happen for

the rest of the nozzles. Figure 4.48(b) shows the lifted flame from the pipe. Figures 4.48(c) to

4.48(e) present the evolution of the flame liftoff issuing from the rectangular nozzle with quarl,

which is chosen as a typical representation of all asymmelric nozzles (including the contacted

circular nozzle). Figure a.a8@) is an illustration of the "necking" which takes place whereby the

neck of the flame becomes increasingly thinner. Figure 4.48(d) shows the onset of "holes" within

the flame sheet as the liftoff is gradually approached. Figure a.a8@) shows the transition to lifted

flame, during which the formed holes within the flame sheet tend to disconnect the upper flame

from its neck. However, there are no such holes within the flame being lifted from a pipe with

quarl. Several attempts were made in the literature to clarify the liftoff process of flames issuing

from axisymmetric nozzles (such as pipe without quarl). For example, it was reporled that the

liftoff initiates as a result of the invasion of the initial laminar flame base by turbulence which is

a characteristics of gaseous jet (Coats and Zhao, 1989). In the present experiment, it is found

that, for any nozzle geometry, the liftoff velocity is reduced as a result of sudden expansion. The

non-reacting jet results above demonstrated that, regardless of the nozzle geometry, quarl

increases the turbulence intensities compared with the same geometry without quarl. This

increase in the turbulence intensity induced by quarl appears to lift the flame from the quarl exit

quicker compared to the same flame ensuing from the same nozzle without sudden expansion

(see Fig. 4.47 and Table 4.I1). Coats andZhao (1989) mentioned that the flame liftoff from a

pipe (no sudden expansion is used in their study) initiates when the initial laminar base of the

flame is invaded directly by the pipe's jet flow turbulence. As shown in Iyogun and Birouk
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(2009a), the higher core turbulence in the pipe jet (which is higher than that of all the nozzles

tested), which is further increased by the presence of quarl, could be the reason why the flame

issuing from the pipe has the lowest liftoff velocity for both cases with and without quarl

configuration. This occurs particularly in the very near field at x : 2 mm as reported in Section

4.1.1 .5. However, for the contoured (i.e. contracted circular) nozzle, its liftoff takes place when

holes develop in the flame sheet as a result of selective quenching of the diffusion flame at the

point of interference between the inner gaseous jet high frequency vortices and the flame front

(see Eickhoff et a1.,1984). According to Coats and Zhao (1989), as the holes appear, part of the

flame, which still attaches to the nozzle, becomes increasingly more turbulent until the flame

completely lifts from the nozzle exit plane. Accordingly, except for the pipe's flame, the

transition from attached to lifted flame is fairly similar for all the nozzles having identical

streamwise mean-velocity prof,rles (i.e. top-hat shape) both for the quarl and the no-quarl

configuration. In fact, except for the pipe, for all the other nozzles there is necking involved

before liftoff, which is followed by the appearance of holes that seem to reduce the damping

effect of the flame on the growth of the vortical structures in the jet shear layer. As breakdown of

vortices increases, the flame below the neck of the flame becomes increasingly more turbulent

and hence more susceptible to liftoff. In addition, local extinction regarded as holes in the flame

front, according to Eichkoff et al. (1984), is believed to result from interference of the vortical

structures with the flame due to excessive heat diffusion by the small-scale turbulence structures.

This explanation of Eichkoff et al. (1984) seems to make a sense, as holes are absent in the pipe

jet flame during its transition from anchored to lifted.

The reattachment velocity with quarl, which is presented in Table 4.11, is lower than its

corresponding liftoff velocity without quarl. This finding of hysteresis is consistent with the

148



hysteresis phenomenon reported in the literature (see, for example, Coats and Zhao, 1989;

Gollahalli et a1.,1986). However, the reattachment velocities of the flame issuing from a nozzle

with quarl are, in general, higher than their corresponding no-quarl configurations. This finding

generally implies that the quarl does affect (although only slightly) hysteresis by increasing the

reattachment velocity. However, earlier explanation for nozzles without sudden expansion defies

the effect of the quarl. Nonetheless, it appears that the alteration of the velocity profile by the

presence of the quarl, in the near field, is probably responsible for the change in the reattachment

velocity. The only consistent finding from Table 4.1 1 concerning the reattachment process is that

the two nozzles with the lowest liftoff height are those with the lowest reattachment velocities.

Nevertheless, the trend of the liftoff velocity for the nozzleswith quarl does not give any hint to

help understanding the reattachment process. Therefore, additional work may be required to find

further evidence.

4.2.2.3 Discussiott

One may ask the question why asymmefric nozzles with quarl produce flames with lower liftoff

heights and higher blowout velocities compared with their corresponding geometries without

quarl. In an attempt to shed light on these issues, the non-reacting turbulent free air jet mean

velocity and turbulence profiles measured and discussed above are highlighted.

The streamwise centreline mean velocity decay at exit velocities of 30 m/s and 65 m/s for the

different nozzle geometries with and without quarl presented in section a.12(a) shows that the

presence of quarl increases the streamwise centerline mean velocity decay which translates into a

significant decrease in the flame liftoff height, as shown in Fig. 4.47. Consequently, this

indicates that the presence of quarl enhances further the mixing which in turn results in a lower
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flame liftoff height compared to their corresponding geometry without quarl. It supports the

finding of Kalghatgi (198a) that the base of a lifted jet diffusion flame is mainly premixed.

However, it was also discussed in section 4.1.2.1 that the quarl's impact is more pronounced for

the streamwise centreline mean velocity decay of the jets issuing from the rectangular and

triangular nozzles. Consequently, these two nozzle geometries have a more pronounced quarl

effect.

Section 4.1.2.4 shows the effect of quarl on the turbulence intensity (u/U,¡) at the near-fìeld for

the free air jet exit velocities of 30 m/s and 65 m/s. That is, for eachnozzle, the presence of quarl

considerably increases the turbulence intensity which serves to increase the local rate of

molecular mixing. Note that the increased turbulence is also a good indicator of the growth rate

of streamwise vortices (Ho and Gutmark, 1989). Consequently, as the molecular mixing is

increased, the liftoff height is reduced. It can also be seen from the same figure that the increase

in turbulence is more pronounced for the asymmetric nozzles, which is why they have a marked

lower flame liftoff height compared with their circular counterparts.

According to Table 4.ll,the effect of quarl is generally seen to increase the blowout velocity for

each nozzle flame. Consequently, the significant high local rate of molecular mixing (especially

in the far-field, as indicated by the jet velocity decay profiles) induced by the quarl is believed to

be responsible for the increase in the flame blowout velocity and hence the flame upper stability

limit. However, the same trend is not observed for the same nozzles geometries without quarl.

