Analysis of Liquid Sheet Breakup and Characterisation
of Plane Prefilming and Nonprefilming Airblast
Atomisers

Vom Fachbereich Maschinenbau
an der Technischen Universität Darmstadt
zur
Erlangung des Grades eines Doktor-Ingenieurs (Dr.-Ing.)
genehmigte

DISSERTATION

Vorgelegt von

Umesh Chandra Bhayaraju
aus Hyderabad, Indien

Berichterstatter:

Prof. Dr.-Ing. C. Tropea

Mitberichterstatter I:

Prof. Dr.-Ing. R. Mönig

Mitberichterstatter II:

Prof. Dr.-Ing. M. Hampe

Tag der Einreichung:

20th Juni, 2007

Tag der Mündlichen Prüfung:

30th August, 2007

Darmstadt 2007
D17

Erklärung

Hiermit erkläre ich, dass ich die vorliegende Dissertation selbständig
verfasst und nur die angegebenen Hilfsmittel verwendet habe. Ich habe bisher
noch keinen Promotionsversuch unternommen.

Darmstadt, den 20th Juni, 2007

Umesh Chandra Bhayaraju

ACKNOWLEDGEMENTS
The following work is performed during my activities as a Researcher at
Institute of Propulsion Technology, DLR Cologne, Germany.
I would like to thank Prof. Cameron Tropea at TU Darmstadt for being my
Guide and first referee for my dissertation work. I had good discussions with him during
my presentations at the university. His valuable suggestions on my work are greatly
acknowledgeable.
I would like to thank Prof. Reinhard Mönig, Director, Institute of Propulsion
Technology, DLR Cologne, for giving me an opportunity to work at the Institute. It was
a brilliant experience to be part of a highly professional research environment.
I would like to thank Dr.-Ing. Christoph Hassa, at Institute of Propulsion
Technology, DLR Cologne, for providing an opportunity to carry out research work on
two-phase flows at LPP test rig and supervising my Doctorate work for the past 4½
years. He has been a constant source of knowledge, encouragement and support through
out this work. I had wonderful time discussing about intricacies of measurements and
how to go about solving varied technical problems. I appreciate his patience and his
positive attitude during the course of the project.
I wish to thank my colleague Dr.-Ing. Thomas Behrendt for his support during
PDA measurements at LPP test rig. I wish to express my gratitude to Michael Rachner
for assisting me in several ways in and out of DLR. I wish to thank Dr. Christian Willert
for lending me his PIV software. I wish to thank Gigacentre, Köln for allowing me to
use their Laptop facility to write my dissertation in late nights.
I wish to thank my colleagues Fabrice Giuliani, Julian Becker, Johannes
Koopman, Ulrich Meier, Olaf Diers, Dennis Schneider, Timea, Stefan, Johannes
Heinze, Martin, Stefan Glum and my friends Ramesh, Krishna for making my stay at
DLR a memorable event. I wish to thank Marco Putz for manufacturing several
accessories during experimental campaigns and assisting me in maintenance of LPP test
rig.
Finally, I wish to thank my family for being a constant source of courage and
inspiration for my studies.
Cologne, June 2007
Umesh Chandra Bhayaraju

TABLE OF CONTENTS
LIST OF FIGURES

iii

LIST OF TABLES

vii

NOMENCLATURE

ix

1 INTRODUCTION

1

1.1 INTRODUCTION .............................................................................................. 1
1.2 LITERATURE SURVEY ................................................................................... 3
1.2.1

Breakup of Liquid Jets and Sheets.............................................................. 3

1.2.2

Spray Dispersion ...................................................................................... 12

1.2.3

Nonintrusive Measurement Techniques ................................................... 18

1.3 SCOPE OF THE THESIS................................................................................. 20
1.4 OUTLINE OF THE THESIS ............................................................................ 21

2 EXPERIMENTAL SETUP

23

2.1 EXPERIMENTAL TEST FACILITY .............................................................. 23
2.2 DESIGN OF THE AIRBLAST ATOMISERS ................................................. 25
2.3 OPERATING CONDITIONS........................................................................... 30
2.4 EXPERIMENTAL TECHNIQUES .................................................................. 30
2.4.1

Background Shadowgraphy...................................................................... 31

2.4.2

High Speed PIV Analysis.......................................................................... 32

2.4.3

LDA Measurements .................................................................................. 35

2.4.4

PDA measurements .................................................................................. 38

3 FLOW VISUALISATION OF LIQUID SHEET BREAKUP

43

3.1 BREAKUP MECHANISM OF A LIQUID SHEET ON A PREFILMING
SURFACE......................................................................................................... 43
3.1.1

Formation of surface waves ..................................................................... 43

3.1.2

Surface stretching and Formation of ligaments ....................................... 47

3.1.3

Surface Stripping from the Liquid Surface ............................................... 48

ii

3.2 LIQUID SHEET BREAKUP IN A NONPREFILMING AIRBLAST
ATOMISER ...................................................................................................... 50
3.3 INFLUENCE OF WEBER NUMBER ON PRIMARY BREAKUP................ 54
3.4 REGIMES OF SHEET DISINTEGRATION IN THE PREFILMING
ATOMISER ...................................................................................................... 57
3.5 LIQUID SHEET OSCILLATIONS .................................................................. 59
3.6 BREAKUP LENGTH OF LIQUID SHEET AND LIGAMENT SPACING ... 62
3.7 SHEET THICKNESS MEASUREMENTS...................................................... 66
3.8 PIV MEASUREMENTS IN THE NEAR-FIELD OF THE ATOMISER ........ 69
3.9 LIQUID SHEET STABILITY AT THE ATOMISER SLIT ............................ 76

4 SPRAY CHARACTERISATION OF ATOMISERS

81

4.1 TWO DIMENSIONALITY OF THE SPRAY.................................................. 81
4.1.1

Spanwise distribution of volume flux........................................................ 81

4.1.2

Spanwise distribution of Global SMD (GSMD) ....................................... 83

4.2 COMPARISON OF THE SPRAY CHARACTERISTICS OF THE
ATOMISERS .................................................................................................... 85
4.2.1

Choice of axial position on droplet size measurements ........................... 85

4.2.2

Width of Spray .......................................................................................... 93

4.2.3

Evolution of D0.9, D0.5, D0.1 along the axial direction ............................... 94

4.2.4

Effect of liquid flow rate........................................................................... 98

4.2.5

Effect of static pressure and air velocity on SMD .................................... 98

4.2.6

Effect of Weber number on SMD............................................................ 101

4.2.7

Correlations for SMD............................................................................. 103

5 SUMMARY AND CONCLUSIONS

105

REFERENCES

109

APPENDIX A

OPERATING CONDITIONS

117

APPENDIX B

TEST SECTION FLOW CONDITIONS

119

APPENDIX C

SPANWISE VARIATION OF LOCAL SMD AND
MEAN VELOCITY

123

EFFECT OF POSITIONING THE PDA OPTICS IN
DENSE SPRAYS

127

APPENDIX D

iii

LIST OF FIGURES
FIG. 1-1 NONPREFILMING AND PREFILMING AIRBLAST ATOMISERS.............................................. 2
FIG. 1-2 BREAKUP REGIMES OF LIQUID JET ................................................................................... 4
FIG. 1-3 TYPICAL BREAKUP OF LIQUID SHEET FROM SINGLE HOLE NOZZLE ................................. 7
FIG. 1-4 VORTEX GROWTH ON THE SURFACE OF THE LIQUID SHEET............................................. 7
FIG. 1-5 BREAKUP REGIMES OF LIQUID SHEET (STAPPER ET AL., 1992)........................................ 8
FIG. 1-6 TYPICAL PREFILMING AIRBLAST ATOMISERS ................................................................ 11
FIG. 1-7 SIZE DISTRIBUTION CURVE ............................................................................................ 18
FIG. 1-8 MEASUREMENT VOLUME AS SEEN BY THE RECEIVING OPTICS ...................................... 20
FIG. 2-1 LPP TEST FACILITY ....................................................................................................... 24
FIG. 2-2 LPP TEST SECTION ........................................................................................................ 25
FIG. 2-3 2D PREFILMING AIRBLAST ATOMISER MODEL............................................................... 26
FIG. 2-4 CHANNELING OF FUEL INSIDE THE ATOMISER ............................................................... 26
FIG. 2-5 AIRBLAST ATOMISERS FOR VISUALISATION STUDIES .................................................... 27
FIG. 2-6 MIE SCATTERING IMAGES OF THE SPRAY ...................................................................... 28
FIG. 2-7 NONPREFILMING AIRBLAST ATOMISER MODEL ............................................................. 29
FIG. 2-8 4 MM PREFILMING AIRBLAST ATOMISER MODEL ........................................................... 29
FIG. 2-9 MIE SCATTERING IMAGES AT PA = 4 BAR VA = 60 M/S ................................................. 30
FIG. 2-10 BACKGROUND IMAGING SETUP ................................................................................... 31
FIG. 2-11 IMAGE PREPROCESSING FOR PIV................................................................................. 33
FIG. 2-12 EVALUATION OF PIV IMAGES ...................................................................................... 34
FIG. 2-13 VELOCITY FIELD OF KEROSENE PHASE ........................................................................ 35
FIG. 2-14 INTERFERENCE FRINGE PATTERN ................................................................................ 36
FIG. 2-15 SCHEMATIC OF LDA SETUP ......................................................................................... 37
FIG. 2-16 PHASE DIFFERENCE OF SCATTERING SIGNAL FROM DETECTORS ................................. 39
FIG. 2-17 ORIENTATION OF PDA SYSTEM ................................................................................... 40
FIG. 2-18 POSITIONING OF TRANSMITTING OPTICS...................................................................... 40
FIG. 2-19 PDA MEASUREMENT LOCATIONS................................................................................ 42
FIG. 3-1 FORMATION OF SMALL AMPLITUDE WAVE .................................................................... 44
FIG. 3-2 PROPAGATION OF SURFACE WAVES............................................................................... 45
FIG. 3-3 PHENOMENA OF WAVE PLUNGING AT LOW WEBER NUMBER ........................................ 46
FIG. 3-4 FORMATION OF LIGAMENTS .......................................................................................... 48
FIG. 3-5 PHENOMENA OF SURFACE STRIPPING AT HIGH WEBER NUMBER .................................. 49
FIG. 3-6 FORMATION OF SPANWISE AND STREAMWISE WAVES ................................................... 51

iv

FIG. 3-7 LIQUID SHEET BREAKUP OF A NONPREFILMING ATOMISER ........................................... 52
FIG. 3-8 LIQUID SHEET BREAKUP OF A NONPREFILMING ATOMISER ........................................... 53
FIG. 3-9 PROPAGATION OF SMALL AMPLITUDE WAVES............................................................... 54
FIG. 3-10 EFFECT OF WEBER NUMBER ON SHEET BREAKUP FOR THE NONPREFILMING ATOMISER
................................................................................................................................... 55
FIG. 3-11 EFFECT OF WEBER NUMBER OF SHEET BREAKUP FOR THE NONPREFILMING ATOMISER
................................................................................................................................... 56
FIG. 3-12 EFFECT OF WEBER NUMBER ON SHEET DISINTEGRATION PROCESS ............................ 57
FIG. 3-13 EFFECT OF WEBER NUMBER OF BREAKUP OF MECHANISM ......................................... 59
FIG. 3-14 LIQUID SHEET OSCILLATIONS IN NONPREFILMING ATOMISER ..................................... 60
FIG. 3-15 NONPREFILMING ATOMISER ........................................................................................ 60
FIG. 3-16 LIQUID SHEET OSCILLATIONS IN PREFILMING ATOMISER ............................................ 62
FIG. 3-17 EFFECT OF PRESSURE AND WEBER NUMBER ON THE PRIMARY BREAKUP LENGTH ..... 64
FIG. 3-18 SPACING BETWEEN LIGAMENTS (NONPREFILMING ATOMISER, TL = 300 μM).............. 65
FIG. 3-19 EFFECT OF MOMENTUM FLUX RATIO ON LIGAMENT SPACING ..................................... 65
FIG. 3-20 MAXIMUM AND MINIMUM OF LIQUID SHEET ............................................................... 67
FIG. 3-21 MAXIMUM AND MINIMUM AMPLITUDE OF THE LIQUID SHEET..................................... 67
FIG. 3-22 VARIATION OF FILM THICKNESS ALONG THE PREFILMING .......................................... 68
FIG. 3-23 COANDA EFFECT AT THE EDGE OF THE PREFILMER SURFACE ..................................... 69
FIG. 3-24 BREAKUP OF LIQUID SHEET AND VELOCITY CONTOUR PLOT OF LIQUID PHASE AT ..... 71
FIG. 3-25 REGIMES OF LIQUID SHEET BREAKUP ......................................................................... 72
FIG. 3-26 VELOCITY CONTOURS OF LIQUID PHASE FOR NONPREFILMING ATOMISER.................. 73
FIG. 3-27 VELOCITY CONTOURS OF LIQUID PHASE FOR 4 MM PREFILMING ATOMISER ............... 74
FIG. 3-28 EXISTENCE OF LIQUID SHEET ....................................................................................... 77
FIG. 3-29 LIMITING CONDITIONS OF THE ATOMISERS ................................................................. 78
FIG. 3-30 PRESENCE OF LIQUID SHEET AT THE ATOMISER SLIT FOR PREFILMING ATOMISER ...... 79
FIG. 3-31 STABILITY OF LIQUID SHEET AT THE ATOMISER SLIT .................................................. 80
FIG. 4-1 VOLUME FLUX DISTRIBUTION ALONG THE SPAN OF ATOMISERS AT .............................. 83
FIG. 4-2 GSMD ALONG THE SPAN OF ATOMISERS AT PA = 4 BAR AND VA = 60 M/S (Z = 90MM)85
FIG. 4-3 SIZE-VELOCITY CORRELATION FOR 4 MM PREFILMING ATOMISER ................................ 88
FIG. 4-4 VARIATION OF GSMD ALONG AXIAL DIRECTION ......................................................... 91
FIG. 4-5 VOLUME FLUX DISTRIBUTION AT VARIOUS AXIAL LOCATIONS PA = 6 BAR, VA = 60 M/S
..................................................................................................................................... 92
FIG. 4-6 EFFECT OF PRESSURE AND AIR VELOCITY ON WIDTH OF THE SPRAY ............................. 94

v

FIG. 4-7 EFFECT OF OPERATING CONDITIONS ON D0.1, D0.5, D0.9, SPAN FOR NONPREFILMING
ATOMISER ..................................................................................................................... 96

FIG. 4-8 EFFECT OF OPERATING CONDITIONS ON D0.1, D0.5, D0.9, SPAN FOR 4MM PREFILMING
ATOMISER ..................................................................................................................... 97

FIG. 4-9 EFFECT OF LIQUID FLOW RATE ON GSMD .................................................................... 98
FIG. 4-10 EFFECT OF STATIC PRESSURE AND AIR VELOCITY ON GSMD ................................... 100
FIG. 4-11 EFFECT OF WEBER NUMBER ON GSMD .................................................................... 101
FIG. 4-12 EFFECT OF OPERATING CONDITIONS ON LOCAL SMD PROFILES ............................... 102
FIG. B-1 AXIAL MEAN VELOCITY FIELD AT 20 MM UPSTREAM OF THE ATOMISER .................... 120
FIG.B-2 RMS VELOCITY FIELD AT 20 MM UPSTREAM OF THE ATOMISER……..... ……….120
FIG. B-3 TRANSVERSE RMS VELOCITY AT 20 MM UPSTREAM OF THE ATOMISER .................... 121
FIG. B-4 DIFFERENCE BETWEEN BULK VELOCITY AND MEASURED VELOCITY ......................... 121
FIG. C-1 LOCAL SMD PROFILES ALONG THE SPAN OF ATOMISERS AT PA = 4 BAR AND VA = 60
M/S (Z = 90MM)........................................................................................................... 124

FIG. C-2 MEAN AXIAL VELOCITIES ALONG THE SPAN OF ATOMISERS AT PA = 4 BAR AND VA = 60
M/S (Z = 90 MM) .......................................................................................................... 125

FIG. C-3 VOLUME WEIGHTED MEAN VELOCITY PROFILES FOR NONPREFILMING AIRBLAST
ATOMISER

............................................................................................................... 126

FIG. D-1 EFFECT OF TRANSMITTING OPTICS OFFSET ANGLE ON MEAN VELOCITY
MEASUREMENTS ......................................................................................................... 128

FIG. D-2 GLOBAL SMD ............................................................................................................ 129
FIG. D-3 RELIABILITY OF PDA MEASUREMENTS ...................................................................... 130
FIG. D-4 EFFECT OF SPRAY DENSITY ON VALIDATION PERCENTAGE ....................................... 132
FIG. D-5 LOCAL SMD X-PROFILES AT TWO AXIAL LOCATIONS................................................ 134

vi

vii

LIST OF TABLES
TABLE 1-1 OPERATING RANGES STUDIED BY RESEARCH GROUPS ON LIQUID SHEETS ................ 10
TABLE 1-2 POWER DEPENDENCY ON MEAN DROP SIZE OF PARAMETERS ................................... 13
TABLE 2-1 TRANSMITTING OPTICS ARRANGEMENT .................................................................... 38
TABLE 2-2 PDA OPTICAL SETTINGS ........................................................................................... 41
TABLE 3-1 PROBABILITY OF OCCURRENCE OF SURFACE STRIPPING ........................................... 58
TABLE 3-2 STROUHAL NUMBER AT VARIOUS OPERATING CONDITIONS ..................................... 61
TABLE 3-3 COMPARISON OF PDA AND PIV VELOCITY DATA ..................................................... 76
TABLE 4-1 VARIATION OF BOND NUMBER FOR CHARACTERISTICS DIAMETER ALONG AXIAL
DIRECTION............................................................................................................... 87