This is mainly due to the inability of the asymmetric nozzles without quarl to significantly

increase the rate of molecular mixing in the far-freld compared to those of their circular

counterparts. However, the addition of the quarl appears to increase significantly the rate of

mixing due to an increase in the growth rate of the streamwise vortices. Consequently, this
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assertion supports the work of Dahm and Mayman (1990) which identifies the local molecular

mixing rate as the mechanism that governs the blowout process.

4.2.3 Effect of SwirlingÆ.{on-Swirling Air Co-flow and Nozzle Geometry on Flame Stability

Blowout and liftoff velocities as well as the liftoff height and length of a swirling non-premixed

methane jet flame issuing from rectangular nozzle (also called RN) and contracted circular

nozzle (also called CCN) are presented below. The aim was to examine the effect of the central

nozzle geometry in conjunction with the co-flow swirl intensity. The effect of nozzle asymmetry

on these elements of stability of a swirling or non-swirling (zero-swirl) flame is discussed using

the LDV measurements of the reacting flow velocity profiles along The nozzle' s centerline plane.

4.2.3.1 Flame Lengtlt

Flame length was taken to be the maximum height of the visible flame from the nozzle exit.

Figures a.a9@) and 4.49(b) present the flame length versus the gas fuel fiet/nozzle) exit velocity.

The comparison made in each of these two figures is between two different nozzle's geometries

(i.e, rectang:ular nozzle and contracted circular nozzle) for two typical co-flow exit velocities and

swirl strengths. In Fig. 4.49(a) the flame length for the two nozzles is plotted for the same co-

flow exit velocity (Uo:0.58 m/s) and the same swirl strength (^S : 0). In the same figure, the

contracted circular nozzle flame length is also compared between two different swirl strengths (S

: 0 and 1.15). In Fig. 4.49(b), the flame length of the iwo nozzles is presented for the same co-

flow swirl strength (S: 1.15) and exit velociry (U,:3.02 m/s). The data presented in these

figures show that the rectangular nozzle flame has a shorter flame length compared to the

contracted circular nozzle flame for identical test conditions. Overall the difference in the flame
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length between the two fuel nozzles becomes more apparent at higher co-flow momentum (i.e.

inlet velocity) and stronger swirl number, S: 1.15, as shown in Fig. 4.49(b).In addition, Fig.

a.a9@) shows that there is no significant difference in the flame length of the contracted circular

nozzle as the co-flow swirl strength changes from 0 to i.15 at low exit velocity, i.e. Uo:0.58

m/s. However, comparing Fig. a.a9@) with 4.49(b), for the same co-flow swirl number ^S: 1.15,

reveals that as the co-flow exit velocity Un increases Lo 3.02 m/s, the flame length decreases.

These observations show that the flame length is also influenced by the fuel nozzle geometry in

addition to both the co-flow exit velocity and swirl strength (i.e. increase in co-flow tangential

velocity). These figures show that on average the flame length does not exhibit a very clear

dependence on the central exit velocity (at least with the range tested here), as the flame length

seems to fluctuate around an average height/length. However, the flame length does seem to

depend on the nozzle geometry at least for the present conditions presented in Fig. 4.49. These

findings at first seem to be in contradiction with those of Al-Abdeli and Masri (2007) who

showed that as U, increases flame length increases accordingly. Al-Abdeli and Masri (2007)

attributed this increase in the flame length to increased jet momentum, as they quoted that this is

'less surprising'. In fact, Al-Abdeli and Masri (2007) obtained flame length for only two distinct

fuel jet exit velocities, i.e. Uj : 40 m/s and 60 m/s, which might not be sufficient enough to make

this categorical conclusion.
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However, conceming the influence of Uo on the flame length, Al-Abdeli and Masri (2007)

suggested that as Uo increases, a stronger rate of flow recirculation takes place which thereby

causes higher entrainment of the central jet. As a result of this higher entrainment, the central jet

exit velocity decays faster thereby making the flame shofier. Al-Abdeli and Masri (2007) also

suggested that other factors that could be responsible for the shorter flame length might be the

transition to unsteady behavior or the breakdown of vortices. After careful analysis of LDV data,

Al-Abdeli and Masri (2007) found that along with Uo, the most likely cause of the change in

flame length is the transition into unsteady behaviour. They found that the start of the decrease in

flame length as well as the overall increase in flame stability coincides with the transition to
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unsteady behavior. The swirl number before the transition to unsteady behavior was found to be

highly dependent on Uo but not on U¡. Nevertheless, Syred and Beer (I974) attributed the reason

why flames exposed to a co-flow with high swirl strength above 0.6 becomes more stable, to the

ability of the high swirl co-flow to induce a toroidal recirculation zone which acts as a heat

reservoir thereby contribute to recirculating hot products. Recently published results showed that

the rectangular nozzle induces larger and stronger turbulence structures than the contracted

circular nozzle (lyogun and Birouk,2009a). This may explain why the flame length decreases in

Fig. a.a9þ) compared to Fig. a.a9@).It is believed that the enhanced entrainment and mixing

close to the rectangular nozzle exit with the intensification of the swirl strength resulted in a

shorter rectangular nozzle flame compared to that of the contracted circular nozzle which

induces less turbulence structures close to the exit. In conclusion, it is clear that the effect of fuel

nozzle geometry does have a noticeable influence on the flame length especially when the co-

flow swirl strength becomes relatively significant.

4.2.3.2 Líftoff Height

Figures 4.50(a) and 4.50(b) show, respectively, the liftoff heights of the rectangular nozzle and

contracted circular nozzle flames for the cases with no co-flow and with a weak co-flow (i.e., Uo

: 0.58 m/s and S : 0). These two figures show that the liftoff height of the rectangular nozzle

flame is lower than that of the contracted circular nozzle flame for the same test conditions. This

apparent decrease in the flame liftoff associated with the nozzle geometry is attributed to the

significant increase in entrainment and mixing induced by the rectangular nozzle (lyogun and

Birouk, 2008,2009a). These two figures, however, show that there is no significant difference in

the flame liftoff height with and without a weak co-flow (i.e. U,:0.58 m/s) regardless of the
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nozzle geometry. This observation is an indication that the jet momentum is the driving factor in

determining the flame liftoff as the weak co-flow does not seem to exercise any impact.
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Figure 4.50: Comparison of the flame liftoff height with and without co-flow of (a) rectangular

nozzle flame and (b) contracted circular nozzle flame.

80

Figure a.51(a) presents the flame liftoff for both rectangular nozzle and contracted circular

nozzle for the same co-flow velocity as in Fig. 4.50 but with a stronger tangential velocity

component (as indicated by the swirl strength, S : 1 .15). Figure 4.51(b) presents the flame liftoff

for both rectangular nozzle and contracted circular nozzle for the same co-flow swirl strength as

in Fig. 4.51(a), (,S: 1.15), but with a relatively stronger co-flow exit velocity. Figure a.5l(a)

reveals that overall the swirl strength has an effect on the flame liftoff though still weak.

However, as the co-flow inlet velocity is increased from Uo: 0.58 m/s to 2.65 mls, the flame

liftoff height decreases considerably, as revealed in Fig. 4.51(b). Therefore, two important
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remarks might be drawn from the foregoing. Firstly, the co-flow swirl strength becomes more

influential only when the co-flow momentum becomes relatively significant with respect to the

jet (flow issuing from the nozzle) momentum. Secondly, the rectangular nozzle nozzle's flame

has exhibited always shorter liftoff height compared to that of the contracted circular nozzle for

the same test conditions; though the difference in the liftoff heights between the two flame

nozzles seem to become more apparent with stronger co-flow swirl strength. This is an indication

that the rectangular nozzle still has a better entrainment compared with the contracted circular

nozzle under these conditions of the swirling co-flow. In conclusion, the fuel nozzle geometry

seems to have a significant role on the liftoff height of swirling non-premixed flame.
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Figure 4.51: Comparison of the liftoff height between the rectangular nozzle and contracted

circular nozzle flames- (a) U, : 0.58 m/s and S : 1.1 5, (b) U, : 2.65 m/s and S : 1.15.
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gradually increasing the jet exit velocity until the flame blows off as a lifted or as an attached

flame. Figure 4.52 presents a map of the non-premixed methane flame blowout velocity, for both

contracted circular nozzle and the rectangular nozzle nozzles, versus the co-flow exit velocity for

different co-flow swirl strength. Figures a.52(a) and (b) show that, for swirl strength in the range

up to 0.31 (i.e., vane angles in the range between 0o and 25o), the blowout of the lifted non-

premixed methane flame decreases slightly as the co-flow exit velocity, (Jo, increases from

around 0.58 m/s up to around 2 mls, as shown in Fig. a.52(a) and 4.52(b). However, further

increase in the co-flow exit velocity, say around 2.5 rnls, the flame blows out as an attached

flame at relatively very low jet exit velocities. In addition ,Fig. 4.52(a) and 4.52(b) show that the

blowoff velocity of the attached flame is similar in value for both the contracted circular nozzle

and rectangular nozzle in the range of the co-flow exit velocity, Uo, employed here, which are in

accordance with the observations reported by Wierzba and Oladipo (1994) for an attached

axisymmetric flame. However, for co-flow exit velocity ranging below 3 m/s, the blow out

velocity of the rectangular nozzle flame is relatively higher for both swirl strengths (i.e., S:0

and 0.31). It is also important to mention here that the flame blowout trend observed in Fig.

4.52(a) is similar to that of Fig. 4.52(b) indicating that weak swirl strength would not really play

any additional role when compared to zero-swirl co-flow, which is in accordance with the

findings of Al-Abdeli and Masri (2007).

However, Fig.4.52(c) and4.52(d) show that for swirl strength between 0.80 and 1.15 (i.e. for

vanes angle of 50o and 60o, respectively), the flame remains always lifted before it blows off for

bofh nozzles. In addition, these figures show that, for the co-flow exit velocity Uo in the range

between 0.58 m/s and 1.5 m/s, the flame blowout velocity decreases slightly especially forthe

contracted circular nozzle. Note that the maximum co-flow exit velocity which could be attained
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with the present experimental set-up was Uo: 4.56 m/s. The same figure reveals also that the

flame blowout velocity increases as the co-flow swirl strength increases from,S:0.80 to 1.15

especially at high co-flow exit velocities. For example, for a co-flow exit velocity Uo: 3 m/s, the

60o swirling rectangular nozzle flame still does not blow out even by increasing the jet flowrate

(fuel) to its maximum attained value in the present study (i.e., U¡ : 137 nls), whereas the 50"

swirling rectangular nozzle flame blows out at about 130 m/s. More importantly these figures

reveal that the blowout velocity of the swirling non-premixed methane flame is increased

remarkably for the rectangular nozzle in comparison with its counterpart contracted circular

nozzle.

In summary, Fig. 4.52 demonstrates that the blow out limit of swirling non-premixed methane

flame increases with the rectangular nozzle (lyogun and Birouk,2008,2009b). That is, the

rectangular nozzle flame still has a higher blowout limit than the contracted circular nozzle even

in the presence of a swirling co-airflow. It is also shown that the blowout limit of the rectangular

nozzle flame can be further increased by increasing the co-flow swirl strength. It is believed that

the increase in blowout as a result of using co-flow with high swirl number in conjunction with

rectangular nozzle is caused by the high rate of mixing induced by large scales generated by both

the swirler and the asymmetrical nozzle (i.e. the flat sides of the rectangular nozzle orifice), and

the small scales generated by the asymmetric nozzTe (at the comers).
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4. 2. 3. 4 L iftoff Ve lo ciry

The liftoff velocity is measured visually by slightly increasing the (centrallnozzle) jet exit

velocity, while keeping all other parameters (e.g. nozzle geometry and, co-flow exit velocity and

swirl strength) fixed, until the flame detaches completely from the nozzle. Figure 4.53 presents

the flame lift-off velocity as a function of the co-flow exit velocity for the contracted circular

nozzle and rectangtlar nozzle nozzles for various swirl numbers/strengths. It is important to

mention here that the flame lift-off velocity corresponds to the jet exit velocity at which the

flame lifts off. One can notice that the trends displayed in these figures are similar to those

observed in Fig. 4.52 for the flame blow-out velocity. Figures a.fi@) and 4.53(b) show that, for

bofh nozzle geometries, the flame lift-off velocity decreases as the co-flow exit velocity

increases for a swirl number ranging up to 0.31 (i.e., swirler vane angles ranging between 0o and

25"). While the lift-off velocity of the same flame increases with the co-flow exit velocity for a

swirl number ranging from 0.80 up to 1.15 (i.e. swirler vanes angle of 50" and 60o, respectively),

as shown in Fig. 4.53(c) and 4.53(d). The flame lift-off velocity increases with the co-flow exit

velocity at relatively high swirl numbers (i.e., swirler vanes angle of 50o and 60o) can be

attributed to the flow reversal/recirculation which would occur at suff,rciently high swirl numbers