TABLE 4-2 STOKES NUMBER FOR VARIOUS CHARACTERISTIC DIAMETERS ................................ 90
TABLE 4-3 COMPARISON OF EXPERIMENTAL AND CORRELATIONS ......................................... 104
TABLE A-1 OPERATING CONDITIONS TESTED ........................................................................... 117
TABLE A-2 WEBER NUMBER AT THE OPERATING CONDITION .................................................. 117
TABLE A-3 TYPICAL GAS TURBINE OPERATING CONDITIONS ................................................... 118
TABLE D-1 EFFECT OF CONSIDERING HALF- AND FULL-WIDTH OF SPRAY FOR GLOBAL SMD
CALCULATION .................................................................................................... 135

viii

ix

NOMENCLATURE

Latin characters

units

description

a

m/s²,

acceleration of a particle,

mm

half width of liquid sheet

C*

Efficiency of atomisation

CD

-

D

μm

diameter

d

μm

diameter

k

1/m

space coefficient

f, F

Hz

frequency

GSMD

μm

global SMD

L

mm

ligament spacing

l

mm

prefilming length

m

kg/s

mass flow rate

P

bar

pressure

q

-

Momentum flux ratio,

-

constant

-

fraction of total volume of

Q

drag coefficient of a droplet

a certain diameter class
n

-

wave number, refractive
index

N

droplet count

s

μm

slit width

SMD

μm

diameter based on volume
to surface of droplet

t

s

time

x

t

μm

thickness

T

K

u

m/s

velocity

U

m/s

velocity in transverse

temperature

direction
v

m/s

velocity

V

m/s

velocity in axial direction

V

m³/s

volume flux

X

-

x , y, z

mm

X, Y, Z

-

Greek characters

units

constant
coordinates
coordinate axes

description

μ

kg/m.s

dynamic viscosity



kg/m³

density



N/m

surface tension



-

growth rate



°

scattering angle



s, N

time, shear force



m²/s

kinematic viscosity



°

scattering angle

-

dispersion of spray

μm

fringe spacing

°

Brewster angle

nm
T

°

wave length
angle between beams

xi

Subscripts

description

10

mean diameter

20

diameter based on surface of droplet

30

diameter based on volume of droplet

32

diameter based on Volume to Surface of
droplet

0.1

10% volume undersize diameter

0.5

50% volume undersize diameter

0.9

90% volume undersize diameter

a, A

air

c

characteristic

k

kerosene

l

liquid

L

length

m, max

maximum

min

minimum

mean

mean

vol

volume

o

initial, minimum

p

particle

r

ratio

rel

relative

rex

relaxation time

rms

root mean square

xii

Superscripts

description

-

time averaged

,

ratio

Non-Dimensional Numbers

Definition

Oh

(Ohnesorge Number)

Pl
( U lVd o ) 0.5

Re

(Reynolds Number)

ua D

X
Bo

(Bond Number)

D 2 aU k

V
We (Weber Number)

2
U a u rel
tl
V

ST

(Strouhal Number)

St

(Stokes Number)

W rex
W

Tu

(Turbulent Intensity)

u rms
u

fD
ua

xiii

Abbreviation

description

AFR

Air to Fuel Ratio

CCD

Charge Coupled Device

ICAO

International Civil Aviation Organisation

IR

Infra Red

LDA

Laser Doppler Anemometry

LDI

Lean Direct Injection

LIF

Laser Induced Fluorescence

LPP

Lean Premixed Prevapourised

LP(P)

Lean Premixed and Prevapourised

PDA

Phase Doppler Anemometry

PIV

Particle Image Velocimetry

RMS

Room Mean Square

RQL

Rich-Burn Quick-Quench Lean-Burn

SC

Staged Combustion

SMD

Sauter Mean Diameter

SNR

Signal to Noise Ratio

xiv

Chapter 1 Introduction

1

CHAPTER 1
INTRODUCTION
1.1

INTRODUCTION

Aircraft engines produce emissions that are similar to other emissions resulting
from fossil fuel combustion. However, aircraft engines emissions are unusual as a
significant proportion is emitted in the upper altitudes of the atmosphere. These
emissions give rise to important global environmental concerns like the depletion of the
ozone layer, formation of cirrus clouds and also on local air quality at ground level near
airports. The details of emissions and their effects are reported in the ICAO report [39].
The report stresses the reduction of NOx, CO2 and unburnt hydrocarbons by aircraft
engines.
The situation of emissions by aircraft is aggravated by increasing levels of
combustor inlet pressure and temperatures. Several concepts like RQL, LPP, LP(P),
LDI, SC are developed to reduce NOx emissions by aircrafts. These concepts require
high degree of homogeneity and rate of mixing of liquid fuel with air in the combustor.
The initial phase of mixing of liquid fuel is the disintegration of liquid by the process of
atomisation. Homogeneous mixing involves the rate of production of fine atomisation
of fuel to prevent single droplet combustion and spatial distribution of the fuel spray
within the combustor [28]. Ignitability and flame stability are dependent on the drop
size distribution and air-spray mixture close to the atomiser. The mixing of spray and
surrounding air depends on the size distribution of the spray produced by the atomiser,
the flow field created by the atomiser and the fluid dynamic properties of the fuel and
air mixture. Therefore, the design of the atomiser and the nature of the atomisation play
a key role in the efficient burning of fuel and the overall design of a gas turbine
combustor.
The design of the atomiser is primarily dependent on the practical application
and on the type of energy used for atomisation [48]. Accordingly there are two main
classifications:
a) Pressure atomisers that use pressure head of the liquid for atomisation. Depending on
the application there are further classifications based on the design: as plain orifice
atomisers, pressure-swirl atomisers, square atomisers, duplex atomisers, dual orifice
atomisers, spill return atomisers, fan spray atomisers.
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b) Pneumatic atomisers that use the kinetic energy of air for atomisation. Again,
depending on the application and design there are further classifications like twin-fluid
atomisers, air assist atomisers, airblast atomisers, etc. Apart from the two main
classifications of atomisers, there are other types of atomisers like rotary atomisers,
electrostatic atomisers, ultrasonic atomisers, and effervescent atomisers etc., which use
different forms of energy to achieve atomisation. The air assist and airblast atomisers
are similar except that air assist atomisers use large pressure drop of air and low mass
flow rates of air to achieve atomisation whereas airblast atomisers use low pressure drop
of air and high mass flow rates of air to achieve atomisation.
The current gas turbine combustors employ airblast atomisers as the primary
atomizing devices for low pollution concepts and are the present topic of interest. The
principle advantage of airblast atomisers is their ability to produce a fine spray and
quick mixing in the early stages, especially for combustion systems operating at high
pressure. Also, they ensure thorough mixing of fuel and air and are characterised by
comparatively low soot formation and high potential to reduce emissions.
At present two prominent types of airblast atomisers are used in aero-engine
combustors. Figure 1.1 shows typical designs of nonprefilming and prefilming
atomisers. In nonprefilming airblast atomisers, atomisation is achieved by spreading the
fuel into a thin annular sheet and exposing it to the shearing action of high velocity coflowing air streams on both sides. In prefilming airblast atomisers, usually fuel from a
pressure swirl atomiser forms a hollow cone spray. The spray impinges on a swirler cup
forming a thin annular liquid film or sheet that is transported by the inner flow to the
atomiser lip. Swirled air streams on both sides of the swirler cup induce high shear rates
in the liquid film causing atomisation. Though both concepts are similar, the interaction
of the inner air stream with the liquid film leads to different film properties at the
atomiser lip for the case of the prefilming airblast atomisers. However the relative
merits of one concept over the other with respect to atomisation are not fully known.

Fig. 1-1 Nonprefilming and prefilming airblast atomisers
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Hence the study of atomisation of the liquid sheet is sought for both types of airblast
atomisers. This is the objective of the present investigation. Moreover the effect of high
pressure conditions on the liquid sheet breakup has to be understood for accessing the
practical advantages of both concepts. Several research groups worked on different
aspects of atomisation, atomiser development and basic studies on liquid sheet breakup.
The following sections discuss the previous works that are pertinent for the present
study.
1.2

LITERATURE SURVEY

The atomiser design is considered effective if maximum specific surface area of
the fuel is achieved that increases mixing and evapouration of fuel. The increase in
specific area and mixing of the fuel is one important prerequisite for efficient
combustion, a wider operating range and lower emissions. The liquid fuel is usually
discharged through the atomiser in the form of a liquid jet or a liquid sheet. Hence, it is
necessary to understand the breakup of liquid jets, sheets, secondary breakup of
droplets, and the fluid dynamics involved in liquid-air interaction for efficient design of
atomisers. New developments are made in the measurement methodologies in twophase flows for quantification of mean droplet sizes and measurement of parameters
that govern the complex two-phase flow physics.
The following sections give a brief overview of the past literature with a specific
interest to liquid sheet break-up and the advanced optical measurement techniques
adopted in the present research.
1.2.1

Breakup of Liquid Jets and Sheets

(A) Breakup of Liquid Jets
Research groups studied experimentally and theoretically the atomisation of
liquid jets. The focus was on the interaction of the forces driving the process of breakup
of liquid jets- inertial forces, surface tension forces, aerodynamic forces, viscous forcesthat act on or in liquid jets and parameters that govern these forces. The breakup of
liquid jets is widely considered as generic atomisation process. Hence, it is necessary to
have an overview of studies on liquid jets, even though the present research program
deals with the breakup of liquid sheets.
The first simplified theoretical model, which is generally accepted for the
breakup of liquid jets, was developed by Rayleigh [66]. Rayleigh considered the method
of propagation of small disturbances to predict the critical conditions under which a
non-viscous laminar liquid jet breaks up in a quiescent environment under the action of
gravitational and surface tension forces. It was concluded that the small disturbances on

4
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the surface of the liquid jet grow exponentially when the wavelength of the disturbance
is equal to the circumference of the liquid jet. This type of breakup mechanism is called
Rayleigh breakup. The average drop size obtained after the breakup is given by
D=1.89d, where D is the diameter of the droplet and d is the diameter of the liquid jet.
The theory was proved experimentally by Tyler [83].
Weber [86] theoretically considered the effect of viscosity of the liquid jet,
aerodynamic forces and the drag on droplet formation. He found that the relative
velocity between the liquid jet and the surrounding air reduces the wavelength at which
the jet breakup occurs. Supporting Weber’s theoretical model, Haenlein’s [31]
experimental results identified four regimes of liquid jet breakup, as shown in Figure
1.2 These are, a) formation of drops without influence of air, termed as Rayleigh
Breakup as explained earlier, b) formation of drops under the influence of air, existence
of symmetric dilational waves on the liquid jet, c) formation of drops due to waviness of
the jet, where sinuous waves are formed on the liquid jet, d) complete disintegration on
liquid jet.
Further experimental measurements were carried out in high velocity regimes of
surrounding air and liquid jet. Ohnesorge [58] based on visualisation measurements
correlated the disintegration mechanisms of liquid jets of various diameters with the
non-dimensionless Ohnesorge number and Reynolds number of liquid jets. Further
studies were carried out by Sleicher [79], Schweitzer [75] on the effect of velocity
profile and turbulence of liquid jets on atomisation. Efforts were also taken to measure
the breakup length as a function of jet velocity. Sterling and Sleicher [81] developed a
theoretical model by modifying Weber’s model on liquid jet breakup length. Eroglu and
Chigier [24] experimentally measured the intact lengths of liquid jets over a jet
Reynolds number range of 18000 and Weber number range of 260.
Under the conditions prevalent in Gas turbine combustion, the liquid jet is

Fig. 1-2 Breakup regimes of liquid jet
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injected into a crossflow. The disintegration occurs mainly due to two mechanisms.
These are termed as Surface breakup mechanism, characterised by the gradual erosion
of Jet as droplets are stripped off from the surface of the liquid jet by the shearing action
of the crossflow [63] and Column Breakup mechanism, which is initiated by the growth
of waves on the surface of the jet and possibly also on instabilities within the jet. The
surface breakup of jets bears some analogy to the behaviour of liquid sheet
disintegration at elevated pressure and velocity conditions.
(B) Breakup of Liquid Sheets
Though from the study of breakup of liquid jets one can fairly well understand
the general atomisation mechanism of liquids, most of the practical atomisers in gas
turbine applications produce cylindrical or conical liquid sheets. The present research
program focuses on the breakup of liquid sheets in nonprefilming and prefilming
atomisers. Hence understanding of liquid sheet breakup in such applications is more
crucial.
Theoretical Investigations of Liquid Sheet Breakup
York et al. [89] studied theoretically the disintegration of planar non-viscous
liquid sheets of finite thickness. Instability and wave formation at the interface of liquid
and air is considered to be the major factor for the breakup of liquid sheet into drops.
The force balance between the surface tension and aerodynamic forces is used as the
stability criterion for the wave. Hagerty and Shea [32] reduced the analytical difficulties
in York’s analytical treatment of liquid surface as ‘hyperboloid of revolution’. They
extended the analytical work to flat non-viscous liquid sheets by a slender orifice, which
may be subjected to waves of any desired frequency. They concluded that only two
types of waves are possible on the surface of a liquid sheet. Each of the surfaces of the
liquid sheet can be in-phase to produce sinuous waves or they can be out-of-phase to
produce dilational waves. Both waves are unstable over the same range of frequencies.
The equation for stable frequencies is given by
fc

UV 3
2SV

Eq. 1-1

where fc is the frequency, U is the density of air, V is the velocity of air, V is the surface
tension of liquid.
They have also predicted the growth rate factors for both sinusoidal and
dilational waves. The growth rate factor for sinusoidal and dilational waves is given by
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where E is the growth factor, n is wave number of disturbance,  is density ratio, a is
half-width of liquid sheet. The growth rate of sinuous waves is always greater than that
of dilational waves.
Lin [50] showed that in the absence of ambient gas, the viscous liquid sheet is
asymptotically stable with respect to temporally or spatially growing disturbances when
the Weber number is smaller than one half. However most of the theoretical works cited
above don’t take into account the aerodynamics and viscous effects of the surrounding
air on the liquid sheet breakup.
Taylor [83] showed in his study that interfacial wavelength decreases by orders
of magnitude when the viscosity of the surrounding air is neglected. Rangel and
Sirignano [64, 65] have investigated both theoretically and computationally using
vortex discretion theory, the instabilities of a finite thickness liquid sheet by considering
the effect of surface tension and density difference between the two fluids (liquid sheet
and surrounding fluid). It was concluded that the density ratio between the fluids effect
the growth rates of sinuous and dilational waves. In sinuous modes the ligament spacing
is equal to half of the wavelength whereas in dilational modes the ligaments spacing is
equal to one wavelength. Mehring and Sirignano [55] have further extended the theory
to annular sheets. Efforts are also under way to improve the mathematical modeling to
high velocity regimes. Senecal et al. [77] have developed a linear stability model to
predict the wave growth in high speed regimes. Dombrowski and Johns [18] have
tackled analytically more realistic case where the fluid viscosity is considered and the
thickness of the liquid sheet diminishes as it moves away from the orifice.
Experimental Investigations of Liquid Sheet Breakup
Dombrowski and Fraser [19] have reported initial photographic investigations on
the breakup of conical liquid sheet emerging from pressure swirl nozzle and fan spray
nozzles. The co-flowing air streams interact with the liquid sheet at the exit of the
nozzle. They concluded that the fundamental principle of disintegration of liquid is the
increase of the surface area of a liquid sheet or jet until it becomes unstable and
disintegrates. Even though several disintegration modes can be described for a liquid
sheet, the final phase of the breakup mechanism is always the breakup of the liquid
thread or jet. Three modes of sheet disintegration are described viz. rim, wavy and
perforated disintegration, Figure 1.3. In rim disintegration, the edges of the liquid sheet
form into thick edges due to surface tension forces and break up as liquid jets. In wavy
disintegration, the major wave disturbances in the surrounding air causes sheet
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disintegration. In perforated-sheet disintegration, point disturbances on the liquid sheet
puncture the liquid sheet at regions where the liquid sheet is very thin. The holes expand
resulting in rim like structures which break similar to liquid jets. Dombrowski and
Fraser investigated the effect of turbulence in the liquid. They have observed that the
effect of turbulence is significant. The parametric analysis on density, viscosity and
surface tension of liquids showed that the effect of density is negligible. The viscosity
and surface tension have a similar effect which is to improve the stability of the liquid
sheet.

Fig. 1-3 Typical breakup of liquid sheet from single hole nozzle
Crapper et al. [15, 16] perturbed the fan-shaped sheets by vibrating the nozzle at
fixed frequencies. They found that the wave growth depends on the sheet velocity and
distance from the nozzle. The photographic evidence showed the formation and
movement of vortices in the surrounding air indicating an influence of vortices on the
breakup of liquid sheet. Fig. 1-4 shows the vortex growth at the surfaces of the liquid
sheet. They have also developed methods to measure the growth rates of low amplitude
waves at any distance from the nozzle.

Fig. 1-4 Vortex growth on the surface of the liquid sheet.
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Mansour and Chigier [53] experimentally studied the aerodynamic instabilities
of liquid sheets in air-assist atomisers. Detailed measurements of frequencies of
oscillations of liquid sheet were performed. Similar modes of breakup as from earlier
researchers are observed. It was concluded that introducing air in the nozzle is similar to
forced vibrations induced on the nozzle. As the frequency of the force vibrations
approach that of natural frequency of the nozzle, resonance is established. At resonance,
the maximum spray angle is achieved.
Stapper et al. [80] studied the role of air and liquid velocities on the formation,
size and lifetime of ligaments. They observed two breakup mechanisms termed as
cellular breakup and stretched streamwise ligament breakup. Figure 1.5, shows the
schematic of the breakup mechanisms.

Fig. 1-5 Breakup regimes of liquid sheet (Stapper et al., 1992)
Cellular breakup occurs when the relative air velocity to liquid is high. The
spanwise vertical waves that propagate across the direction of flow have equal strength
to the streamwise vertical waves that propagate along the direction of flow. The studies
revealed that the ratio of liquid/air velocity is a key factor for ligament formation and
breakup. The stretched streamwise ligament breakup occurs at low liquid velocities. The
streamwise vertical waves are dominant in the breakup process. The liquid sheet is
stretched by the co-flowing air streams causing the membranes between the streamwise
waves to burst. The streamwise ligaments break subsequently similar to liquid jet
breakup.
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Berthoumieu et al. [7, 8] studied both experimentally and computationally the
behaviour of a planar liquid sheet with an aspect ratio of 60 and compared it with the
annular liquid sheet. The initial curvature of the annular liquid sheet gives it a higher
rigidity resulting in lower oscillation frequencies. The ligament spacing is smaller in
case of the annular liquid sheet.
Some works are reported on breakup mechanisms at high pressure and high
velocity surrounding air, which is a more realistic situation. The liquid sheet
disintegration research at high velocities of air, typical for airblast atomisers as in the
present topic of interest, was further studied by Arai and Hashimoto [2], and Rizk and
Lefebvre [67]. However, the focus was on final drop size distribution and effect of
nozzle geometry on fuel placement. Berthoumieu [9] has carried out visualisation
experiments on liquid sheets emanating from a nonprefilming atomiser by varying the
liquid surface tension, pressure and velocity of air at constant momentum flux ratio of
air. It was found that the liquid breakup mechanism depends on the static pressure of air
at constant momentum flux. This issue is addressed in the present experimental study.
The research works discussed above are on the liquid sheet between two
coflowing air streams. In the present research program, a prefilming atomiser is used
where there is interaction of only one air stream with the liquid sheet until a certain
distance after which both air streams interact as explained in the beginning of this
chapter. This could have a significant effect in on the breakup process in particular in
high speed flow situations. There are not many research groups working on basic
studies of breakup of liquid sheet on a prefilming surface. Berthoumieu et al. [7] studied
the breakup of liquid sheet on a prefilming surface. Their research work was focused on
estimating the frequencies of the liquid sheet before disintegration. They have related
the ligament spacing with frequencies and considered the effect of thickness of the
liquid sheet and velocity of liquid and air. Yule et al. [90, 91] have also carried out
similar work on liquid sheet breakup. A flat sheet was produced by impinging of a
liquid jet on a flat plate similar to the present study. They found that the gas velocity
influences primary breakup and velocity ratio between air and liquid can have influence
on primary breakup. Table 1.1 shows the operating ranges studied by research groups
on liquid sheets.
As stated above there is no pertinent literature available on the breakup of liquid
sheets on the prefilming surface at realistic operating conditions (high velocities and
pressures of surrounding air). During the study of liquid sheet breakup in the present
research program, further literature survey is needed to understand the propagation of
waves on liquid surface. Usually, the small amplitude waves on the liquid surface are
considered to be capillary waves. Capillary waves are formed due to surface tension
forces. Surface tension forces are most effective at short scales, about one centimeter or
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less, in the present case. Thus surface tension forces act as a restoring force; crests try to
become lower and troughs higher. The propagation of such waves is explained by
Einstein [22] by considering the force balance between the static and dynamic pressures
that arise between two points of different elevation on the surface. The Einstein work on
wave propagation is extendable to the gravity waves formed in the ocean. Gravity
waves when they approach sea shore form shallow waves. Shallow waves are formed
due to the action of gravity. Gravity acts like a restoring force. The similarity of
propagation of these waves is explained by Kenyon [44, 45]. A similar behaviour of
waves formed on the surface of the liquid sheet on the prefilming surface and
propagation of waves was observed by Umesh et al. [84, 85]. This is explained in
Chapter 3 in a more detailed manner in the discussion on breakup mechanism of liquid
sheet on prefilming surface.
Investigators

Thickness of
liquid film
(mm)

Velocity of
liquid
(m/s)

Velocity of
air
(m/s)

Pressure of air
(bar)

Rizk&Lefebvre [67]
Mansour et al. [53]
Stapper et al. [80]
Lozano et al. [51]
Berthoumeiu i [9]
Yule et. al. i [91]
Present Study

0.089-0.4
0.254-1.45
0.508
0.95
0.3
2.5
0.3

1-5
1-16
1-5
0.2-2.45
0.5-2
1.5-3
0.2-2

55-120
0-145
0-60
8-65
60-90
10-20
30-90

atmospheric
atmospheric
atmospheric
atmospheric
1.65-15
atmospheric
1.7-6

Table 1-1 Operating ranges studied by research groups on liquid sheets

Drop Size Correlations for Airblast Atomisers
As explained in the previous sections, there is still a lack of experimental
knowledge on spray formation from liquid sheets. A few research groups obtained
correlations for the drop size from the airblast atomisers. Parametric analysis has to be
performed experimentally to obtain empirical correlations between mean drop sizes and
operating conditions for specific atomiser designs. This is essential from the
engineering point of view for the design of effective atomisers. Lefebvre [47] developed
airblast atomisers in which the angle of impingement of air on the liquid sheet is either
parallel or impinges at an appreciable angle. It was found that if the impingement angle
is high, it will restrict the formation of waves on the liquid sheet. The liquid sheet

i

the study was on prefilming type atomiser
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breaks instantaneously, termed as prompt atomisation. The prompt atomisation is
characterised by a broad range of drop sizes in the spray and a lack of sensitivity of
mean drop size to variation of viscosity, atomizing air pressure and initial thickness of
the spray. An equation is derived for mean drop size based on the assumption that the
controlling process of prompt atomisation is the ratio of energy required for atomisation
to the kinetic energy of air. The equation is given as

SMD

ª
º
«1 0.007 U LU A2 »
3.« 
»
« t 4V (1  1 ) »
AFR ¼»
¬«

1

Eq. 1-3

where SMD is the mean diameter based on volume-to-surface ratio of droplets, t is the
thickness of the liquid sheet, Ua is the velocity of air, AFR is air-to-fuel ratio. For plainjet type of airblast atomisers SMD is given by

SMD

º
ª
«2
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»
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1

Eq. 1-4

where do is the initial diameter of the liquid jet, C* is efficiency of atomisation.
Jasuja [41] has given detailed developments in formulating correlations by
various research groups for plain jet and prefilming airblast atomisers as shown in
Figure 1.6. The focus was on recognising the key parameters of air and the liquid.
Accordingly, correlations were developed for SMD of the spray. The correlations
contain two key components, the first term dominated by properties of air and second
term by viscosity of liquid.

Fig. 1-6 Typical prefilming airblast atomisers
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For prefilming airblast atomisers, SMD is proportional to
0.5

SMD § V · §
1 ·
¸

v ¨¨
1
¨
¸
2 ¸
lc
© U á ua lc ¹ © AFR ¹

Eq. 1-5

where lc is the characteristic length of the prefilming surface.
However, there are several factors that have to be taken into consideration in
using these correlations. One has to take into account the geometric similarity of
atomisers in arriving at these correlations and also the operational regimes under which
these correlations are valid. Brandt [12] has provided a correlation for a prefilming
airblast atomiser similar to the atomiser used in the present research program. It is given
by

SMD v bk0.3 .

V k0.5
U a0.3 u a

Eq. 1-6

where SMD is the Sauter mean diameter (μm), bk is the liquid loading (kg/s/m), V k is
the surface tension of kerosene (N/m), U a is the density of air (kg/m³), u a is the relative
velocity between liquid sheet and air (m/s). The liquid loading is calculated as U l .Vl .t l ,
where tl is the thickness of the liquid sheet (μm). Table 1.2 shows the operating
conditions at which prefilming atomisers are studied by research groups and the power
dependency of the parameters they obtained.
1.2.2

Spray Dispersion

Secondary Atomisation of Droplets
The breakup of the liquid jet or sheet into ligaments and further into large
droplets is usually termed primary breakup. The research work cited above primarily
deals with the primary breakup and the correlations obtained are for the final drop size.
In realistic cases, the most essential information is the final droplet size. The large
droplets which are formed during primary breakup may further break into smaller
droplets depending on the aerodynamic forces, surface tension and viscous forces acting
on large droplets. This is termed secondary atomisation. The information on secondary
atomisation and the dispersion of the spray is necessary for understanding the fuel
placement and mixing of spray in the combustor. For low viscosity, the droplet breakup
is primarily controlled by aerodynamic forces and surface tension forces. The effect of
these forces can be represented by the non-dimensional Weber number given by
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2
Do
U a u rel
V

We p

Eq. 1-7

where urel is the relative velocity between air and liquid. The critical Weber number for
breakup of a drop in constant velocity air stream is 22, Heinze [37]. For liquid droplets
suddenly exposed to high velocity air stream, the critical Weber number is 13.

Operating conditions
(Pa)
(Ul)
Liquid
(bar)
(m/s)

Investigators

(Ua)
(m/s)

Power dependency
(Ua)
(a)
(l)
(V)

Brandt et al.
[12]

Jet A1
Fuel

3-14.5 1-2

120

-1

-0.3

0.3

0.5

Rizkalla &
Lefebvre [68]

-

0.1 0.85

-

70125

-1.0

-1.0

0.5

0.5

Jasuja [40]

Residual
oil

0.10.86

-

55135

-1.0

-1.0

0.5

0.5

El-Shanawany
& Lefebvre
[23]

Water,
Kerosene

0.10.85

-

60190

-1.2

-0.7

0.1

0.6

Lefebvre [49]

-

-

1

-

-1.0

-0.5

0

0.5

Table 1-2 Power dependency on Mean drop size of parameters
For accelerating droplets the deformation and breakup of a droplet is represented
by the non-dimensional Bond number given by
Bo

D 2 aU l

V

Eq. 1-8

where l is the density of liquid and a is the acceleration of the droplet, It is given by
(Blümcke et al. [10])

a

du p
dt

3 U a Q a C D Re p
U rel
4 Up
D2

Eq. 1-9
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Eq. 1-10

where CD is the drag coefficient droplet, Rep is the Reynolds number of the droplet, up is
the velocity of droplet, Qa is the kinematic viscosity of air and D is the diameter of
droplet. If the Bond number is greater than 0.6 then it implies the deformation of
spherical droplets into an ellipsoidal droplet with an aspect ratio of greater than 10%.
The knowledge of the Bond number plays an important role as it gives an indication of
measurement locations of the PDA Measurements in the spray.
Turbulent Particle Dispersion and Mixing
Apart from understanding breakup mechanisms of liquid jets/sheets and
droplets, it is essential to understand the dispersion of droplets in the turbulent gas phase
if one has to estimate the mass flux distribution of a spray both spatially and temporally
in a gas turbine combustor. The key issue is the interaction of the particles with the
turbulence in the flow and the particle response to the turbulent fluctuations. Usually the
turbulence in a fluid flow is represented by Reynolds decomposition of the
instantaneous velocity of the flow. The instantaneous velocity is represented as
ui

U i  ui

Eq. 1-11

where is U i time average component of velocity over a period of time and u i is
fluctuating component of instantaneous velocity also called turbulent fluctuations. Over
a time domain the turbulent fluctuations are represented by the root mean square of
turbulent fluctuations, u rms , also called turbulent strength. It is given by
u rms

¦u

2

Eq. 1-12

A key parameter characterising the particle dispersion behaviour in a turbulent
fluctuating flow is the Stokes number, St, defined as the ratio of aerodynamic response
time of the particle rex (particle relaxation time) to the characteristic time scale of
turbulence, .
It is given by
St

W rex
W

Eq. 1-13

It gives a measure of the degree to which a droplet follows the flow sincerely
considering its inertial properties versus changing flow conditions. Bigger droplets tend
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to have stronger inertial effects and follow the flow rarely where as smaller droplets
tend to follow the flow. Below Stokes number < 0.1 indicates that droplets follow the
flow more precisely. Stokes number > 10 indicates that droplets have their own
trajectory governed by their inertial forces. Even though the ability of the droplet to
follow the flow depends on the droplet size, it also depends on the response of the
droplet to the characteristic length scales of eddies in a usually turbulent flow.
Depending on the droplet size class and the eddy length scale, selective dispersion
effects can exist. These are normally represented by particle/droplet relaxation time, i.e.,
the time taken by a droplet to reduce the relative velocity with air by a factor of 37%,
and characteristic time of the mean flow field, i.e., spatial variation of gas velocity. The
characteristic time of large eddies is normally considered as the time scale of
turbulence. The particle relaxation time is based on the aerodynamic forces acting on
the particle and the time taken by the particle to decelerate by 1/e times its initial
velocity. It is given by

du
dt



u

W rex

Eq. 1-14

Experimental and numerical investigations on particle dispersion in turbulent
flows are reported by Synder and Lumley [82], Lazaro and Lasheras [46], Hassa et al.
[33], Aggarwal et al. [1]. The forces acting on the particle are estimated and calculated.
Several equations are given for estimating the drag on the particle in different regimes
of the flow. Typically for small Particle Reynolds numbers Rep<1, the force acting on
the particle is given by F 3SP a u r D p
and for Particle Reynolds numbers, 1000< Rep<200000, it is given by
Eq. 1-15
For Rep < 1, the particle relaxation time is given by

W rel

1 Up 2
Dp
18 P a

Eq. 1-16

where Pa is the dynamic viscosity of air.
Spray Characterisation
The spray from the atomisation process is usually chaotic and results in a wide
spectrum of droplet sizes. Due to the lack of measurement techniques, that can
accurately measure droplet size distributions and also for condensing the data, the
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droplet size distributions are expressed more analytically by statistical and empirical
equations as a function of operating parameters. It is also essential to represent the
droplet size distribution in a concise mathematical expression if one has to model the
transport phenomena of mass and heat transfer in a two phase dispersed flow system.
One of the initial research groups that worked on representing the particle size
distribution in mathematical form is Rosin and Rammler [69]. They represented the
particle size distribution data obtained from pulverisation of coal in a mathematical
form
1 Q

exp ( D / X ) q

Eq. 1-17

where Q is the fraction of the total volume contained in drops of diameter less than D, X
and q are constants. The advantage of this mathematical form is that one can represent
the drop size distribution with just two parameters X and q. The constant q measures the
spread of drop sizes. A higher value of q implies that the spray is more uniform. Its
value usually lies in the range of 1.5 to 4. X is a representative diameter of some kind.
Usually X is the drop diameter such that 63.2% of the liquid volume lies in the drops of
smaller diameter.
The Rosin and Rammler equation is a generic power law equation representing
the size distribution. Mugele and Evans [57] after analysing various functions of
representing the spray distributions have come up with an upper limit mathematical
function. The function represents the volume distribution equation and is given by
dQ
dy

G exp

 G 2 y2

where

S

y

ln

aD
Dm  D

Eq. 1-18

As y goes from – 8 to + 8, D goes from Do to Dm. G is related to the standard deviation
of y. Do and Dm are the minimum and maximum droplet size.
Though the mathematical size distribution functions bring the mathematical
simplicity and ease in the usage in computations, it is sometimes more convenient to
work with mean and weighted diameters for a distribution in engineering applications.
The commonly used mean diameters are
Dm

³ D(dN / dD)dD

D10

D0
Dm

³ (dN / dD)dD

D0

for comparison of distributions,

Eq. 1-19
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Eq. 1-20

for processes where surface area is a controlling factor,
1

D30
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Eq. 1-21

for processes where volume is a controlling factor.
Sauter Mean Diameter (SMD) is used for applications related to gas turbines where it
involves mass transfer, evaporation and combustion. SMD is given by

D32 ( SMD)

D30
D20

Eq. 1-22

SMD is the diameter of the drop whose ratio of volume of drop to surface area is same
for the entire spray. It is a crucial parameter for mass transfer and combustion related
applications. Also of significance for combustion are D0.1 where 10% of the total
volume is in smaller droplets, D0.9 where 90% of the total liquid volume is in drops of
smaller droplets, and D0.5 also called mass mean diameter, where 50% of the total liquid
volume is in drops of smaller droplets. The locations of characteristic diameters on a
size distribution curve can be seen in Figure 1.7.
Another parameter that is used to represent the spray is dispersion. The
dispersion indicates the range of droplets in a distribution. It can be represented by
parameters like droplet uniformity index, dispersion index, dispersion boundary factor.
The most commonly used is relative span factor, defined by

'

D0.9  D0.1
D0.5

Eq. 1-23

where D0.9 is 90% volume undersize diameter, D0.1 is the 10% volume undersize
diameter and D0.5 is 50% volume undersize diameter. The relative span factor gives a
direct indication of the range of drop sizes relative to mass mean diameter.
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Fig. 1-7 Size distribution curve
1.2.3

Nonintrusive Measurement Techniques

The present study adopts an experimental approach towards quantifying the
parameters that govern the atomisation. Hence, it is essential to refer to developments in
measurement techniques in two-phase flows particularly for applications in gas turbine
combustors.
The significant information that is required in characterising the spray from the
point of view of combustor development is the fluid dynamic aspects of the spray and
air. Parameters like size distribution of the droplets, velocity, evaporation rates, density,
temperature, mass flux distribution of the droplets, local velocity, temperature, density
of air are essential for understanding and modeling of the two-phase flow interaction.
Several novel non-intrusive techniques like LDA, PDA, 3C-LIF-PDA, Rainbow
refractometry, IR absorption, PIV etc, have been developed over the past decades to
measure these parameters under realistic conditions. However, the critical challenges
still exist for measurements in two phase flows.
Background shadowgraphy has been adopted for qualitative analysis of
atomisation and breakup mechanisms in liquid jets and sheets. Presently, the images
acquired either with background shadowgraphy or by laser sheet illumination are
providing quantitative information of size and velocity field of the spray. The emerging
technique PIV has been receiving attention to provide velocity information in the nearfield of the atomiser where other non-intrusive measurement techniques like PDA
cannot measure accurately. Research works have been reported recently applying PIV to
measure velocity fields of both the air and the fuel phase simultaneously. Driscall et al.
[20] have used two double pulse lasers with different wavelengths and two double-

Chapter 1 Introduction

19

frame cameras to image simultaneously the injected fuel and entrained air to determine
the 2D velocity vector fields of both phases using cross-correlation PIV. The use of two
different wavelengths of lasers allows spectral separation of signals.
PDA (Phase Doppler Anemometry) is the most sophisticated instrument used in
spray analysis in the current research on two phase flows and used in the current
research program. It is described by Flögel [27] relating the phase difference between
the Doppler signal from two detectors as the particle passes through a fringe space to
the particle diameter. The details of the working principle are given in chapter 2. The
main challenges in using a PDA system are to access the core of the spray, measure
high velocity fluctuations and measure small particles. This requires a small probe
volume, high laser power and advanced signal processing [3]. As of today, still several
developments are underway to use PDA in dense sprays to measure the liquid mass flux
which is a crucial factor for determining the evaporation rates of the spray [73]. The
measurement of mass flux depends mainly on measuring the size of the measurement
volume accurately. Saffman et al. [72] proposed an algorithm for measuring mass flux
by computing the cross-section of the particles for a one dimensional flow. The mean
burst length for each particle size class is used to determine the diameter of the
measurement volume and therefore the particle cross-section. Brandt [11] proposed an
extension of Saffman mass flux algorithm to two dimensional flows, to measure mass
flux in any direction and a correction algorithm that considers the effect of the slit in the
receiving optics on the effective size of the measurement volume. Figure 1.8 shows the
cross section of the measurement volume. The effective measurement volume seen by
the receiving optics is the area of L1  L 2 .De . The true burst lengths are limited in the
regions due to the slit effect and the true burst length is proportional to slit width and the
scattering angle. If the effect of slit is not considered as in the algorithm by Saffman, the
measured burst lengths are smaller. This gives smaller measurement volume crosssection and higher mass fluxes. This is corrected in the algorithm by the following
correction.