(e.g., Lefebvre, 1983; Aref and Gollahalli, 1990; Mathur and Maccallum,1967). For instance,

Mathur and Maccallum (1967) reported that a flow with a swirler having vane angles of 45o and

greater would induce reverse velocity (i.e. recirculation), which increases in strength as the vanes

angle increases. The flow reversal, therefore, makes it increasingly difhcult for the flame base to

lift off from the nozzle as a result of increasing toroidal vortex. More importantly these figures

show that contrary to the blow-out scenario, the lift-off velocity of the contracted circular nozzle

flame is generally greater than that of the rectangular nozzle flame regardless of the co-airflow
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swirl strength. The stability theory proposed in (Vanquickenborne and Van Tiggelen, 1966)

which suggests that a lifted diffusion flame is stabilized when the turbulent burning velocity is

identical to the local flow mean-velocity, and the assertion of Coats and Zhao (1989) that liftoff

is initiated as aresult of invasion of the initial laminar flame base by turbulence that is present in

the gaseous fuel jet could possibly explain why the lift-off velocity of the contracted circular

nozzle flame is higher than that of the rectangular nozzle flame. In other words, the increase in

the jet turbulence in the near-field and higher rate of jet decay (which will be shown in the next

section of the paper) as a result of using an asymmetric nozzle (i.e. rectangular nozzle) instead of

contracted circular nozzle could explain why the lift-off velocity of the rectangular nozzle flame

ìs generally lower than that of the contracted circular nozzle flame.
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4. 2. 3. 5 LDV Meøs urements

The LDV measurements of the reacting flow were undertaken as an attempt to help in explaining

the flame blowout, flame length, and liftoff phenomena. These measurements were taken at two

distincttypicaltestconditions: Ur:20rrlsandUo:1.84m/s,and U¡:60 m/sand lJo:3.02

m/s. All measurements were limited to two swirl numbers: S : 0 and 1.15. Figure 4.54 shows the

normalized streamwise mean velocity profile, U/Urt of the rectangular nozzle flame across the

central radial plane at a jet exit velocity of 20 m/s and co-airflow with an exit velocity of 1.84

m/s at three typical streamwise locations, x/Dn:5, 10, and 15. The velocity Uis the mean-

velocity at any radial flow location and U.¡ is the centerline mean-velocity. Figure 4.55 presents

the corresponding mean turbulence intensity prof,rles (i.e. tt/U") at the same streamwise

locations. Figure 4.54 shows that in the near-field (i.e. x/D": 5), the 60o swirling flame has a

negative U/U"¡ and reaches a minimum at the interface between the co-flow and the methane jet

flow. This is caused by the high swirl strength which causes recirculation according to Mathur

and Maccallum (1967), thereby making the momentum of the core jet flow weaker. This

recirculation is an indication of higher entrainment of the core jet flame with the surrounding

ambient (i.e. co-airflow). The higher entrainment, which is induced by the stronger swirl, is more

apparent at farther streamwise locations (i.e., at x/Dr:10 and 15). It can be seen that at these

downstream flow locations the 60' swirling rectangular nozzle flame spreads faster than its zero-

swirling flame countetpart. This is why flame blowout increases for the 60o swirling RN flame

while both flame liftoff height and length decrease. It also helps to explain why the liftoff

velocity of the 60" swirling rectangular nozzle flame increases as the co-airflow exit velocity

increases. That is, as the co-airflow exit velocity increases, the swirl strength gains momentum

and hence the recirculation zone increases which prolongs the near-field flame extinction
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because of the weakening of the core jet momentum (e.g., Syred and Beer, 1974). Figure 4.55

shows that in the near-field (i.e. x/D":5), the turbulence intensity of the 60" swirling rectangular

nozzle flame is higher than that of the zero-swirling rectangular nozzle flame. It underscores the

importance of turbulence intensity to blowout. Figure 4.55 also shows that downstream of the

reacting jet, the turbulence intensity signihcantly increases for the 60" swirling flame compared

to the zero-swirl flame. As a result, the blowout of the 60o swirling flame is increased because of

the increase in both near and far-field molecular mixing caused by the increased turbulence

intensities, which is consistent with the hndings of Syred and Beer (1974). The Reynolds shear

stresses (not shown here) also support the assertion that the high swirl number causes an increase

in molecular mixing in the far-field. As a result of this increase, the blowout for the 60" swirling

flame is much higher than that of the 0o counterpart. This assertion is funher supported by the

streamwise centerline mean-velocity decay, U*to, :slUr¡ shown in Table 4.12. The first and

maximum streamwise mean-velocity at this test condition was obtained at x/D": 5. This figure

(Fig. 4.55) clearly re-emphasizes that the 60o swirling flame has much higher rates of

entrainment compared to the 0o swirling flame which is in accordance with the f,rndings of Syred

and Beer (1974). Consequently, it seems that far-field molecular mixing is increased, leading to

higher blowout velocity.
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Table 4.72: Comparison of the centerline mean-velocity decay of rectangular nozzle flame for

typical inlet conditions (U, :20 m/s and Uo: 1.84 m/s) between two different swirl strengths

x/D"

0" (S: 0)

5

10

l5

Figure 4.56 shows a comparison of the normalized mean velocity profiles, U/U"t of the

rectangular nozzle and contracted circular nozzle flames across the central radial plane for a

typical jet exit velocity of 60 m/s and a co-flow exit velocity of 3.02 m/s with S :i.15. Figures

4.57 and 4.58 present the corresponding turbulence intensity and Reynolds shear stresses

profiles, respectively. Only two streamwise measurement locations, x/D":5 and 10 were chosen

to further elucidate the reason why the blowout of the swirling rectangular nozzle flame is higher

than that of the contracted circular nozzle flame, whereas the liftoff velocity, liftoff height, and

flame lengths are lower for identical test conditions. It can be seen that contrary to Fig. 4.54

where negative co-flow velocities were observed as a result of the strong influence of the swirl

strength, ,S:1.15, Fig. 4.56 shows positive mean velocity profiles across the central radial plane;

because of the stronger momentum of the core jet flow (i.e. Uj:60 m/s). Therefore, the interplay

between the central fiet) and surrounding (co-flow) flows also plays a part in the liftoff

phenomena as repofied by Takahashi e¡ al. (1996). In fact, for relatively higher co-flow exit

velocities, say, Uo: 3.02 m/s with S: 1.15, the central jet exit velocity must be increased
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substantially before liftoff occurs, whereas the liftoff occurs at relatively lower jet exit velocities

for Uo: 1.84 m/s for the same co-flow swirl strength. However, for lower jet exit velocities,

there is more tendency of reverse flow to occur because of the strong momentum of the co-

airflow. This explains why the 60" swirling flame af Uo : 3.02 m/s has more tendency to

flashback into the nozzle mouth which can cause damage of the bumer (e.g., Tangirala et al.,