Burstlengt h(true)

De2
s

tan(M ) sin(M )
Burstlengt h(measured ).
Eq. 1-24
s
sin(M )

where De is the Gaussian beam diameter, s is the slit width, M is the scattering angle.
Behrendt and Hassa [5] extended the 2D algorithm of Brandt to three dimensional flows
by considering all 3 velocity components. However, in the present experimental
campaign, a 2D standard PDA system is used and Brandt’s 2D algorithm is used to
measure the mass flux.
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Fig. 1-8 Measurement volume as seen by the receiving optics
1.3

SCOPE OF THE THESIS

As presented in the previous sections, research works both theoretical and
experimental exist on the liquid sheet breakup mechanism, some addressing the basic
mechanism of liquid sheet breakup sandwiched between two co-flowing air streams,
some quantifying the parameters that govern the fuel placement and dispersion of the
spray for specific type of atomiser. Most of the investigations are under unrealistic
geometrical and operating conditions. A few issues that are not yet addressed are: does
the prefilming surface have any effect on the global properties of the spray at various
operating conditions? Whether the prefilming airblast atomiser is a better choice or the
nonprefilming airblast atomiser under realistic operating conditions of gas turbines?
Some fundamental issues that have to be addressed are: what is the effect of air density
and prefilming length on the physics of the liquid sheet breakup irrespective of the
application of the atomiser, since such an understanding will improve the quality of
modeling of two phase flow related problems at realistic operating conditions.
In view of the above needs, the objective of this work is to experimentally
characterise the drop size of nonprefilming and prefilming airblast atomisers at elevated
pressures. The study of the phenomena of the liquid sheet breakup of the nonprefilming
and prefilming atomisers is undertaken to understand whether the breakup mechanism
of the liquid sheet has any influence on the final drop size of the atomisers.
In order to meet the above objectives, a nonprefilming and a prefilming airblast
atomiser are tested at DLR, in the LPP Test rig under elevated pressure. Flow
visualisation experiments are conducted at various operating conditions to study the
liquid sheet breakup for prefilming and nonprefilming atomiser. PDA measurements are
conducted to characterise the spray for both the atomisers under various operating
conditions. Although the present work has been performed to understand the breakup of
the liquid sheet for two types of airblast atomisers, the studies have been restricted to
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ambient temperature conditions, which is somewhat modest in the context of realistic
gas turbine operating conditions. The characterisation of atomisers is performed at the
maximum air pressure of 6 bar due to mass flow rate limitations at the test rig at
ambient temperature conditions. The effect of change in length of the prefilmer is not
studied which could be an important parameter that can govern the atomisation. These
conditions are necessary to retain a degree of simplicity in the geometry of the atomiser
and understand the effect of other parameters that govern the physics of the phenomena.
1.4

OUTLINE OF THE THESIS

The present chapter highlighted the ongoing research in the field of liquid
atomisation related to gas turbine technology, development of measurement techniques
in two phase flows and fundamental research on liquid sheet breakup. Chapter II
describes the experimental facilities used and measurement techniques adopted in the
present study. The results are presented in two chapters. Chapter III describes the results
obtained through flow visualisation measurements. Detailed analysis is described on the
breakup mechanism of the liquid sheet on the prefilming surface and comparison is
made with the classical liquid sheet break-up. PIV is applied to measure the velocity
field near to the atomiser. Chapter IV presents the characterisation of the spray for both
prefilming and nonprefilming atomisers. Detailed analysis of PDA measurements and
comparison of the results between the two atomisers is presented. Chapter V presents
the conclusions of the present study on airblast atomisers and outlines the
recommendations for future work on this subject.
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CHAPTER 2
EXPERIMENTAL SETUP
An experimental approach is adopted in the present study to investigate the
liquid sheet breakup mechanism in two types of atomisers’ viz. nonprefilming and
prefilming atomisers. This chapter presents a description of the test facility and
experimental techniques used. The experimental study is broadly classified into two
sections:
1.

Study of liquid sheet breakup mechanisms in non-prefilming and prefilming
atomisers

2.

Characterisation of spray of non-prefilming and prefilming atomisers

The study of liquid sheet breakup mechanisms is based on high speed
background shadowgraphy. The characterisation of the spray is carried out by LDA and
PDA measurements. The experiments are conducted in the LPP (Lean Premixed Prevapourised) test facility at DLR, Köln-Porz.
2.1

EXPERIMENTAL TEST FACILITY

The LPP test facility is designed to carry out research on non-reacting two-phase
flows at high static pressure and temperature simulating real gas turbine inlet conditions
to the combustor. A schematic of the test facility is shown in Figure 2.1. The test facility
can be operated at a maximum static pressure of 20 bar and static temperature of 850 K.
The central air reservoir at 60 bar provides continuous supply of air. A series of control
valves regulate the air pressure to 20 bar to the test facility. The incoming air supply is
divided into two lines, viz. the primary and secondary air flow. The air flow rate in
these two lines can be further controlled independently by control valves. The primary
air flows through a 520 KW electrical heater providing preheated air to the LPP test
section. The secondary air is used to cool the test section. At maximum operating
conditions given by the current set of valves, the mass flow rate in the test section is 1.3
kg/s. The fuel to the test section is supplied by a 100 liters liquid fuel container. The
container is pressurised by nitrogen. Usually, around 40 bar pressure is required in the
container to supply the required amount of fuel to the test section.
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Fig. 2-1 LPP test facility
At high pressures, nitrogen can dissolve in the liquid fuel, hence an inflatable
bag is provided inside the container. Nitrogen is supplied to the inflatable bag which
pressurises the fuel, hence avoiding direct contact between liquid fuel and nitrogen. In
the present study kerosene is used as fuel. Both the air streams along with the unburnt
fuel exit through a sonic hole. Due to environmental concerns, the unburnt fuel in the air
is decomposed in a catalysator before being released into the atmosphere. Due to the
limited capability of catalysator, a maximum fuel mass flow rate of 10 g/s is achievable
in the test section.
Test Section
A rectangular test section is designed by taking into consideration the
requirements of thermal load and stress at maximum operating conditions of pressure
and temperature, mounting various types of atomisers & injectors in the test section, and
optical access for non-intrusive measurements. A schematic of the test section is shown
in Fig. 2.2.
The frame of the rectangular test section is made up of stainless steel. It has two
glass channels providing optical access from three sides to the test section. The primary
glass channel is made up of quartz (Herasil make) glass. The length of the quartz
channel is 200 mm long, its cross section 40x40 mm and the walls are 5 mm thick. The
preheated air enters the quartz channel. The secondary cooling channel surrounding the
primary quartz channel is made of thick glass pressure windows on three sides, and the
stainless steel test section frame on the bottom side for mounting atomisers and pressure
transducers. During high temperature operating conditions, the static pressure in both
channels is maintained on a similar level so that the inner quartz channel withstands
only temperature gradients while the outer pressure windows withstands pressure
gradients. As the primary channel is made of glass, measuring pressure in the primary
channel is difficult along the test section. Therefore the pressure in the primary channel
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is measured at the inlet and outlet of the channel. The mass flow rates in the test section
are measured by vortex meters (Foxboro Inc.) and verified with the flow through a sonic
hole. The error in mass flow measurements is ~ 0.5 %.
At the exit of the test section, air from both the channels merges and leaves the
test section through a sonic hole. The sonic hole provides the ability to independently
vary the pressure in the quartz channel at a constant velocity. Different diameter sonic
holes are used to vary the air velocity. The mass flow rate of kerosene is measured by
Coriolis meters of Rheonik make. The error in the measurement is < 0.2 %. A circular
hole is provided in the quartz channel for mounting atomisers. The atomiser is mounted
at 30 mm from the entrance of the test section.
2.2

DESIGN OF THE AIRBLAST ATOMISERS

Airblast atomisers are designed to conduct basic studies on liquid sheet
atomisation of prefilming and non-prefilming atomisers. The liquid sheet is mostly of
cylindrical shape in practical airblast atomisers as explained in Chapter 1. However, in
the experimental studies presented here, the cylindrical liquid sheet is approximated to a
2D planar liquid sheet model, Figure 2.3.

Fig. 2-2 LPP test section
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Fig. 2-3 2D prefilming airblast atomiser model
The 2D planar sheet approximation is considered valid if the ratio of the span of
the liquid sheet to the thickness of the liquid sheet is greater than 10 [43]. In the set of
atomisers designed, the span to thickness ratio is greater than 40. The advantages of
having a 2D planar liquid sheet are firstly, the 2D liquid sheet eases visualisation of
liquid sheet breakup mechanisms. Secondly, detailed comparison of spray
measurements can be made between two different types of airblast atomisers. Also, the
fuel consumption is less for a set of experiments.
Of particular significance in the design process is achieving a uniform 2D liquid
sheet at the exit of the atomiser slit. This is achieved by channeling the fuel flow inside
the atomiser. Figure 2.4 shows the internal geometry for the atomisers. The liquid enters
the atomiser through a cylindrical duct as shown in the figure. The liquid is split into 4
rectangular channels. The width of the channel is 2 mm, 36.5 mm long and ~ 0.9 mm
thickness. The spacing between the channels is 0.9 mm. The liquid streams flowing
through the channels merge inside the atomiser at 9 mm before the atomiser slit.
Visualisation at the atomiser slit gave an indication that the disturbances caused by the
merging of the liquid channels inside the atomiser are suppressed in this region. Flow

Fig. 2-4 Channeling of fuel inside the atomiser
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visualisation experiments and PDA measurements showed that the liquid sheet is
uniform along its span (Chapter 3, 4).
Initially, a first set of prefilming and nonprefilming airblast atomisers were
designed as shown in Fig. 2.5. Also, a transparent atomiser was designed with a variable
prefilming surface. These atomisers were made of brass. The impingement angles at the
atomiser slit were typically 5º and 7º. The width of the atomiser is 19 mm, thickness &
width of the slit are 300 m & 18 mm and the length of the atomiser is 50 mm.

Fig. 2-5 Airblast atomisers for visualisation studies
However, these atomisers had aerodynamic problems due to different
impingement angles, and the atomiser spanning only half of the test section height (test
section height is 40 mm whereas the atomiser width is 19 mm). The combined effect of
the nonuniform pressure distribution and the width caused formation of ‘wing-tip
vortices’ at the edges of the atomiser, as shown in Mie scattering images, Figure 2.6, of
cross sectional planes along the axial direction of flow. This has caused change in
behaviour of the spray dynamics. There were several practical problems in using these
atomisers like leakage, improper welding, and thermal stresses on material at high
temperatures.
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Fig. 2-6 Mie scattering images of the spray
Hence the first set of atomisers was discarded and a second set of atomisers are
manufactured. However, the first set of atomisers are used in some cases for flow
visualisation as they are performed in the centre of the span of the liquid sheet and the
edge effect of the atomiser has little influence on the liquid sheet breakup.
Due to complexity in the atomiser design and difficulty in manufacturing of the
atomisers, two atomisers are designed in the second set, a prefilming airblast atomiser
with 4 mm prefilming surface and a non-prefilming airblast atomiser. Figure 2.7 and
Figure 2.8 show the design of the atomisers. Nickel based alloys are used for the
manufacturing of the atomisers. These atomisers can withstand high thermal loads and
can be used to test the atomisers at realistic gas turbine operating conditions. The
internal geometry for these new atomisers is similar to the first set of atomisers. The
new atomisers span the whole test section. The span of the new atomisers is 38 mm.
However, the span of the liquid sheet is 12 mm. The impingement angle at the atomiser
slit is 0° from both sides of the atomiser.
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Fig. 2-7 Nonprefilming airblast atomiser model

Fig. 2-8 4 mm prefilming airblast atomiser model
The Mie scattering images, Figure 2.9, at different locations for the second set of
atomisers show that the ‘wing tip vorticity’ disappeared and the spray is symmetric
along the centre plane of the test section. It can be observed that for the case of the 4
mm prefilming airblast atomiser, there is a slight bulge on one side of the spray due to
the presence of prefilming surface. This will be explained in Chapter 3.
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Fig. 2-9 Mie scattering images at Pa = 4 bar Va = 60 m/s
2.3

OPERATING CONDITIONS

Experiments are conducted at operating conditions where it is feasible to
perform flow visualisation measurements and reliable PDA measurements. The static
pressure in the test section is varied from 2 bar – 6 bar and the air velocity in the test
section is varied from 30 m/s – 90 m/s. For flow visualisation measurements, the mass
flux of kerosene is varied from 1 g/s to 8 g/s corresponding to 0.2 m/s – 1.8 m/s. For
PDA measurements, the kerosene velocity is kept constant at ~1 m/s. For the operating
conditions tested the Weber number 1 in the test section is varied from 32 to 855. At
realistic operating conditions the Weber number is a lot higher. The details of the
operating conditions and realistic gas turbine conditions are presented in Appendix A.
The measurements in the present study are made at ambient temperature. For the
maximum mass flow conditions at LPP test rig at ambient temperature, a maximum
Weber number of 855 is achieved which is the limitation of test rig.
2.4

EXPERIMENTAL TECHNIQUES

To obtain an insight into the liquid sheet breakup mechanism, background
shadowgraphy is adopted. High speed PIV is performed to obtain the velocity field

1

The Weber number is defined as We

U aU a2 t l
V

. The thickness and the surface tension of the liquid is

mostly kept constant in the present experimental study unless specifically mentioned. Hence, from now
on the change in Weber number has to be taken as change in Momentum flux of air.
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close to the atomiser. LDA and PDA measurements are performed for characterisation
of flow field and spray from atomisers.
2.4.1

Background Shadowgraphy

Background shadowgraphy is a back illumination technique to capture images of
liquid flows. In background shadowgraphy experiments, instantaneous imaging and
high-speed sequential imaging are performed. The instantaneous imaging is performed
to obtain an overall view of the breakup mechanism of the liquid sheet under all
operating conditions. For selected operating conditions, high speed sequential imaging
is performed. The setups are similar for instantaneous imaging and high-speed
sequential imaging. A schematic of the test setup is shown in Figure 2.10 for high-speed
imaging.

Fig. 2-10 Background imaging setup
A photographic flash lamp, Bowens 1500 model, is used for background
illumination. The flash duration of the lamp is approximately 800 milli second. A
diffuser sheet is used to make the background uniformly illuminated. A high speed
intensified camera, the Ultra 8 model from DRS Hadland Ltd, is used to capture the
images. The camera can capture 8 sequential images with a minimum of 1000 frames
per second and a maximum of 100,000,000 frames per second. The exposure time can
be varied independently from 1 milli second to 10 nano second. The CCD chip has
2048x2048 pixel resolution which is split into 8+1 equal imaging areas giving an
effective of 520x520 pixels per frame. When the Camera is triggered, each of the 8
imaging areas is independently triggered based on the shutter speed settings. The 9th
image is a time slaved image. The captured sequential images are digitised in 12-bit
TIFF format. The imaging area is typically 8 x 8 mm in the visualisation experiments.
However, for close up views to observe the sheet oscillations, the imaging area is set at
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1.5 mm x 1. 5 mm. The sequential images have interframing time sufficient enough to
carry out PIV analysis. So, the same sets of images are also used for High speed PIV
analysis.
2.4.2

High Speed PIV Analysis

Consecutive images acquired during high speed imaging, are processed for
different operating conditions by PIV software (Particle Image Velocimetry, PIVTEC
software developed by Chris Willert). The velocity of the liquid sheet and velocity field
of ligaments and droplets are calculated in the near-field of the atomiser. The
instantaneous sequential images are acquired at different locations along the flow
direction to observe the entire process of liquid sheet breakup, viz, sheet breakup,
ligament/large structures breakup, clusters, droplets. The PIVTEC software works on
principle of cross-correlation between two sequential images. The velocity field is
calculated based on displacements obtained by correlation between the images and the
interframing time. For a high correlation between the images, the patterns/particles in
the image should have a high spatial frequency with the background. To achieve this,
the images have to be processed to remove the background noise.
Processing of Images
The initial purpose of high speed visualisation was to observe the sequential
breakup process of the liquid sheet, as discussed earlier. The background was
illuminated with the flash lamp. Hence, the liquid structures are in black shade in the
images acquired. The cross-correlation algorithm searches for high intensity pixel areas
in the images and recognises them as particles. For this reason, the acquired images are
preprocessed to be suitable for PIV processing. Figure 2.11 shows the preprocessing
methodology. The acquired images are inverted on intensity scale to make the structures
appear in high intensity shade. Further processing steps on the images include passing
the images through a 3x3 median filter, application of a dynamic threshold to remove
CCD chip noise, high pass filter with Gaussian weighting to increase spatial frequency
and finally anti-aliasing smoothing to adjust for the background noise. In some cases,
binarisation of the images gave good correlation peaks. Figure 2.11(a) shows two
sequential raw images, image 001, 002. The movement of the liquid sheet can be seen
over the prefilmer surface. The edge of the prefilmer surface can be noticed. Figure
2.11(b) shows the corresponding processed images. As can be observed, most of the
structures are clearly represented in the processed images.
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Fig. 2-11 Image preprocessing for PIV
Evaluation
The processed images are evaluated with an interrogation widow size of 32x32
pixels with 50% overlap between adjacent interrogation windows. This gives a
resolution of 16x16 pixels for the image plane. In classical PIV images, the flow is
seeded with particles of micron size that occupy 1-2 pixels in the images. However, in
the images captured close to the atomiser, the liquid sheet and the ligaments/structures
are large and occupy several pixels. So, a multigrid cross-correlation algorithm is used
with an initial sampling window of 128x128 pixels. The advantage of this algorithm is
that the movement of large structures is recognised as the algorithm first interrogates on
a bigger window (128x128) and subsequently reducing the window size to the initially
set interrogation window (32x32). Also, the peak of the correlation occupies several
pixels, the peak detection is carried out by centre of mass, as explained below. Figure
2.12 shows the evaluation methodology.
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The rectangular box in the left picture is an interrogation area in one of the two
images, also called the interrogation widow. The interrogation window in the two
images is shown in picture to the right. The displacement of the wave can be noticed in
the windows. These windows are cross-correlated and the correlation between the
interrogation windows is plotted in another widow called correlation window. The
intensity in the correlation window shown above indicates a good correlation. The peak
intensity spot, in the correlation window, gives the displacement and direction when
measured from the centre of the crosswire. However, in this case, the high intensity is
not at a single spot but a small area. The peak of this high intensity area is recognised by
finding the centre of mass.
A vector in the left picture shows the displacement of the wave. This
displacement was also measured manually from the two images and matches exactly
with the displacement given by the software. Figure 2.13(a) shows the displacement
vectors at various positions in the image. For clarification, two consecutive images are
shown. As can be seen the software measures the displacement of the structures. In
Figure 2.13(a) image 001, the wave and structures are at the tail end of the vector in the
interrogation window in blue colour. In image 002, the displacement of the wave and
structures reach the head of the vector showing the accuracy levels of the algorithm.
However, as can be seen at the prefilmer edge, the displacement vectors are small. This
is due to the constant intensity in both of the images at the edge. Hence at this location
in the image, information on velocity field is misleading. Also, it can be observed, that
at some places in the image the displacement vectors are in opposition to the direction
of flow. These are termed as outliers and are discarded during evaluation. Figure 2.13(b)
shows a typical velocity contour plot on the prefilmer surface. The velocity of

Fig. 2-12 Evaluation of PIV images
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propagation of the liquid sheet is around 3-5 m/s at the centre of the prefilmer. The
velocity of the liquid is ~1 m/s at the entrance of the atomiser slit for this operating
condition (calculated based on metered liquid flow rate). The region in the images
covers approximately 8x8 mm; therefore several sets of image sequences are acquired
along the flow direction. The depth of field is around 1 mm. Hence the particles in the
images line up in a plane of maximum 1 mm thickness. A total of approximately 300
images are processed to obtain the velocity contours of the liquid at each axial location
and operating condition.

Fig. 2-13 Velocity field of kerosene phase
2.4.3

LDA Measurements

The Laser Doppler Anemometry (LDA) is a non-intrusive point-measurement
technique to measure the local velocity of the flow. The velocity is calculated from the
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Doppler frequency shift. The operating principle of LDA is explained as follows. A
Laser beam from a continuous laser source is split into two beams as shown in Figure
2.14.
The two beams typically have a Gaussian intensity profile. The beams intersect
at an angle forming a stationary interference fringe pattern of alternating dark and bright
bands with constant spacing. The region of interference fringe patterns is called
measurement volume. It is ellipsoidal in shape. The spacing between the fringes is a
function of laser wavelength and angle between the two beams. The following equation
gives the spacing between the fringes.

G

O
2. sin T / 2

Eq.2-1

where is fringe spacing,  angle between the beams, wavelength of the laser beams.

Fig. 2-14 Interference fringe pattern
The flow is seeded with small particles typically around 1 μm in size that follow
the flow. As the particles travel through the measurement volume they scatter light
which is modulated in intensity, as shown in Figure 2.14(b). The scattered light signal
has a definite frequency, called Doppler frequency that is dependent on the velocity of
the particle. These particles are few times bigger than the wavelength of light, hence the
scattered light can be estimated by Mie scattering principles. The scattered light signal
is collected at an angle by photomultiplier detectors and processed to obtain the Doppler
frequency shift. The velocity can be easily calculated once the Doppler frequency shift
is measured. The velocity of the particle is calculated based on the following equation

U flow

f d .G

Eq.2-2

where Uflow is the velocity component of the particle, fd is Doppler frequency shift.
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The velocity that is measured perpendicular to the plane of the fringe pattern
gives only one component of the velocity vector. However, the measured velocity does
not carry any information on the direction of the particle with respect to fringe pattern.
A Bragg cell is used to overcome the directional ambiguity of velocity. The Bragg cell
shifts the frequency of one of the laser beams. The frequency shift produces a moving
fringe pattern. By measuring the phase shift with respect to moving fringe pattern with
two photomultipliers, directional ambiguity can be eliminated [17]. To measure two
velocity components, additional laser beams of different wavelength are used
perpendicular to the plane of the first beams.
In the present study two component LDA measurements are performed to
characterise the velocity field of the incoming flow to the atomiser and downstream of
the atomiser. A green beam, = 514.5 nm, and blue beam, = 488 nm, from an Argon
ion laser (Coherent Inc. make), are used for measuring two components of velocity. The
beams are passed through beam splitter to obtain two additional beams. One green and
one blue beam is passed through a Bragg cell which provides an optical frequency shift
of 40 MHz to the beams. The four beams are transmitted by an optical fiber
arrangement to the transmitting optics. A schematic of the transmitting and receiving
optics is shown in Figure 2.15.

Fig. 2-15 Schematic of LDA setup
The transmitting optic, from Dantec Inc- model 9060x0321, with a converging
lens of 310 mm focal length is used to converge the four beams to form interference
fringe pattern at the point of focus. The details of the transmitting optics are given in
Table 2.1. The receiving optic, from Dantec Inc- PDA 58N10 model, is placed at an
angle less than 20º degree to obtain maximum scattering light signal and also to reduce
the effect of scattering particle diameter on intensity.
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LDA settings

axial velocity
component

transverse
velocity component

Wavelength (nm)
Fringe spacing (μm)
Number of Fringes
Gaussian diameter (mm)
Beam separation (mm)
Minimum velocity (m/s)
Maximum velocity (m/s)

514.5
5.32
13
1.35
30
-32
160

488
5.05
13
1.35
30
-30
152

Table 2-1 Transmitting optics arrangement

2.4.4

PDA measurements

Phase Doppler Anemometry (PDA) is an extension of the LDA principle to
measure the size, velocity and concentration of droplets in sprays. The size of the
droplets is calculated based on the phase difference of the Doppler frequencies
measured by multiple detectors located at different angles. The operating principle of
PDA is explained as follows. Similar to LDA, the laser beams interfere forming
interference fringes.
The particles traveling through the fringes scatter light with a Doppler frequency
shift. Two photomultiplier detectors, separated by a constant distance, are used to
collect the scattered light signal. Both the detectors will observe the same Doppler
frequency shift but with a relative phase difference, as shown in Figure 2.16.
The phase shift is proportional to the size of the particle and detector spacing
and the mode of scattering, viz. refraction and reflection [74]. Apart from the velocity
ambiguity as in LDA, an additional ambiguity occurs in measuring the size of the
particle occurs if the phase of the two signals is more than 360º. As shown in Figure
2.16, a large particle cannot be distinguished from a small particle if the large particles
produce a phase shift greater than 360º.
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Fig. 2-16 Phase difference of scattering signal from detectors
In order to overcome this problem, an additional photomultiplier detector is
placed closely to one of the detectors thus phase variation is slow. It is also used for
consistency check of the size calculation measured by the detector pairs. The size of the
particle is calculated as
D

phase.O

Eq.2-3

S .n1.E

where D is the diameter of the particle, is wavelength of light, n1 is index of refraction
of the scattering medium and  is called geometric factor which depends on the mode of
scattering and optical configuration and is given by

E

^
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for refraction, where f  / 

`

Eq.2-4

1  /  sin(T / 2). sin I . sin \  cos(T / 2). cos I , n' = n1/n2, n1,

n2 is index of refraction of the particle. Figure 2.17 shows the orientation of angles with
respect to coordinate system. The details of the above equations are given in Dantec
Manual [17].
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Fig. 2-17 Orientation of PDA system
A 2-D standard PDA setup, Dantec Inc.-PDA 58N10, is used for measurement
of droplet diameters and velocity of particles. A green beam, = 514.5 nm, and a blue
beam, = 488 nm, from an Argon ion laser of Coherent make, are used for measuring
two components of velocity of the droplets. A schematic of the setup is shown in Figure
2.18. In the current study, the spray is dense with high droplet concentration. Hence,
two beam expanders of 1.85 and 1.98, with an effective beam expansion of 3.663, are
used to increase the spatial resolution. A converging lens of 310 mm focal length is
used on both transmitting optics and receiving optics. The beam separation is 24 mm.
The optical settings give the measurement volume diameter of 34.2 μm. The receiving
optics is positioned at  = 58° which is close to Brewster angle ( = 65° for kerosene).
The details of PDA optical settings are given in Table 2.2.

Fig. 2-18 Positioning of transmitting optics
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A total of 40000 samples are acquired at each measurement point. The validation
levels are set at +2 dB. The liquid volume flux is calculated by a volume flux algorithm
developed in-house, which works on burst lengths for the determination of the detection
volume [11].

T. Optics (offset)
Laser Power
Gaussian Diameter
Polarisation angle
Beam Expander
Beam Separation
F of T. optics
Fringes spacing
Meas. Vol. Dia.
Refractive Index

4.5, 6.5°
75 mW
1.35 mm
parallel
3.6663
24 mm
310 mm
6.65 m
34.2 m
1.46

f of R. Optics
Phase Factor (U1-U2)
Scat. Angle ( -68°)
Aperture
Slit Width
Bandwidth
Gain
Diameter (max)
Axial Velocity (V)
Mode

310 mm
4.254°/ m
58°
2 mm
300 m
36 MHz
High
122.2 m
- 37.8 m/s
-+ 199.5 m/s
Refraction

Table 2-2 PDA optical settings
Due to constraints at the test section, the transmitting optics of PDA system is
offset by 6.5° to the perpendicular plane of flow direction. In order to observe the effect
of the transmitting optics offset, measurements are conducted at two offsets, 4.5° and
6.5° at selected operating conditions. Also, the spray is dense in the present studies. To
validate the effect of density of the spray on PDA measurements, the transmitting optics
is flipped from negative X direction to positive X direction and measurements are
repeated at selected operating conditions. The details of the effect of transmitting optics
positioning on measurements are explained in Appendix D.
The PDA measurements are conducted at several locations to characterise the
spray. The coordinate system for the PDA measurements is shown in Figure 2.19a. To
validate the spray two dimensionality, as shown in Figure 2.19b, measurements were
conducted at a X-Y plane (x = -16-16 mm, y = -6-6 mm in 1mm and 2mm intervals) at z
= 90 mm from the exit of the atomiser slit. Also, measurements were carried out at x = 16-16 mm, y = 0 mm at z = 10-25 mm and 45-90 mm for characterising the SMD and
dispersion of the spray. The measurements could not be performed from z = 25 mm to z
= 45 mm due to immovable obstructions around the test section.
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(a)

(b)
Fig. 2-19 PDA measurement locations

Chapter 3. Flow Visualisation of Liquid Sheet Breakup

CHAPTER 3
FLOW VISUALISATION OF LIQUID SHEET BREAKUP
This chapter discusses the flow visualisation studies on nonprefilming and
prefilming airblast atomisers. High speed Background Shadowgraphy experiments are
performed in the vicinity of the atomisers to observe the liquid sheet breakup
mechanism. The air stream that interacts with the surface of the liquid sheet produces
different breakup regimes at various operating conditions. The different liquid breakup
mechanisms observed for nonprefilming and prefilming atomiser are discussed in detail.
The stability of the liquid sheet at the atomiser lip is also discussed. Quantitative
analysis of the High speed images is also performed.
3.1

3.1.1

BREAKUP MECHANISM OF A LIQUID SHEET ON A PREFILMING
SURFACE
Formation of surface waves

In the present experimental study on prefilming airblast atomisers, liquid
emerges from a slit at the atomiser and one of the surfaces is exposed to the surrounding
air. When a surface of liquid is exposed to moving air, the surface is perturbed. The
perturbations are produced due to the local differential pressure head between the two
fluids. These perturbations propagate due to the momentum exchange between the two
fluids in the form of differential kinetic head. The growth of these instabilities leads to
the formation of small amplitude waves on the surface of the liquid sheet. The growth
rate depends on the conditions of the surrounding fluid. A schematic of formation and
growth of the small amplitudes waves on the surface of the liquid sheet on a prefilming
surface is shown in Figure 3.1 (a). Figure 3.1(b) shows the formation of small amplitude
waves on the surface of liquid when it emerges from the slit of the prefilming airblast
atomiser.
It is a general perception that the small amplitude waves formed on the liquid
surface are due to imperfections inside the atomisers. Even though this is one of the
reasons for formation of small amplitude waves, it is not the only reason as explained
above. As the air-stream passes over the liquid surface, a crest or a trough is formed on
the liquid surface, because of differential pressure, creating a wave with small amplitude
(water waves) as explained by Einstein [22], Figure 3.1(a). The small amplitude waves
are symmetric and have constant amplitude which can be explained by inviscid potential
theory. As can be observed in the Figure 3.1 (b), small amplitude waves appear after a
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sufficient length from the atomiser slit. The small amplitude waves in Figure 3.1(b) are
3 dimensional in nature due to the local turbulence effects. These small amplitude
waves grow in amplitude depending upon the force balance between the external forces
and internal forces acting on the liquid sheet and form asymmetric waves with different
sections of the wave traveling at different speeds, the details of which are explained
below.

Fig. 3-1 Formation of small amplitude wave
These asymmetric waves when grow in amplitude forms into a surface wave on
the liquid sheet. Figure 3.2(a) shows the formation of surface waves. The surface wave
propagates in the direction of the resulting forces, similar to gravity waves formed on
the water surface in shallow waters. The Gravity waves are mainly formed due to the
effect of gravity on the water surface. When the gravity waves approach the sea shore,
the speed of the wave is higher at the top of the wave than the speed at the bottom due
to gravity. In the present case, the gravity effects are negligible. These surface waves
are formed at regular intervals, the wavelength between the waves depends on the local
energy balance which will be explained in Section 3.1.2. The wavelength of these waves
is around 1-2 mm, as measured from the images. Usually waves with wavelengths less
than 1 cm are termed capillary waves. Surface tension forces dominate the propagation
of capillary waves. However, the behaviour of the surface waves is similar to the gravity
waves. The reason is due to the predominant effect of surface tension forces and viscous
forces on the propagation of the surface wave at small length scales (the thickness of the
liquid sheet being 300 microns). The wave speed is determined by the balance of
internal viscous forces and surface tension forces acting in and on the liquid with the
external aerodynamic forces. The external aerodynamic pressure is balanced by the
surface tension force acting on a small elemental area of x y as shown in the Figure
3.2(b). The force balance shows the effect of surface tension forces and viscous forces
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as a function of wave amplitude 2 [26]. The combined effect of these forces at such
small length scales is similar to the effect of gravity on waves at the sea shore.

(a)

(b)
Fig. 3-2 Propagation of surface waves

Figure 3.3 shows the propagation of surface waves at a pressure = 2 bar and air
velocity = 30 m/s, We † = 32 (Pa = 2 bar, Va = 30 m/s). Typical sequential images of
propagation of surface waves on the prefilming surface are shown from front view and
side view. As the surface waves propagate, they gain velocity with the top of the wave
moving at higher velocity and increasing amplitude than the lower surface of the wave
(as explained above). Depending on the wave speed and the balance between the forces,
the amplitude of the wave reaches the limiting value where it cannot sustain the velocity
difference inside the wave and plunges ahead as shown in Figure 3.3(a) (image 03).
This is termed wave plunging. Figure 3.3(a) (image 01-04) shows a sequence of images
of this behaviour. It can be seen that in Image 03, the wave plunges ahead. In Image 04,
the plunged wave travels ahead of the surface wave. The typical velocity of the wave is
around 3 m/s measured from the sequential images and also by the PIV software,

2

The external force balance to internal surface tension forces acting on an elemental area as a function of
amplitude for small deflections is shown in Feynman lecture series [26]. The viscous force term is added
since it is predominant force acting at the length scales under consideration.
†
As defined in Chapter 2, Weber number is based on the liquid sheet thickness unless explicitly
mentioned.
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Section 3.7. It is measured from consecutive images that the plunged wave travels at
twice the velocity of the surface.