1987). However, at higher jet exit velocities, the flame stabilizes at the nozzle exit and further

increase in the central/nozzle jet velocity eventually leads to flame liftoff. Figure 4.56 shows that

at x/Dr: 10, the mean velocity of the rectangular nozzle flame is wider than that of the

contracted circular nozzle counterpart. This is an indication of higher entrainment which is

further supported by the turbulence intensity profiles shown in Fig. 4.57 . Figure 4.51 reveals also

that the turbulence mean intensity profiles of the rectangular nozzle flame show larger values

than those of the contracted circular nozzle flame, especially at x/Dr: 10, which is an indication

of higher molecular mixing induced by the rectangular nozzle geometry. The higher turbulence

intensity of the rectangular nozzle flame also explains why its liftoff velocity is lower than that

of the contracted circular nozzle flame at identical test conditions. The Reynolds shear stress

profìles which are shown in Fig. 4.58 further accentuate the assertion that the rectangular nozzle

has a higher rate of molecular mixing. This f,rgure shows that the Reynolds shear stresses of the

rectangular nozzle flame are overall higher than those of the contracted circular nozzle flame

especially in the mid-field (i.e. x/D" : 10). The centerline mean velocity decay, U,o/U¿

presented in Fig. 4.59 further enhances the earlier assertion of higher entrainment for the

rectangular nozzlefT.ow. U,,n, is the maximum streamwise centerline mean velocity. It is worth

noting that this figure shows that the flow far-field (i.e., for xlD, beyond around 30) exhibits no

change in U,^lUr¡. Nevertheless, this figure reveals clearly that the centerline mean velocity
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decay of the rectangular nozzle swirling flame is significantly higher than that of the contracted

circular nozzle flame. This is a good illustration of the suspected increase in mixing caused by

using non-symmetric central fuel nozzle (i.e., rectan gular nozzle). The enhanced mixing with the

use of rectangular nozzle is believed to be due to the presence of large and small turbulent

structures generated by the three-dimensional geometry of the nozzle's orifice where small

structures are generated atthe corners and large structures atthe flat sides ofthe nozzle's orifice.
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Figure 4.56: Comparison of the centerline mean-velocity radial profiles of the rectangular nozzle

and contracted circular nozzle flames for typical test conditions (Ur: 60 m/s, Uo:3.02 m/s, and
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary and Conclusions

5.1.1 Effect of Nozzle Geometry on Entrainment and Spreading Rates of Free Turbulent

Non-Reacting Jets

Five nozzles with different geometries (i.e. nozzle's orifice); a contracted circular, a square, a

rectangular, a triangulat, and a pipe with and without quarl were tested to study their effect on jet

entrainment and spreading rates. The jet bulk exit velocity used was kept 30 m/s for all the

nozzles. For the nozzle configurations without quarl (i.e. no sudden expansion was used), it was

found that the jet flows issuing from asymmetric nozzles exhibited higher entrainment and jet

spreading rates compared with their axisymmetric counterparts which is in agreement with

published findings. Moreover, it was demonstrated here that the use of quarl further improved

the jet entrainment and spreading rates compared with the nozzle configuration without quarl.

The results revealed that entrainment and spreading rates of jets issuing from the triangular and

rectangular nozzles were more affected by the presence of quarl compared with the other nozzles

(i.e. contracted circular and square), while the contracted circular nozzle was only mildly

affected. This higher entrainment from these geometries with quarl is attributed to the strong

counter-rotating vortices which are believed to be produced as a result of the sudden expansion

brought about by the quarl. The improved entrainment and spreading rates of the asymmetric

nozzles without quarl which becomes even higher with quarl are also seen to be directly related

to the increased level of turbulence. Overall, it is found that the triangular nozz\e without quarl

exhibits the highest rate of entrainment and spreading while the rectangular nozzle with quarl has

the highest rate of entrainment.
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5.1.2 Bffect of Exit Velocify on the Entrainment and Spreading Rates of Free Turbulent

Non-Reacting Jet Issuing from Asymmetric Nozzles

The same nozzle geometries described above, except the pipe, were used to examine the effect of

exit velocity on the spreading and entrainment rates of the ensuing turbulent free jet. Two exit

velocities i.e. 30 m/s and 65 m/s, were tested. For fhe nozzle configurations without sudden

expansion at the same exit velocity, it was found that the jet issuing from asymmetric nozzles

exhibited higher entrainment and spreading rates compared with the contracted circular nozzle,

which is in accordance with previous published results. In addition, for the same nozzle

configuration with and without sudden expansion, it was found that increasing the exit velocity

from 30 m/s to 65 m/s reduces the rate of entrainment and spreading of the jet. This applies to all

nozzle configurations examined here. Furthermore, at both exit velocities of 30 m/s and 65mls,

the present results of the nozzle geometries without sudden expansion agree with published

findings, that is the triangular nozzle have higher rate of entrainment compared with that of the

rectangular nozzle. However, the rectangular nozzle showed higher entrainment and spreading

rates compared with the triangular nozzle with sudden expansion regardless of the exit velocity.

In addition, it was found that though the jet exit velocity may not affect the decay constant of the

contracted circular nozzle, it however changes its virtual origin. More importantly, varying the

exit velocity altered the value of the decay constant and the virtual origins of the asymmetric

nozzles. Jet entrainment and spreading was also seen to be directly correlated with the

corresponding axial turbulence especially in the near-field and in the shear-layer of the jet.

Reynolds stresses also correlated well with the entrainment and spreading rates. That is, the

higher the turbulence in the shear-layer, the axial development of turbulence intensities, and the

Reynolds shear stresses, the higher the tendency to have increased jet entrainment and spreading
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rates. Consequently, 30 m/s jets were seen to exhibit higher turbulence intensities and Reynolds

shear stresses compared with their counterpart jets at 65 m/s.