Fig. 3-3 Phenomena of wave plunging at low Weber number
We = 32 (Pa = 2 bar, Va = 30 m/s), tl = 300μm
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Even though the wave plunges, it does not break from the liquid surface forming
layers of different thickness. The liquid sheet is also intact until the edge of the
prefilming surface. The disintegration of the liquid sheet is similar to liquid sheet
breakup in the nonprefilming atomiser. Figure 3.3(b) shows the wave plunging
phenomena in side view. A schematic of wave plunging is shown in Figure 3.3(c).
3.1.2

Surface stretching and Formation of ligaments

As the surface waves propagate as shown in Figure 3.2 and Figure 3.3, the wave
ahead propagates at higher velocity than the wave that is following. This causes increase
in spacing between the waves and hence induce stresses on the liquid surface. The
surface stresses are balanced by the surface tension forces. It is observed that the surface
wave (also termed as spanwise waves in literature) propagates along the entire width of
the prefilmer surface if the air velocity and the static pressure is low as indicated in
Figure 3.3. At limiting conditions, the surface tension forces accumulate liquid mass
trying to balance the induced stresses, Figure 3.4(a). This causes the formation of
ligament like surface undulations widely known as streamwise waves. As shown in
Figure 3.4(b), since the external forces acting per unit area are constant, the surface
stresses induced by external forces in axial direction by stretching the liquid surface is
balanced by shrinking in spanwise direction. The surface waves now propagate in
between these ligaments like undulations. Usually, the spacing between the ligaments is
uniform. The small variations in the ligament spacing are due to local turbulence
effects. Since the energy balance occurs globally, the ligaments spacing and thickness
are considered to be equidistant. The spacing of the ligaments into individual ligaments
depends on thickness of the liquid film, surface tension between the fluids, viscous
forces in the liquid sheet and aerodynamic forces acting on the liquid surface. If the
Weber number is low, as shown in Figure 3.3, the surface wave propagates along the
entire width of the prefilming surface. However, if the Weber number is high, the
surface wave propagates in between the ligament like undulations. These ligaments like
surface undulations formed on the liquid surface do not break into individual ligaments
on the prefilming surface.
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Fig. 3-4 Formation of ligaments
3.1.3

Surface Stripping from the Liquid Surface

However, as the air velocity increases, due to high relative velocity between the
liquid surface and air, the wave reaches the limiting amplitude close to the atomiser slit.
If the forces acting on the wave are strong enough to overcome internal viscous forces
and surface tension forces, the wave breaks from the surface instead of plunging. This
phenomenon is termed as surface stripping. Figure 3.5 shows the surface stripping
phenomenon at We = 380 (Pa = 6 bar, Va = 60 m/s). The surface stripping of the liquid
surface can be observed in Figure 3.5 (a) in images 02 & 03. It can be seen that the
spanwise waves propagate in between the ligament spacing. The reason of formation of
these ligaments is already explained. Figure 3.5 (b) shows a sequence of images of
surface stripping in side view. As can be clearly observed in the Figure, a lump of liquid
mass is stripped off from the liquid surface. As the mass strips off from the surface, the
stripped mass accelerates depending on the aerodynamic forces experienced by the
lump of the liquid. Typical velocities reached are ~ 20 m/s under the conditions
mentioned (measured from the sequence of images). This velocity is normally achieved
by droplets/clusters far downstream of the atomiser edge indicating that the stripped
mass is above the liquid surface. The details of the velocity-field of the liquid phase are
given in Section 3.8. It can also be observed that the thickness of the liquid sheet
decreases as the surface stripping occurs due to the loss of mass. As the liquid reaches
the prefilmer edge surface stripping increases and the liquid sheet further reduces in
thickness.
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Fig. 3-5 Phenomena of surface stripping at high Weber number
We = 380 (Pa = 2 bar, Va = 30 m/s)

Figure 3.5 (c) shows the schematic of surface stripping of the liquid surface. It is
important to note that at constant velocity, as the ambient pressure increases, the
amplitude of the surface waves decrease. This is due to the normal pressure acting on
the waves. Since the momentum of air also increases locally, the force induced by air on
waves even with small amplitudes is still higher; hence the surface stripping phenomena
occurs more predominant at higher pressures.
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Also since at high pressures surface stripping occurs on waves with smaller
amplitudes than at lower pressures, the clusters carry little mass and hence produce
smaller droplets (the effect of surface stripping on the variation of SMD distributions is
explained in Appendix C). This is crucial to understand the effect of thickness of the
liquid sheet at the prefilmer edge on the atomisation and dispersion characteristics of the
spray.
3.2

LIQUID SHEET BREAKUP IN A NONPREFILMING AIRBLAST
ATOMISER

It is generally reported in the literature, Stapper et al. [80], that there exist two
types of breakup mechanisms, viz. cellular breakup and stretched streamwise breakup in
case of nonprefilming airblast atomisers. The cellular breakup mechanism occurs at
higher relative velocity between air and liquid. Cellular structures form between the
spanwise waves and streamwise waves, and at limiting conditions the spanwise waves
separate into individual spanwise ligaments. The stretched streamwise breakup
mechanism occurs at low liquid velocities by forming stretched streamwise ligaments
which break subsequently. The classification of two breakup mechanisms observed was
based on randomly acquired images at specific operating condition. However in the
present study it is observed that both mechanisms are limiting cases of a generic
breakup of liquid sheets. In the present work, a high speed flow visualisation has been
performed to assess the validity of the mechanisms and as a result, the breakup
mechanism is now reasonably well understood.
A free liquid surface is prone to instabilities. As explained above, the small
amplitude waves formed on the liquid sheet propagate along the flow direction. The
small amplitude waves are termed as spanwise waves. These waves accelerate as they
propagate. The distance between the spanwise waves increases as they propagate. This
causes thinning of the liquid sheet between two wave fronts. The surface tension forces
tend to converge (accumulate) the liquid sheet, forming ligament like elements, which
are termed here as streamwise structures. The details of formation of spanwise and
streamwise waves are explained in the schematic of Figure 3.6.
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Fig. 3-6 Formation of spanwise and streamwise waves
When the distance between the upstream and the immediate downstream
spanwise wave front reaches a critical stage, the distance between the streamwise waves
also reaches a limiting value. This produces a cellular structure with a thin membrane
between the streamwise waves. Subsequently, the thin membrane breaks up forming
individual ligaments. The term ligaments are used here when the membranes between
the streamwise waves break. The adjacent ligaments are joined by spanwise waves.
These spanwise waves also break between the ligaments forming spanwise clusters. The
streamwise ligaments which are attached to the following wave front stretch and also
break into clusters. The breakup mechanism explained here applies for all the conditions
tested. Figure 3.7 shows the liquid sheet breakup for a nonprefilming atomiser at We =
32 (Pa = 2 bar, Va = 30 m/s). As can be observed from the images, the spanwise waves
propagate forming ligaments and cellular structures. At critical conditions, as it can be
observed in image 003, the spanwise waves break, forming clusters at the ends of the
ligaments. Also it can be observed that the streamwise ligaments stretch and break
(images 006-007) which is a subsequent event as explained above. This process
according to Stapper et al. was termed ‘stretched ligament breakup’. However one can
also observe the process associated with the cellular breakup mechanism. Hence it can
be concluded that the breakup of flat liquid sheet is always similar. At the operating
conditions mentioned in Figure 3.7, the spanwise wave speed is ~3-4 m/s. However
depending on experimental conditions the length scales vary.
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Fig. 3-7 Liquid sheet breakup of a nonprefilming atomiser
Pa = 2 bar Va = 30 m/s Vl = 1.5 m/s
As shown in Figure 3.8, at higher operating conditions, by increasing the
aerodynamic forces, the liquid sheet tends to break in a similar fashion. The circles
marked in images 001-004 indicate that the spanwise waves accelerate causing
ligaments to stretch and at critical conditions they break up forming clusters. But, the
length scales of spanwise waves and ligaments are smaller and near to the atomiser slit.
The spacing between the spanwise waves is less and the ligament dimensions are small.
At these conditions the breakup is more chaotic. This is due to many factors like the
turbulence level in the air flow, the geometric parameters of the atomiser etc.
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Fig. 3-8 Liquid sheet breakup of a nonprefilming atomiser
Pa = 2 bar Va = 90 m/s Vl = 1.5 m/s
It is also observed that the small amplitude waves propagate at high speeds and
merge with the wave ahead. As can be observed in Figure 3.9, in the circles marked in
black, a small trapped bubble like structure between two waves is suppressed due to the
preceding wave merging with the wave ahead, images 1-4 top row. As can be seen in
the images 5-8, the merged wave propagates ahead and again one can observe formation
of another small amplitude wave. However, the images are acquired only from one
direction and hence the nature of the waves is not fully clear.
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Fig. 3-9 Propagation of small amplitude waves
Pa = 2 bar Va = 30m/s Vl = 1.5 m/s

3.3

INFLUENCE OF WEBER NUMBER ON PRIMARY BREAKUP

Qualitative comparison of liquid sheet breakup from the instantaneous images is
made at constant Weber number by varying static pressure and air velocity to observe
whether the Weber number can be considered as a proper nondimensional number for
analysing the primary breakup of liquid sheets. Figure 3.10 and 3.11 show the effect of
the Weber number for the nonprefilming and prefilming atomiser. As can be observed,
at a constant Weber number, by varying the static pressure and air velocity, the breakup
behaviour of the liquid sheet is similar for the nonprefilming atomiser, indicating that
Weber number can be used for evaluating the primary breakup of liquid sheets.
However, it has to be noted that the variation of Weber number in the present
experimental studies is obtained by varying the momentum flux of air. Therefore, the
breakup length or primary atomisation scales also to momentum flux of air. Prefilming
atomiser shows similar trends with respect to variation of static pressure at constant
Weber number.
The effect of static pressure, at constant air velocity, on the breakup phenomena
can be observed for We = 56 & 167 and at We = 190 & 253 for nonprefilming atomiser.
The images show that the static pressure has appreciable influence on the primary
atomisation of liquid sheet. This is in-line with results obtained by Lefebvre [47] for
similar atomiser design where it was reported that the static pressure has effect on the
primary breakup length if the coflowing air stream are parallel to the surface of the
liquid sheet. The static pressure has also similar effect in prefilming atomisers, Figure
3.11. The effect of static pressure can be observed for We = 127 & 253 and at We = 285
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& 855. The effect of Weber number on ligaments spacing and breakup length is
explained in Section 3.6.

Pa = 4 bar Va = 30 m/s (We = 63)

Pa = 2 bar Va = 40 m/s (We = 56)

Pa = 6 bar Va = 40 m/s (We = 167)

Pa = 3 bar Va = 60 m/s (We = 190)

Pa = 4 bar Va = 60 m/s (We = 253)

Pa = 2 bar Va = 90 m/s (We = 285)

Fig. 3-10 Effect of Weber number on sheet breakup for the nonprefilming atomiser

56

Chapter 3. Flow Visualisation of Liquid Sheet Breakup

Pa = 6 bar Va = 30 m/s (We = 95)

Pa = 3 bar Va = 40 m/s (We = 84)

Pa = 4 bar Va = 60 m/s (We = 253)

Pa = 2 bar Va = 90 m/s (We = 285)

Pa = 2 bar Va = 60 m/s (We = 127)

Pa = 6 bar Va = 90 m/s (We = 855

Fig. 3-11 Effect of Weber number of sheet breakup for the prefilming atomiser
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REGIMES OF SHEET DISINTEGRATION IN THE PREFILMING
ATOMISER

In general, the liquid coming out of the atomiser slit spreads into a thin sheet.
For low Weber number and high liquid velocities the liquid sheet moves intact as a
thick sheet over the prefilming surface. Figure 3.12, at We = 32 (Pa = 2 bar, Va = 30
m/s), shows the spread of the liquid sheet. If the liquid sheet is intact till the end of the
prefilmer edge, the disintegration of liquid sheet is similar to the liquid sheet
disintegration without a prefilmer, except periodic thickening and thinning of the liquid
sheet at the prefilmer edge. The effect of it is explained in Section 3.7. As the Weber
number is increased, either by increasing the ambient pressure or by increasing the air
velocity, waves in the stream wise direction are visible as shown in Figure 3.6, We = 85
(Pa = 3 bar, Va = 40 m/s). As the Weber number is further increased, beyond 100, the
surface of the liquid sheet starts shearing off due to the high aerodynamic pressure
acting on the liquid surface. As can be seen in Figure 3.12, We = 253 (Pa = 4 bar, Va =
60 m/s), the presence of burst of liquid surface indicates stripping of the liquid surface
at the prefilmer edge. These kinds of images were observed intermittently in the set of
100 images acquired for a certain operating condition over a range of Weber number
from 100-380. This range can be considered as a transition region from the wavy sheet
break-up to the surface stripping type of break-up of the liquid sheet on the prefilming
surface. As the Weber number increases, the phenomenon of surface stripping increases.
However there exists a thin liquid sheet over the prefilming surface, see Section 3.9.
This is observed in some of the images acquired with the transparent atomiser. Beyond
We = 380 (Pa = 6 bar, Va = 60 m/s), only surface stripping is observed and it is
dominant factor in causing liquid mass to eject from the liquid surface.

Fig. 3-12 Effect of Weber number on sheet disintegration process
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To categorise the regimes of breakup in the present study, the images are
classified based on visual observation for all the operating conditions tested and
represented as probability of occurrence of surface stripping. Table 3.1 shows for the
probability of occurrence at various operating conditions. The table shows that air
velocity and pressure have a significant effect on the surface stripping phenomenon. For
Pa = 6 bar it is usual to see some degree of surface stripping and for air velocities
beyond 60 m/s, the surface stripping is most often visible.
Vl = 0.5 m/s

2 bar

3 bar

4 bar

6 bar

30 m/s

0

0

0

0

40 m/s

0

0

0.5

0.75

60 m/s

0

0.5

0.75

0.75

90 m/s

0.5

0.5

0.75

1

Vl = 1 m/s

2 bar

3 bar

4 bar

6 bar

30 m/s

0

0

0

0

40 m/s

0

0

0.5

0.75

60 m/s

0

0.5

0.75

1

90 m/s

0.5

0.5

1

1

Vl = 1.5 m/s

2 bar

3 bar

4 bar

6 bar

30 m/s

0

0

0

0

40 m/s

0

0

0.5

0.75

60 m/s

0

0.5

0.75

1

90 m/s

0.5

0.75

1

1

Table 3-1 Probability of occurrence of surface stripping
Figure 3.13 shows the effect of Weber number on the liquid sheet break-up
mechanism. In the present experimental studies the liquid velocity could not be varied
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significantly. As such, for low Weber numbers the momentum flux ratios tested are also
very low. Nevertheless, it can be observed from the graph that for Weber numbers
beyond 380, the effect of momentum flux ratio between the air and liquid plays little
role compared to aerodynamic forces and surface stripping is more dominant.

Fig. 3-13 Effect of Weber number on breakup mechanism
3.5

LIQUID SHEET OSCILLATIONS

Nonprefilming atomiser
In case of the nonprefilming atomiser the coflowing air streams act
simultaneously on the liquid sheet that is emerging from the atomiser slit. Side view
images revealed the oscillatory behaviour of the liquid sheet. Figure 3.14 shows
sequential images of liquid sheet oscillations at two typical operating conditions. At low
operating conditions at We = 32 (Pa = 2 bar, Va = 30 m/s), as shown in Figure 3.14(a),
the oscillation of the liquid sheet is very clear. It appears the liquid sheet is oscillating in
sinusoidal fashion. In the literature, Hagerty and Shea [32], this is attributed to the
instabilities of the liquid sheet. It is also observed that the liquid sheet is disintegrating
downstream of the atomiser, as can be observed in Figure 3. 14(a) image 2-4. The
disintegrated liquid sheet oscillates similar to the liquid sheet that is intact. At higher
operating conditions at We = 128 (Pa = 2 bar, Va = 60 m/s), Figure 3.14(b), the liquid
sheet disintegrates much closer to atomiser. But still the liquid phase oscillates in
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sinusoidal fashion. The reason is due to the interaction of liquid film with the boundary
layers that are formed on both sides of the atomiser. The vorticity on both sides have
opposite sign and the strength depends on the local aerodynamic characteristics of air
streams as shown in schematic in Figure 3.15. The design of atomiser is similar to an
NACA 0014 airfoil. The wake behind the atomiser is similar to the wake behind the
airfoil. The presence of coherent structures and vortices behind an airfoil is reported in
the literature [87]. The formation of vortices depends on the characteristics of an airfoil,
boundary layer, trailing edge, and Reynolds number of the flow. This indicates that the
vorticity generated on both sides of the atomiser plays a key role on the oscillations of
the liquid sheet.

Fig. 3-14 Liquid sheet oscillations in nonprefilming atomiser

Fig. 3-15 Nonprefilming atomiser
The liquid sheet emerging from the atomiser slit is thin but intact and hence it
behaves as a thin flexible membrane. The interaction of the vorticity on both sides of
the atomiser in the wake is now through the liquid sheet. Since the liquid sheet is thin
and flexible, it starts fluttering like a flag in an air stream. The liquid sheet oscillates
according to the fluctuations of the aerodynamic forces. It is known that the vortex
shedding behind a cylinder induces unsteady forces in the flow downstream and on the
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cylinder. Several methods are used to dampen the vibrations. In typical cases solid
splitter plates are used behind the cylinder. It was observed that even far downstream of
the splitter plates, the vortices tend to exist indicating that the generated vorticity
propagates. This is equivalent to the liquid sheet in between vortices/vorticity on both
sides. However the liquid film here is a flexible membrane and reacts to the vortex
induced forces/vibrations in a nonlinear fashion. As all practical atomisers have a
certain thickness at the edge, the boundary layer detaches at the edge of the atomiser
and reattach again on the liquid sheet. This happens in the fashion of a Von Karman
vortex street, inducing alternating vorticity on both sides of the liquid sheet similar to
the flow behind cylinders [87] producing asymmetric vortex street. In Figure 3.14, the
wave nature of the flow during and after liquid sheet breakup gives an indication of the
presence of Karman Vortex Street. From the high speed sequential images, the
frequency of the liquid sheet is calculated and related to Strouhal number. Strouhal
number is calculated based on air velocity and the thickness of the atomiser. Table 3.2
gives the Strouhal number at various operating conditions. The Strouhal number is
nearly constant of approximately 0.18. The interframing time between images is quite
large and hence the frequency measurements have to be considered as a mere
approximation. Nevertheless, a constant Strouhal number indicates the sheet oscillations
are due to fluid dynamics of the wake of the atomiser.

Pressure (bar)

Velocity (m/s)

Strouhal number (ST)

2

30

0.196

2

40

0.176

2

60

0.177

Table 3-2 Strouhal number at various operating conditions
Prefilming atomisation
In case of the prefilming atomiser, the liquid sheet oscillations are observed only
at low Weber numbers when there is no surface stripping and the liquid sheet is intact
till the edge of the prefilming surface. Figure 3.16(a) shows the oscillation of liquid
sheet after the prefilming surface.
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Fig. 3-16 Liquid sheet oscillations in prefilming atomiser
The propagation of surface waves on the surface of the liquid is clearly visible.
However, the oscillations are not dominant as in the case of the nonprefilming atomiser.
At higher Weber numbers, as shown in Figure 3.16(b), the oscillations of the liquid
sheet are suppressed. Also, a bright area on top of the prefilming surface indicates
initiation of surface stripping on the surface of the liquid sheet. The propagation of
surface waves and surface stripping significantly affect the vorticity generated at the
surface of the atomiser. As shown in the schematic, of Figure 3.16(c), the degree of
vorticity on both sides of the atomiser is not equally opposite in sign to induce
oscillation of the liquid sheet, because of the phase difference between the up-and
downside vorticity that is created by the prefilmer length. This phase depends on the
scale of the vorticity which in turn depends on the operating conditions, making it
unlikely to be either 0° or 180°.
3.6

BREAKUP LENGTH OF LIQUID SHEET AND LIGAMENT SPACING

Several key parameters like breakup length, ligament spacing, and sheet
thickness variation during breakup have to be known in order to simulate the breakup of
liquid sheets. Often these parameters are difficult to measure. An Effort is made to
quantify the effect of operating conditions on the breakup length of the liquid sheet and
ligament spacing by image processing.
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Breakup length of the liquid sheet
A total of 25 instantaneous images are averaged and breakup length is measured
manually from the averaged images. The breakup of the liquid sheet for nonprefilming
atomiser is measured as the distance from the atomiser slit to the point of breakup into
individual ligaments, as explained in an earlier section. For the prefilming atomiser the
breakup length is the length from the atomiser slit to the point where the individual
ligaments are formed after the prefilming surface. Figure 3.17 shows the effect of static
pressure and Weber number on the primary breakup length for nonprefilming and 2 mm
prefilming atomiser. In case of prefilming atomiser, as shown in Figure 3.17(a) the
sheet breakup length is nearly constant as the Weber number is increased. This is
because the liquid sheet is carried until the edge of the prefilming surface before the
liquid sheet breaks into individual ligaments. Since the prefilming surface in this case is
2 mm, the liquid sheet breaks after ~0.5 mm from the prefilming surface. In case of
nonprefilming atomiser as shown in Figure 3.17(b, c), the liquid sheet break up has
asymptotic behaviour as the Weber number or static pressure is increased. At Weber
number > 150, the breakup length reaches ~0.5 mm which is similar to the prefilming
atomiser. The effect of air velocity is very significant in terms of the break-up length.
As the air velocity increases, the sheet break-up appears just downstream of the slot.
Independent quantification of the effect of air velocity is very difficult to perform with
accuracy from the images for the operating conditions tested.
Ligament spacing
It is observed from images that there is an effect of operating conditions on
spacing between ligaments. Berthoumieu [7] quantified spacing between ligaments by
image processing. In the present study, a similar effort has been carried out to measure
the spacing between ligaments. Figure 3.18 shows the formation of ligaments for a
liquid sheet emerging from nonprefilming airblast atomiser with sheet thickness of
300μm. The image processing is performed by counting the number of ligaments in one
image area and dividing by the width of the image to obtain ligament spacing. This
gives average ligament spacing in one image in the pixels. Image Processing is
performed on approximately 20 images for one operating condition and the average
spacing between ligaments is used for further analysis. Typically, ligament spacing
between approximately 300 ligaments is counted for obtaining an average ligament
spacing for one operating condition. It is observed that spacing between ligaments
decreases as air velocity and pressure are increased. Figure 3.19 shows the effect of
momentum flux ratio on ligament spacing. Momentum flux is defined as the ratio of
momentum flux of air to fuel. It is given by q
ratio.

U aU a2
, where q is the momentum flux
U lU l2
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(a) 2 mm prefilming atomiser

(b) effect of pressure in nonprefilming atomiser
breakup length (mm)

2.50
2.00
1.50
1.00
0.50
0.00
0

100

200

300

400

Weber number

(c) nonprefilming atomiser
Fig. 3-17 Effect of pressure and Weber number on the primary breakup length
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Fig. 3-18 Spacing between ligaments (nonprefilming atomiser, tl = 300 μm)

Fig. 3-19 Effect of momentum flux ratio on ligament spacing
It is clear that the spacing between ligaments decreases as the ratio of
momentum flux increases. It has to be noted that the momentum flux of liquid is kept
constant during all operating conditions unless explicitly stated. Hence, the graph
actually gives the effect of momentum flux of air on ligament spacing. The graph
indicates that the spacing between ligaments and momentum flux variation follows a
power law by a factor of -0.341. The results seem to be in conformity with Berthoumieu
[7] & Lozano [51], in that the ligament spacing decreases with an increase in air
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velocity. An extrapolation of a result from an operating condition and comparison with
Berthoumieu show that momentum flux ratio is indeed the governing factor for spacing
between ligaments.
3.7

SHEET THICKNESS MEASUREMENTS

For atomisation models dealing with prefilming atomisers, it is essential to know
the temporal thickness and waviness of the liquid sheet and the amount of mass stripped
from the liquid surface. These parameters are dominant factors for evaporation of the
liquid fuel.
Measurement of film thickness at realistic conditions is a difficult task mainly
due to the small thickness of the liquid film. Most measurements techniques available in
the literature [38], for measuring liquid film thickness expect the liquid surface to have
minimum curvature and the thickness of the liquid sheet >1000 m. In the present case
the surface of the liquid film is corrugated as explained in earlier sections. The thickness
of the liquid sheet is 300 m at the entrance of the atomiser slit. Also, the liquid sheet
thickness has to be measured in the middle of the span of the liquid sheet for accurate
measurements. The span of the liquid sheet is 12 mm and hence creates difficulties for
optical access for the lack of depth-of-field with the required magnification when
measuring from the side view. In the present measurements, the liquid sheet thickness is
measured at the edge of the liquid sheet. Since there is always spillover at the edge of
the liquid sheet, the sheet thickness measured at the side is always underestimated.
The side view images acquired during background shadowgraphy imaging are
used to measure the liquid sheet thickness. As the liquid sheet is wavy and propagating,
the amplitude of the wave reaches a maximum. Also it is observed that a minimum
thickness of the liquid sheet formed on the prefilming surface is unaffected by the
aerodynamic forces. Hence, the liquid sheet thickness is characterised by the maximum
and minimum thickness it can achieve for an operating condition, as shown in Fig. 3.20.
The maximum and minimum is obtained by manually measuring the length of the
maximum and minimum from an image. The maximum attained in each 8 images are
averaged to obtain an average maximum a liquid film can achieve at an operating
condition. A similar procedure is used to measure the average minimum a liquid film
can achieve at an operating condition.
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Fig. 3-20 Maximum and minimum of liquid sheet
Figure 3.21(a) shows a typical propagation of a liquid sheet on the prefilming
surface at We = 32 (Pa = 2 bar, Va = 30 m/s). It can be observed that the liquid sheet has
maximum and minimum amplitudes. The measured average maximum amplitude is ~
600 μm which is almost twice the actual film thickness at the atomiser slit. The
minimum amplitude is ~ 100 μm. Since the liquid sheet behaves like a surface wave, the
increase in amplitude has to be balanced by a decrease in amplitude to preserve mass
balance.

Fig. 3-21 Maximum and minimum amplitude of the liquid sheet
As the Weber number increases, due to surface stripping, a defined amount of
mass is lost and the thickness of the liquid sheet decreases. Hence, the maximum
amplitude the liquid sheet can attain also decreases. Fig 3.21(b) shows the typical wavy
nature of the liquid sheet at We = 285 (Pa = 2 bar, Va = 90 m/s). The dotted line
indicates the liquid film. The dark regions above the dotted line indicate the mass
ejected due to surface stripping. The average maximum amplitude at this operating
condition is ~ 378 μm and the average minimum amplitude is ~ 90 m. Also at this
operating condition calculated from images, liquid lumps stripped from the surface are
in the order of ~ 300 μm in diameter. The amount of mass that is stripped from the
surface can be approximated accordingly. Figure 3.22 shows the variation of sheet
thickness on prefilming surface at various operating conditions. The propagation of
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surface waves on the prefilming surface can be observed at We=32. The interaction of
the surface wave with the prefilmer edge can also be observed. As the Weber number
increases the surface stripping becomes more predominant and the liquid sheet
thickness decreases along the prefilming surface.

Fig. 3-22 Variation of film thickness along the prefilming
The thickness of the prefilming edge can also have an impact on breakup of the
liquid sheet and the fluctuations at which the liquid phase is moving in the air stream. If
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the thickness of the prefilmer edge is comparable to or thicker as the thickness of the
film, then the liquid turns at the prefilmer edge as shown in Figure 3.23. This is called
Coanda effect which occurs mainly due to the adhesive properties of the liquid to attach
itself to the solid surface. For a considerable thickness of the prefilmer edge, the liquid
actually can become stagnant at the edge till a fixed amount of mass is accumulated
before the liquid breaks from the edge of the prefilmer. This can create a storage
mechanism due to Coanda effect at the prefilmer edge. The storage mechanism is a
function of the operating conditions. For example: it is known now that more mass is
stripped from the surface of the liquid sheet at higher operating conditions and hence
effectively the liquid thickness at the edge is much smaller and hence this mechanism
can be more predominant at higher operating conditions. Also, if there is modulation of
the air streams which in realistic operating conditions can occur due to the compressor,
the fluctuations of liquid mass that is stored at the prefilmer edge can actually deliver
liquid at a different frequency than the modulation frequency.

Fig. 3-23 Coanda effect at the edge of the prefilmer surface
3.8

PIV MEASUREMENTS IN THE NEAR-FIELD OF THE ATOMISER

Typically the atomisation of the liquid is complete around 10 mm downstream
of the atomiser. However the spray is very dense in this region and non-spherical
particles exist in this region. Attempts to obtain quantitative measurements of particle
size and velocity in this region with PDA are prone to errors at realistic operating
conditions. Often times the flame front in the combustor is anchored in about the same
distance to the atomiser or even closer. The information on size and velocity of the
particles in this near-field of the atomiser is important for the characterisation of the
spray with respect to combustion. It is also important for validation of combustion
codes to have information in the near-field of the atomiser.
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The velocity of the particles and structures is measured by PIV for both
prefilming and nonprefilming atomisers up to 25 mm downstream of the atomiser at 4
operating conditions at Pa = 2 bar, 6 bar for Va = 30 m/s, 60 m/s. The PIV results are
compared with PDA results in the same region to examine the efficacy of application of
PIV technique in the near-field of the atomiser.
Figure 3.24(a) shows the propagation of the liquid sheet and breakup of the
liquid sheet into ligaments and droplets for a prefilming airblast atomiser at We = 128
(Pa = 2 bar, Va = 60 m/s). It can be observed that the liquid sheet emerges from the slit
at X= 0 mm and surface waves are formed on the liquid sheet as discussed in earlier
sections. The liquid sheet breaks downstream of the atomiser into ligaments until z = 57 mm. These ligaments break into large irregular structures which last until 15 mm
downstream of the atomiser. Beyond 15 mm, the structures break into large droplets.
Further downstream, secondary breakup of large droplets occurs producing smaller
droplets and beyond 20 mm atomisation is considered to be complete.
A schematic of several stages of a typical breakup of liquid sheet atomisation is
given in Figure 3.25. The PIV analysis on the sequential images is able to measure the
velocities accurately until the formation and displacement of large droplets, Figure
3.25(d). Figure 3.24 (b) shows the velocity contours of the liquid phase obtained by
averaging of 300 PIV recordings. The velocity of the surface of the liquid sheet is 3-5
m/s at this operating condition. The calculated velocity of the liquid is 1 m/s at the
entrance of the atomiser slit. The calculated velocity is based on the metered flow rate.
This shows that the surface of the liquid is traveling at higher velocity due to the
interaction of the liquid surface with the surrounding air. This induces strong velocity
gradients inside the liquid sheet at higher operating conditions. The ligaments formed
due to the liquid sheet breakup travel at 5-10 m/s. The change in the colour of the
contour from blue to green can be considered to be representative of the regime. The
breakup of irregular structures and further breakup into large droplets leads to
acceleration of the large droplets. This is represented by shift in contour colour form
green to red. The large droplet attains a velocity of 20 m/s at axial distance of 20 mm
from the atomiser. Beyond axial distance of 25 mm, the droplets reach the velocity of
the surrounding air and attain the maximum velocity. The different shades in the
contour above represent different stages of breakup mechanism. Figure 3.24 (c) shows
the RMS velocity of the liquid phase. The RMS velocity is ~3 m/s until axial distance of
7 mm where there is formation of ligaments and irregular structures. Beyond axial
distance of 20 mm, the RMS Velocity increases to ~ 7 m/s due large and small droplets
having formed are now traveling at different velocities due to their different
accelerations. In this region, the apparent turbulence is due to the different droplet size
classes being unevenly accelerated as said above. Figure 3.24 (d) shows the velocity
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vectors of the liquid phase. It can be observed the flow-field of the liquid phase is two
dimensional.

Fig. 3-24 Breakup of liquid sheet and Velocity contour plot of liquid phase at
Pa = 6 bar, Va = 30 m/s (We =128)
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Fig. 3-25 Regimes of Liquid sheet breakup
Figure 3.26 and Figure 3.27 show the velocity of the liquid phase at various
operating conditions for the 4 mm prefilming and nonprefilming airblast atomisers. For
comparison, the magnitude of the velocity contours is set at 30 m/s even though at
higher velocities of surrounding air, the particles accelerate and disintegrate and reach
the velocity of surrounding air at much smaller length scales. As it can be observed, the
velocity flow-fields for both prefilming and nonprefilming atomisers at the operating
conditions with 30m/s air velocity are similar. However, it can be observed that for 60
m/s at a given axial location (z = 8–15 mm) from the atomiser, the velocity contours for
the prefilming atomiser show higher magnitudes in comparison with nonprefilming
atomisers indicating that the acceleration rates for the particles for both atomisers is
different.
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Fig. 3-26 Velocity contours of liquid phase for nonprefilming atomiser
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Fig. 3-27 Velocity contours of liquid phase for 4 mm prefilming atomiser
Comparison of PIV and PDA Measurements
The local velocity of the liquid phase obtained from PIV recordings is compared
with the PDA measurements to evaluate the short comings of both PDA measurements
in the near-field of the atomiser where the droplets are still accelerating and nonspherical. Most of the PDA measurements in the present experimental program are
performed in the X-Z plane. The details of the PDA measurements will be dealt in the
Chapter 4 on PDA measurements. The PDA measurements are point measurements and
are measured at several axial locations. PIV measurements are obtained at different
axial locations in the Y-Z plane. Hence there are only few points along the axial
direction where the data from both the PIV and PDA measurement technique can be
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comparable. These points are at the intersection of the PDA and PIV plane. The
measurement points where the comparison is made are marked in pink in Figure 3.27.
As explained in Chapter 2, the PIV algorithm works on cross-correlation of an
interrogation window between two sequential images. The shift of the pattern in the
interrogation window provides information on the velocity field. However, the
algorithm used in the present study does not track individual particles in the
interrogation. This implies if the interrogation windows have particles of various sizes,
the displacement shift is the net effect of movement of all particles. Since the particles
have a definite area in the interrogation window, the velocity-field obtained by the PIV
algorithm is surface-weighted mean velocity of the size distribution. Hence surfaceweighted mean velocity is used for comparison between two measurement techniques.
Surface-weighted mean velocity of the spray distribution at a given location is also
calculated for PDA measurements. The comparison between PDA and PIV
measurements are shown in Table 3.3. The difference in surface-weighted velocity
between PDA and PIV measurements are as high as 15% for axial distances less than z
= 15 mm. The PDA measurements show relatively higher velocities compared to PIV.
This is expected for two reasons. Firstly, the PDA instrument has lower threshold on the
size of the particles. The smaller particles are measured, which in acceleration phase are
faster than the bigger particles. Secondly, PDA measures only spherical particles and
the velocity is only based the validated spherical particles. At axial distances z =10, 15
mm the validation rates are as low as 40 % in the dense region of the spray. The nonvalidated particles contain mostly non-spherical particles. In case of PIV measurements,
the measurement of velocity is independent of the particle shape. Since the nonspherical particles are relatively larger in size and have not undergone further breakup,
the local momentum exchange between surrounding air and the liquid phase tend to
produce lower velocities for non-spherical particles compared to the spherical particles.
Hence, the PIV measurements show lower velocities compared to PDA measurements.
The error is as low as 3%. Beyond z = 15 mm the larger droplets tend to undergo
secondary atomisation and PDA measures more droplets. Also, the validation rates are
around 60% in dense region of the spray. Hence, the difference between the two
measurement techniques gets minimised. At axial distances beyond z = 20 mm, in some
cases PIV measurements show higher velocities compared to PDA measurements, for
example at Pa = 6 bar and Va = 30 m/s. This is due to several factors involved in PIV
imaging and pre-and post processing.
The images in the PIV recording have a resolution of 8 mm x 8 mm. Hence in
order to observe the flow-field, PIV recordings are taken in 8 mm intervals in the axial
direction. The minimum particle size that can be measured is 16 μm. Due to the noise in
the images mainly due to the CCD chip and partly due to the illumination technique
(background) and depth of focus, accurate estimation of the velocities was possible for
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particles with diameters ~50 μm. The diameter is calculated from the images based on
the area of the particle in the image. Since, in the near-field, a greater quantity of mass
flux is expected to be in the particle range greater than 50 μm, estimating the velocity of
the particles is expected to give a first approximation of the flow field in the near-field.
A low velocity region on top left of the image can be observed in all sections of velocity
contour plots in Figure 3.26, 3.27. This is due to the chip defect in that region and a
dark fixed region is formed in that area. The PIV algorithm locks to the pixel where the
defect and shows low velocity. This is called peak-locking.
The images can be further processed by pattern recognition algorithms to
acquire the area distribution of the particles (and hence a first approximation of mass
distribution). The PIV algorithm can be further improved to seek structures/particles
thus providing velocity information of individual structures/particles. PIV technique is
demonstrated in the present case as a promising methodology by which one can
measure the velocity of particles.

Table 3-3 Comparison of PDA and PIV velocity data
3.9

LIQUID SHEET STABILITY AT THE ATOMISER SLIT

In the flow visualisation experiments, it is observed that under certain operating
conditions for nonprefilming atomisers, the liquid sheet does not exist along the entire
width of the atomiser slit. Figure 3.28 shows typical images of liquid sheet at the
atomiser slit for the same operating condition for a nonprefilming atomiser. At the
liquid velocity of 0.45 m/s, the liquid sheet does not exist along the entire span of the
atomiser slit. As the liquid velocity is increased to 1m/s, the liquid sheet fills up the
entire slit of the atomiser. It is also observed in the experiments that for an operating
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condition a minimum liquid velocity is needed to fill the atomiser slit, and it is a
function of ambient pressure and air velocity. Higher liquid velocity is required to fill
the entire atomiser slit as ambient pressure is increased. Also, an increase of air velocity
has a similar effect on liquid sheet. The effect of static pressure in the test section on the
liquid sheet stability is more predominant than the air velocity. The acquired images are
used to determine the operating limits of the atomisers at which the liquid sheet exist
along the entire atomiser slit. This is performed for 300 m and 500 m nonprefilming
atomisers from earlier designs.