5.1.3 Effect of Nozzle Geometry on the Stabilify of Turbulent Jet (Diffusion) Mefhane

Flame

The present findings reveal that asymmetric nozzles overall, have lower flame liftoff heights than

their axisymmetric counterparts. The results show that the far-fìeld liftoff height varies linearly

with the exit velocity for all the nozzles. However, the triangular and rectangular nozzles have

two distinct liftoff regions separated by a transition. In the f,rrst liftoff region, the triangular

nozzle has the lowest liftoff height while the rectangular nozzle has the lowest flame liftoff

height in the second liftoff region. However, the rectangular nozzle is overall found to have a

much lower flame liftoff height than the other nozzles. The liftoff height appears to be primarily

governed by local rate of molecular mixing. The increase in molecular mixing, induced by the

asymmetry of the nozzle, is believed to create a more combustible mixture closer to the nozzle

exit which then helps the flame to stabilize itself closer to the nozzle exit. An attempt was made

to assess the underlying theories which Kalghtagi (1984) and, Peters and Williams (1983) based

their liftoff height data. It showed that only Kalghatgi's (1984) empirical corelation had good

agreement with the present study. However, only one expression for cor¡elating liftoff height

prescribed by Peters and Williams (1983) agrees fairly well with the present data. Nevertheless,

this agreement is due to the empirical determination of this expression and does not support the

assumption of flamelet quenching being responsible for diffusion flame stabilization mechanism.

Furthermore, nozzle geometry was found to influence the blowout and liftoff velocities. The

blowout is higher for the asymmetric nozzles as compared with their axisymmetric counterparts.

t76



Conversely, the reattachment velocity is fairly similar for all nozzles, which is an indication that

nozzle geometry does not signifìcantly influence the reattachment process. On the other hand,

the liftoff process is seen to be fairly similar for the nozzles with approximately top-hat velocity

profile shape and diffèrent for the pipe jet with a fully developed turbulent velocity profile,

meaning that the velocity profile at the nozzle exit plays a significant role in the liftoff process.

5.1.4 Effect of Nozzle's Sudden Expansion on the Stabilify of Turbulent Jet (Diffusion)

Methane Flame

The presence of quarl at the exit of the nozzle appears to increase further the rate of mixing

which results in even lower liftoff height compared with the corresponding geometry without

quarl. Furthermore, the effect of quarl on the flame liftoff height is more pronounced for the

asymmetric nozzles than their axisymmetric counterparts. In addition, with the exception of the

very low end of the exit velocity at which the flame liftoff height is nearly constant, the liftoff

height increases nearly linearly with the exit velocity for all nozzles with quarl configuration.

The rectangular nozzle with and without quarl has the lowest liftoff height. It appears that an

increase in mixing as a result of quarl creates a much better combustible mixture closer to the

burner which could be the main reason why the flame stabilizes closer to the nozzle exit plane.

Furthermore, asymmetric nozzles with quarl are found to influence further the blowout,

reattachment, and liftoff velocities. It increases the blowout and reattachment velocities, whereas

it decreases the liftoff velocity. The level of increase in flame blowout velocity for the

asymmetric nozzles with quarl is much more significant than that of their axisymmetric

counterparts. The blowout is believed to be primarily controlled by the rate of molecular mixing

in the far-field of the jet. Succinctly, the most significant effect of quarl is the increase in the

lifted flame stability velocity range. Therefore, the use of asymmeTric nozzles with quarl seems
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to be very beneficial for industrial applications where a lifted flame operating within a wide

stability range may be needed.

5.1.5 Effect of SwirlingÆ'{on-Swirling Co-flow and Nozzle Geometry on a Non-Premixed

Methane Flame

The effect of swirling/non-swirling co-airflow on some of the stability features of a methane jet

flame issuing from a rectangular and a contracted circular nozzle was also examined. The major

outcome of this experimental work is that the blowout of the rectangular nozzle swirling methane

diffusion flame is higher than that of the contracted circular nozzle for identical test conditions,

and all the liftoff velocity, liftoff height, and flame length are lower (though not to the same

extent) than those of the corresponding contracted circular nozzle flame. These observations

clearly indicate that asymmetric fuel (central fuel jet) nozzle has an apparent impact on

enhancing stability of swirling non-premixed flame which is in agreement with the trend of the

results without swirling co-flow shown in previous sections. More importantly, the blowout of

the rectangular nozzle flame seems to increase as the co-flow swirl strength increases. The LDV

measurements of the reacting flow revealed that the far-field local mixing plays a prominent role

in the blowout phenomena. The enhanced mixing is believed to result from the interplay between

the turbulent structures induced by both the swirl strength and the asymmetric nozzle geometry.

The present data showed that as swirl number/strength increases, all the turbulence intensity and

Reynolds shear stress levels increase, and the streamwise mean-velocity radial prof,rles become

wider. Also, the rectangular nozzle flame has higher turbulence levels as well as Reynolds shear

stresses compared with the contracted circular nozzle flame. All the aforementioned contributed

to increased rectangular nozzle swirling flame stability.
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5.2 Recommendations for Further Studies

The experimental work carried out in this study provides new and helpful information about the

effect of asymmetric fuel nozzles on jet mixing and hence flame stability. However, the present

work needs to be extended in order to develop a more comprehensive examination on the

relationship between asymmetric nozzle geometry and the ensuing reacting or non-reacting jet.

The following suggestions can be made for future investigations:

. There is, for example, a need to measure the whole velocity field of the asymmetric jets

with and without sudden expansion in order to completely analyze the flow dynamics.

This will give a better understanding of the entire flow field and hence give a detailed

radial and streamwise development of the mean velocity, turbulence intensities, and

Reynolds stresses. These detailed data will also serve as data bank for validating

numerical simulations.

In addition, the sudden expansion (quarl) used which is cylindrical in shape should be

varied. There is a need to see what impact changing the length as well as the diameter

would have on jet entrainment and spreading rates. The shape of the sudden expansion

could also be changed to assess its impact on jet characteristics (e.g. entrainment and

spreading rates).

Measuring the pollutant formation and emission in conjunction with temperature

would provide information about the relationship between fuel nozzle geometry

flame emissions.

Bumer aerodynamic (nozzle geometry) effects on the combustion performance of other

types of conventional as well as renewable fuels (e.g. hydrogen and syngas) should also

be examined.
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Melling (1997) formulated a set of equations that describes the frequency response of tracer

particles to the instantaneous motion of the continuous phase (air or methane in the present

study). These equations are based on the assumptions that the turbulent flow is homogeneous and

stationary as well as the tracer particles being smaller than the smallest turbulence eddies. In

addition, the particle ambient must consist of the same fluid molecules and there can only be

insignificant relative motion between a particle and the carrier fluid. The solution was expressed

either as the relative amplitude, q, and phase response of the instantaneous particle, B, or as the

ratio of fluctuation energies of the time-averaged particle and fluid motio"t,4/4. For a high

density ratio (i.e. ratio of particle density to ambient fluid density), the solution of the equations

proposed reduces to

APPENDIX A: FREQUENCY RESPONSE EQUATIONS

78lt

Ppd"p

, ", -7/2
ry=(1 *#)

where C is a characteristic frequency of the particle motion. Note that or: Zrcf, is the highest

turbulence frequency of interest and f, is the maximum frequency response of the particle. pp

and d, is the particle density and diameter, respectively, while ¡z is the fluid dynamic viscosity.

Note that 4 was taken to be 0.99, which indicates the amplitude of the particle instantaneous

velocity was assumed to be 99Yo of the fluid instantaneous velocity. This is the recommendation

given by Melling (1997).

(A.1)

( .2)
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For example, the incense particles used had a density of 1060 kglm3 and a mass median

aerodynamic diameter of 0.3 pm (this is taken to be the average particle diameter) while the air
dynamic viscosity, was 1.7796 x 10-s Pas,

Therefore,

lïu 18 x 1.7796 x 1-0-s(- - --::-" - PrdS - 1060 x (0.3 x1.0-6)2

and

if 4 is taken to be 99o/o,

,=(,.g) :(,*r'ryIrÌ')

/ (znf,)z\ L(t+f )='r

Fry):#:Loz
(2nf,)2
É=o'02

(Znfr)' : 0.02 x Cz : 0.02 x 3357735.852

f' = 76 KHz
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APPENDIX B: MATLAB CODES FOR IMAGB PROCESSING

8.1 Matlab Code for Determining the Flame Liftoff Height

clear all
close all
c1c

threshold :42;
Path: '.\75(3)';
maxFiles :874;
ylength: 115.3; 9áthe ph-vsical length of the image in nun
xlength : fl oor(ylength+ 12801 1024);
xvec : linspace(0,xlength, 1 280);
yvec : linspace(O, yLength,l 024) ;
xCutoff : 25;9isrrlnum(char(inputcll-r¡('select the minirnuur X value to search'.'User
Input',1.{'0'}))):
yCutoff : 114.5;%str2nun-r(char(inputdl-e('select the maximum Y value to search'.'t]ser
Input',l.{'0'})));
for'(n: 1:maxFiles)

if (n < 10)
endfile : ['00000' num2str(n)];

end
if (n>9 & n<I00)

endfile : ['0000' num2str(n)] ;

end
if (n>99 & n< 1000)

endfile : ['000' num2str(n)] ;
end
f,rlename : ['ImgA' endfile '.ti1'];
%there ¿u:e ¿i lotal of 1024 pixeis in the y direction.
%1280 in the .x clirection. thelelble
%loaclin the intage
IMG : imread(fPath '\' filename],'tifi);
IMc(IMc<threshold) : 0;
IMc(IMc>:threshold) : 1;

IMG : bwareaopen(IMG,1 000);
% Iigurc
% 9loplot the intage
% itnagesc(xvqç,.-yvec.lfufG):
% colorbar
% title(['hna-ee of ' fPath '\' 1'rlcnamel '[letore '1'hresholcling']);

% xlabel('X - [mrn.J');
% -viabel('\' - [rnm]');

9ó par-rse

9/o IIW : LìDGE1IVIG.'so b,el'):
% ligure
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o/o imagesc(Bw);
o/o o/o pause
iX : fìnd(xvec<xCutoff) ;

[dummy,iX] : max(iX);
iY : find(yvec<yCutoff) ;

[dummy,iY] : max(iY);
%lfhreshold the irnage (based on the thresholcl value at top of code)
IMG(end,:):0;
o/ozerc out the tlvo bclxes
IMG(:,1:iX) : 0;
IMG(iY:end,:) : 0;
iX: find(xvec<105)'

[dummy,iX] : max(iX);
IMG(:,iX:end): 0;

% figute
% %plot the irna-rre

% imagesc(rvec.yvec.lN4G):
% colorbar
% title(['lmage of ' lPath '\' filename] 'Afier 'l'hresholding'l):

% xlabel('X - fnrrnl'):
% ylabel('Y - [mm]');
% pause

%Fincl the pixel locations rvhere the thresholdc.d image is non-zelo
indices: find(IMG-:0);
% indices: find(BW-:0);
[I,J] : ind2sub(size(IMG),indices);
%%%% This rnay be usecl to deterrnine the exact locations ol
%%% the non-zero pixels

% figure
% scatter(i,.I)
% title('Scatter Piot of thresholded valnes'):

o/odetennine the location ol the lorvest lìarne/pixel
[maxY,ylndex] : max(I);
maxYinMM(n) : yvec(maxY);
o/ocleterniine the x location of the lorvest pirel
maxX: J(ylndex);
maxXinMM(n) : xvec(maxX);

end
9/oadjust so that y length is h'om bottont of iruage
maxYinMM: ylength - maxYinMM;
maxYinMM: maxYinMM';
maxXinMM: maxXinMM';
figure
scatter(maxXinMM,maxYinMM) ;
axis([min(xvec) max(xvec) min(1wec) max(yvec)]);
title('Scatter Plot o{-valnes lbturd I'or start of'lìarrre');
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xlabel('X - [mru]');
ylabel('Y - [nrm]');
yAvg : mean(maxYinMM)
xAvg: mean(maxXinMM)

8.2 Matlab Code for Determining Flame Length
clear ¿rli

close all
clc
ozô subplot(221)
9¡ô threshold: 90:
Path : '.\45-length';
maxFiles:815;
ylength :320; %the physical length of the irnage in mnr
ylengthl : ylength/1024;
9'ô xvec : linspace(O.xl..engtlr.1 280);
9/o v\:ec : linspace(0.yLeng1h. 1 024):

9.¡ô xCrrtolT:20',o/ostr2nr,rm(char(inputdlg('Select the minimum X value to search'.'l]ser
Input'.1, {'0'})));
7ô -v-CLrtol-1':96',o/ostr2nurn(char(inputdlg('Select the nrarimum Y valLre to search'.'L.lsel
Input'.1 , {'0' }) ));
skipcount:0;
fileNumbersMissed : [] ;
for (n : 1:maxFiles)

if (n < l0)
endfile : ['00000' num2str(n)];

end
if (n>9 & n<l00)

endfile : ['0000' num2str(n)];
end

if (n>99 & n< 1000)
endfile : ['000' num2str(n)];

end
filename : ['hngA' endfile'.1i1'] ;

a : imread(fPath'\' filename],'tilf');
a : imread('lmgA0008 1 5.til'):
a : 256{'alrnax(rnax(a));
imagesc(a);
colormap(hsv(256));
(a<threshoid) : 0:
a(a>:threshold) : 1l
subplot(222)

level : gra¡,'thresir(a):
level:0.7813;
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amax: max(max(a));
level : 0.15+double(amax)1256;96 <----- - 'l'hresholcl

BW: im2bw(a,level);
irnagesc(Iì\\r)

colornrap gral'
subplot(223)
BW2 : bwareaopen(BW,l00); 0,.'.

inragesc(llW2)
c,olormap gla},.

[s1 s2] : size(BW2);
salir : 0;
conta: 0;

fsl s2] : size(a);
while salir::0

conta : conta*l;
many : sum(BW2(conta,:));
if many >0

salir :1;
end

if conta :: s 1

salir : 1;

end
end

salir : 0;
conta2: 0;
while salir:: 0

conta2: conta2-fl;
if BW2(conla,conta2) > 0

salir :1;
end
if conta2:: s2

salir : l;
end

end
results(n): conta;
results2(n): conta2;
end

results : floor(results*ylengthl );
results2: fl oor(results2 *ylength 

1 );
results : (320-results)+665 ;

results : results';
results2 : results2';
Yaverage : mean(results)
Xaverage : mean(results2)
results2:r'esults2':

?i, save |csults.txt results rcsults2 -¡\sclll
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figure
imagesc(BW2)
colormap(gray)
title(num2 str(conta))
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APPENDIX C:

Waist, Dy

p, - 3!L
t nEDt

Length:

,1 - 
Df

"' - ttnq6r1zl

width:

6v=Df

Height:

EQUATIONS FOR LDV PROBE VOLUME

n Df
"x - cos(ó212)

Fringe Separation:

1
c/l

2sin(Q212)

Number of Fringes:

(c.1)

À r 6x BFtan(þ212)
t õ' nED¡

In the present LDV set-up we have the following: E: Beam Expander Ratio : 1.00, F: Lens

Focal Length: 363 mm, Ôz = Angje between the two input laser beams, and D¡: Laser Beam

diameter:2.80 mm.

(c.2)

(c.3)

(c.4)

(c.5)
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An uncertainty analysis, which involves systematic procedures for calculating error estimates for

the experimental data was carried out. There are two broad sources of error in experimental

measurements, namely bias and precision enors. Consequently, the total uncertainty can be

found by combining precision and bias errors âsr o.¡61¿¡ : +(B+tP), where B is the bias enor, P is

the precision etror, and r known as the confidence coeffrcient, which is 2 for a 95o/o confidence

level (Holman,7994).

APPENDIX D: UNCERTAINTY ANALYSIS

D.1 Uncertainty Analysis for LDV Measurements

The method of uncertainty analysis used by Schwarz (1998) for LDV measurements was

employed in this study. The primary sources of bias uncertainties according to Patrick (1987) arc

effors due to the laser beam geometry, signal processor errors and seeding bias etrors, while the

precision elrors are affected by the ensemble size and the variation from the population mean.

Note that the velocity bias error is corrected using transit time weighting, while frequency

shifting was used to minimize angle bias. Consequently, Schwarz (1998) suggested that most of

the bias emors can be completely eliminated or very minimal due to improvements in LDV,

except the beam-crossing angle. Consequently, Schwarz (1998) ascribes a value of +0.4Yo for the

error in determining the uncertainty in the beam-crossing angle, which is the same value taken in

this study.

The combined uncertainties of the streamwise and radial mean velocities according to Schwarz

(1998) are as follows:

l:lro"t' * *(ï)'l:
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î:lro">' * ig)'l:

The corresponding equations for the turbulence intensities and Reynolds shear stress are:

|:[{o")'**]'

6v-
v Ito")'(Y)' . *]:

H - l{o")' (' * #)' * ; (Ð']'

where oo is the uncertainty in the determination of the beam crossing angle (taken as 0.4%o), N is

the number of samples, and R is the shear stress correlation coeffrcient. U and V are the

streamwise and radial mean velocity, respectively while u and v are the corresponding

streamwise and radial mean turbulence intensities, respectively. Finally, <uv> is the Reynolds

shear stress.

Applying the equations above to a typical flow characteristic indicated in Table D.1, we have the

following combined effors indicated in the same table. Note that this typical flow shown in Table

D.l concern a 30 m/s contracted circular jet without sudden expansion. This values shown in

Table D.1 are for x : 2 mm andy/D": 0.45 (i.e. the shear-layer) location.

(D.2)

(D.3)

(D.4)

(D.5)
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Table D.1 : Uncertainties for a typical 30 m/s contracted circular jet at a particular location.

6U

II

U¡ (m/s)
41.079s6

AV

II
ou

7t

0.4%

ø (m/s)
4.988396

ov

17

o(ur)

hu\

D.2 Uncertainfy Analysis for Flame Liftoff Height, Length, Blowout and Liftoff

Velocities

V¡ (m/s)
0.755367

The primary sources of bias uncertainties are due to the camera's resolution, calibration, and

errors due to measurements of fundamental quantities. These errors are difficult to obtain and are

therefore not included in the error analysis. Precision errors arise as a result of flame

unsteadiness. They are reduced by increasing the number of measurement samples. The method

outlined by Holman (199fl and Rabinowicz (1970) was used to calculate the precision

uncertainties.

0.7V"

u (m/s)
1.251853

0.4Vo

<uv>
-1.27399

0.6%

A Precision error is given by

D -to

8.9%

where o is the standard deviation of the sample of l/ images, which is defined as

tf:w- ! N-1 Q'7)
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where x could be liftoff height, h, flame length, /, blowout velocity or liftoff velocity. The mean,

x is defined by the following equation

x : fiLl=rxr,

Calculating the precision error in the liftoff height of a 65 m/s contracted circular nozzle flame

exposed to a 0.58 m/s co-flow with no swirl for example; we start by applying the standard

deviation, o equation above. The equation produced o of 12.09 mm. Since 1/: 815 images (i.e.

the number of images used to obtain the average liftoff height) and t : I .96, we have the

precision error

This implies that with an average liftoff height of 149.36 mm obtained for this kind of flame

described above, the precision error is about 0.6%.

to
D_I 

-- N

1.96 x 12.09

815

P : 0.83 mm

(D.8)
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