Fig. 3-28 Existence of liquid sheet
Figure 3.29(a) shows the limiting conditions below which the liquid sheet break
at the atomiser slit. The measurement point on the graph shows the required minimum
velocity of the liquid at the atomiser slit for various operating conditions. For simplicity,
the required velocity of liquid is plotted for two operating pressures. The curves show
the influence of pressure relative to the air velocity. A minimum liquid velocity of 1 m/s
is required to have a stable liquid sheet in the slit at ambient static pressures of 6 bar and
air velocity of 90 m/s. This is independent of the liquid sheet thickness. This indicates
that there is a balance of the pressure drop in the atomiser and the pressure head of the
flow. Figure 3.29 (b) shows a logarithmic plot of the limiting conditions for the
presence of liquid sheet along the atomiser slit as a function of pressure drop in the
atomiser and pressure head of the flow. The linear relationship between the two
parameters show that the stability of the liquid sheet at the atomiser slit is determined by
these two key parameters. For prefilming atomisers, the liquid film always exists along
the atomiser slit for all the operating conditions. Figure 3.30 shows the presence of
liquid sheet for a prefilming atomiser at the same operating condition as for
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nonprefilming atomiser in Figure 3.28. The presence of liquid sheet at the slit for the
prefilming atomiser is clearly visible at the liquid velocity of 0.45 m/s.

(a)

(b)
Fig. 3-29 Limiting conditions of the atomisers
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As explained earlier, the absence of a continuous liquid sheet along the entire
width of the atomiser slit is observed only for nonprefilming atomisers. In case of the
nonprefilming atomiser, when a liquid sheet emerges from the atomiser slit both
surfaces of the liquid sheet are exposed to the surrounding air, whereas in case of
prefilming atomiser only one of the surfaces of the liquid sheet is exposed to the
surrounding air.

Fig. 3-30 Presence of liquid sheet at the atomiser slit for prefilming atomiser
As explained earlier, the liquid sheet behaves like a thin flexible membrane
responding to the vorticity fluctuations in the wake of the atomiser. The presence of
airstreams on both sides of the liquid sheet in case of nonprefilming atomiser, make it
very susceptible to differential pressure across the liquid sheet. The differential pressure
occurs due to vorticity fluctuations. For a liquid sheet to emerge from the atomiser slit,
for either of the atomisers, a minimum positive pressure drop is required in the atomiser
depending upon the exit conditions. In case of nonprefilming atomisers, the pressure
drop has to take into account the differential pressure across the liquid sheet and hence
for nonprefilming atomisers higher liquid velocities are required. As shown in Figure
3.31, if a small differential pressure occurs on both sides, the differential pressure is
balanced by internal pressure and shear forces. So if the internal pressure (which is a
direct function of pressure drop in the atomiser and hence the mass flow rate of the
liquid) is less than a critical value, the liquid sheet breaks at the atomiser lip. In case of
prefilming atomiser, due to adhesive (wetting) property of the liquid, at this minimum
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pressure drop the liquid fills the atomiser slit. When the liquid emerges out of the
atomiser slit, the surface tension forces on the free liquid surface tend to balance the
external forces. Hence the liquid sheet starts thinning (since the liquid sheet starts
accelerating). The aerodynamic forces can be increased either by increasing the air
velocity or by increasing the static pressure. However, the static pressure produces a
force normal to the thickness of the liquid sheet. These forces are balanced by the
internal pressure of the liquid and the shear force of the liquid acting in the normal
direction to the thickness of the liquid sheet. Since prefilmer surfaces exists on one side
of liquid sheet, the pressure load on the liquid sheet is born by the prefilmer surface and
so it is more resistant to liquid sheet breakup. Also, due to the adhesive properties of the
liquid, the liquid tend to wet the prefilmer surface and hence spreads more on the
prefilmer plate.

Fig. 3-31 Stability of liquid sheet at the atomiser slit
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CHAPTER 4
SPRAY CHARACTERISATION OF ATOMISERS
This chapter discusses the PDA measurements performed on the 4mm
prefilming and nonprefilming atomiser of the new atomiser design. The thickness of the
liquid sheet in both cases is 300 μm. The static pressure and air velocity are varied in
the test section at constant kerosene mass flow rate. PDA measurements are performed
to analyse whether the differences observed in primary atomisation behaviour for the
atomisers is reflected in the final droplet size distribution and spray characteristics. The
measurement locations and the operating conditions are described in Chapter 2. The two
dimensionality of the spray from the atomisers and the effect of operating conditions on
spray characteristics are discussed in detail. Correlations for the Sauter Mean Diameter
(SMD) are also discussed in the present chapter.
4.1

TWO DIMENSIONALITY OF THE SPRAY

In order to assure the significance of the measured spray characteristics, it is
essential to conduct experiments to validate the two dimensionality of the spray
emerging from the atomisers. As described in Chapter 2, most of the measurements are
performed in the central plane (y = 0 mm) perpendicular to the span of the atomisers for
comparative studies on the atomisers. The two dimensionality is verified at an axial
location of z = 90 mm. It is necessary to observe the volume flux distribution of
kerosene along the span of the atomisers to confirm the 2 dimensionality. This has to be
supported by the SMD profiles and mean and RMS velocity profiles along the span of
the atomiser. If SMD profiles, velocity profiles and volume flux profiles are similar for
an atomiser, then measurements can be performed in the y = 0 mm plane.
4.1.1

Spanwise distribution of volume flux

Figure 4.1 shows the variation of volume flux for both prefilming and
nonprefilming airblast atomisers. As shown in Figure 4.1(a) for the nonprefilming
airblast atomiser, the volume flux distribution is symmetric across the X-axis. The Xaxis profiles along the span from y = -4 mm to 4 mm indicate that the volume flux is
uniformly distributed along the span of the atomiser. However, it can be observed that
at y = 4 mm, the volume flux is lesser compared to other profiles. The mean velocities
in the lower half of the test section are relatively lower compared to the velocity in the
centre of the test section and hence the spray bends towards the lower half of the test
section. It has to be noted that +Y is towards the bottom of the test section. As explained
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in Appendix (B) the velocities in the lower half of the test section are smaller due to a
thicker boundary layer. The symmetric nature of the spray i.e., X-axis profiles across Yaxis is observed for all operating conditions. Also the width of the spray along the Xaxis is symmetric from y = -4 mm to y = 4 mm. The width of the spray is from y = -12
mm to 12 mm. The details of the calculation of spray width are explained in section
4.1.3.
Figure 4.1(b) shows the volume flux distribution for the 4 mm prefilming
airblast atomiser. As can be observed, there is a shift of ~1 mm in the X-axis profiles in
the +X direction. For this particular operating condition the shift is due to the
positioning error. Measurements for evaluating the spanwise uniformity of the spray are
made during a separate experimental campaign and the error in positioning could not be
traced. In fact, for all the operating conditions including the operating condition
presented in this section, a systematic shift of the peak of the volume flux profile
towards the –X direction by ~ 0.5 mm is observed. Mie scattering images in Figure 2.9,
Chapter 2, also reveal a shift of the spray in the –X direction. As explained in Figure
2.17, Chapter 2, the –X direction corresponds to surface of the liquid sheet being
exposed to the free stream air when the liquid sheet is propagating on the prefilming
surface. So, this is due to the aerodynamic effects caused by the presence of prefilming
surface. This is explained in section 4.2.6. It can also be observed that the width of the
spray is rather smaller than the one of the nonprefilming airblast atomiser. In
comparison with the nonprefilming atomiser the volume flux is relatively higher in the
centre of the spray, as the spray is narrower. Also, the width of the spray is symmetric
from y = -4 mm to 4 mm. The spanwise variation of SMD distribution and mean
velocity distribution play an important role in evaluating the two dimensionality of the
spray. The SMD distribution indicates whether there exist any differences between both
atomisers. For brevity in presentation of results, these are discussed in Appendix C.
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(b) 4mm prefilming airblast atomiser
Fig. 4-1 Volume flux distribution along the span of atomisers at
Pa = 2 bar and Va = 60 m/s (z = 90mm)
4.1.2

Spanwise distribution of Global SMD (GSMD)

To quantify the concrete effect of local volume flux distribution and the
variation of local SMD on the spanwise distribution of the spray, a term called ‘Global
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SMD’ is defined. Global SMD (GSMD) is ‘local volume flux’ weighted average of
local SMD along one X-axis profile.
x' n

¦ V .SMD
i

GSMD

i

x i

x n

¦ Vi

at y = c

Eq. 4-1

x i

This gives a unique SMD along an X-axis profile for an operating condition. For
comparison between atomisers usually the global SMD is used. The global SMD of the
spray is calculated along various X-axis profiles at y = -6 mm to y = 6 mm. Figure 4.2
shows the variation of GSMD for both prefilming and nonprefilming airblast atomisers.
As can be observed, the GSMD variation along the span is minimal for nonprefilming
airblast atomiser. The variation of the global SMD is marginally higher along the span
for the 4 mm prefilming airblast atomiser. This is due to the new design of the
prefilming atomiser. In the new atomiser design, the span of the prefilming surface is 38
mm, as shown in Figure 2.4, Chapter 2. However, the span of the liquid sheet emerging
from the atomiser slit is 12 mm. The liquid sheet spreads on the prefilming surface due
to adhesive properties of the liquid and hence produces tail effects. It can be observed in
the Mie scattering images in Figure 2.9, Chapter 2 that the spread is minimal. As the
comparison is made far downstream of the atomiser, these effects are more visible in the
profiles. The variation of GSMD between planes y = 0 mm and y = 6 mm is less than
5% for the prefilming atomiser.
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Fig. 4-2 GSMD along the span of atomisers at Pa = 4 bar and Va = 60 m/s (z = 90mm)

The minimal variation of GSMD and volume flux profiles indicates that the
spray of both the atomisers is highly two dimensional. The liquid sheet behaviour along
the entire span of both prefilming and nonprefilming atomisers is similar and hence the
comparison between the atomisers can be performed along the centre plane y = 0 mm.
Before discussing the effect of operating conditions on spray characteristics, it
is important to know the errors involved in PDA measurements in dense sprays. There
are several parameters that govern the quality of PDA measurements like orientation of
transmitting optics, scattering angle, measurement volume diameter, beam spacing,
aperture, beam diameter etc. The optimization of these parameters is described in
Chapter 2. The detailed effects of the positioning of the transmitting optics on PDA
measurements on droplet size in the present case are described in Appendix D. Also the
quality of measurements in the near-field of the atomiser is discussed in Appendix D.
4.2

4.2.1

COMPARISON
ATOMISERS

OF

THE

SPRAY

CHARACTERISTICS

OF

THE

Choice of axial position on droplet size measurements

There are several factors that have to be taken into account for the comparison of
both atomisers and to quantify the effect of operating conditions on spray
characteristics. The essential information required is the evolution of the spray just from
the atomiser to the flame-front inside the combustor. Typically the flame-front is 25 mm
away from the atomiser in gas turbine combustors. At these lengths scales, the
atomisation is complete. But, the reliability of PDA measurements is affected by factors
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discussed in Appendix D. The comparison of atomisers is performed at an axial distance
of z = 90 mm from the atomiser. Several key issues have to be addressed and justified
for comparison in the far-field at 90 mm from the atomiser. Firstly, it has to be known
whether there is any secondary atomisation beyond z = 25 mm. Secondly, it has to be
known whether the droplets are accelerating, as this will affect the spherical nature of
large droplets and will effect the PDA measurements. Thirdly, the spray dispersion
along the axial direction has to be known, as this will affect the volume flux distribution
in a plane perpendicular to the flow direction and affects the global properties of the
spray. As discussed earlier, the measurements are performed in the y = 0 mm plane.
Hence, dispersion effects have to be considered. Lastly, the volume flux distributions
have to be checked for consistency along the axial direction.
Secondary Atomisation

The secondary atomisation occurs if the Weber number (Wep) > 22 for a droplet
in accelerating flows and Wep > 13 if the droplet is suddenly exposed to an air stream.
The Weber number is calculated based on the relative velocity between the droplet and
the air stream and diameter of the droplet. In the present experimental study at z = 25
mm, the characteristic diameter D0.9 has a maximum of 100 m at a static pressure of 6
bar and air velocity of 30 m/s. The maximum relative velocity between a droplet of size
100 m and the air stream, measured from the droplet size distribution data, is ~ 15 m/s.
Typically, the Wep is ~ 7.88 for a particle of 100 μm particle with a relative velocity of
15 m/s which is well below the secondary droplet breakup regime. Hence, there is no
existence of secondary atomisation beyond axial location of z = 25 mm.
Sphericity of Large Droplets

As explained in the beginning of Section 4.2.1, it is necessary to know whether
the droplets have reached the sphericity. The standard PDA used in the present
experiments cannot validate non-spherical particles. The measurements are made at
axial location z = 90 mm. Further downstream could not be made due to the
obstructions to the receiving optics at the test rig. So, at the axial location where the
comparison of SMDs between the atomisers is made, it is necessary to have an estimate
the level of sphericity of droplets and the invalidated particles. Usually, as explained in
Chapter 1, the elliptical nature of the droplets is represented by the Bond number (Bo).
The large droplets formed after secondary atomisation experience acceleration due to
increased exchange of momentum with the surrounding air. This leads to large droplets
turning elliptical and, depending on the differential velocity, they can take various
shapes [14]. Higher Bond numbers indicate that the droplet is experiencing acceleration
and the shape of the droplet is more elliptical. The sphericity depends on the droplet
Reynolds number (Rep), relative velocity between the droplet and the air stream,
diameter of the particle, viscosity of air and surface tension. For the operating
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conditions tested, the maximum Rep ~ 500. Usually, the droplet deforms for Bo ~ 0.40.6 for the particle Rep range of 500-1000 [14]. Table 4.1 shows the Bond number for
various characteristic droplet sizes at various operating conditions experiencing relative
velocity from z = 25 mm to 90 mm at x = 0 mm and y = 0 mm. The Bond number
decreases along the axial direction for all the characteristic diameters. Droplets of size
greater than the D0.5 have Bond number > 0.4 at z = 45 mm indicating that they deform
and contribute to the rejection of burst by PDA processor. As the droplets accelerate
reach the terminal velocity. At z = 90 mm, D0.9 have Bond number ~ 0.6 which is not
high and since standard PDA is adopted which calculates the phase from only green
beams and spherical check is not stringent as in Dual PDA, the rejection rate is mainly
due to beam steering effect. The validation rates are also higher at z = 90 mm, as will
discussed in later section. It can be also observed that the Bond number is relatively
higher for 4 mm prefilming atomiser. As explained in earlier sections, the spray width is
narrow for the prefilming atomiser. The volume flux in the centre region of the spray is
higher compared to nonprefilming atomiser. The droplets accelerate slower due to less
interaction of the free stream air and the spray and hence the Bond number is higher for
the prefilming atomiser.
4mm prefilming atomiser

Bond Number

z (mm)

We

Pa(bar)

Va (m/s)

SMD

D0.1

D0.5

D0.9

25.0
45.0
90.0
25.0
45.0
90.0
25.0
45.0
90.0

169.0
169.0
169.0
380.0
380.0
380.0
855.0
855.0
855.0

6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0

40.0
40.0
40.0
60.0
60.0
60.0
90.0
90.0
90.0

0.567
0.452
0.356
0.617
0.451
0.452
0.511
0.363
0.347

0.226
0.162
0.161
0.142
0.179
0.173
0.095
0.081
0.162

0.756
0.654
0.496
0.629
0.616
0.612
0.532
0.382
0.393

1.842
1.179
0.664
2.034
1.384
0.629
1.579
1.073
0.687

nonprefilming atomiser

Bond Number

z (mm)

We

Pa(bar)

Va (m/s)

SMD

D0.1

D0.5

D0.9

25.0
45.0
90.0
25.0
45.0
90.0
25.0
45.0
90.0

169.0
169.0
169.0
380.0
380.0
380.0
855.0
855.0
855.0

6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0

40.0
40.0
40.0
60.0
60.0
60.0
90.0
90.0
90.0

0.207
0.189
0.152
0.328
0.187
0.198
0.251
0.148
0.211

0.067
0.056
0.057
0.143
0.053
0.103
0.065
0.042
0.081

0.284
0.292
0.238
0.442
0.281
0.228
0.373
0.293
0.257

0.918
0.628
0.479
1.058
0.777
0.582
1.048
0.720
0.650

Table 4-1 Variation of Bond number for characteristics diameter along axial direction
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The size-velocity correlation graph between droplet size class and velocity is
also a good indicator of droplet acceleration. Figure 4.11 shows the size-velocity
correlation for two operating conditions for the 4 mm prefilming airblast atomiser. The
curves show the axial locations from the atomiser where size-velocity correlation is
plotted. The particles of size class < 2.5 μm usually represent gas velocity. Usually, the
small particles reach the gas velocity close to the atomiser. As can be observed, as the
axial distance increases the slope of the curves decreases. At z = 75 mm and beyond, the
difference in slopes of the curves is small indicating that the particles are reaching the
gas velocity. The difference in velocity between the bigger particles > 40 μm and
smaller particles is due to the different relaxation times required for the droplets to reach
the gas velocity.

abs. velocity (m/s)

140

z = 45 mm

z = 60 mm

z = 75 mm

z = 90 mm

120
100
80
60
40
20
0
0

20

40

60

diameter class (μm)

Fig. 4-3 Size-velocity correlation for 4 mm prefilming atomiser
Pa = 4 bar, Va = 90 m/s
Spray Dispersion

Another aspect that has to be taken into account is the dispersion of spray into
the free stream. The measurements performed for comparison of atomisers are made
only in one plane (Y= 0 mm). The atomisers used in the present measurements are two
dimensional. Hence, it is important to know spray dispersion that occurs in the crosssectional plane perpendicular to the flow direction. The study of dispersion is
undertaken here only to observe the selective dispersion of droplet size classes due to
mean characteristics of the flow. The dispersion of the spray depends on the relative
velocity between the droplet and air, droplet size class, local droplet concentration and
local turbulence characteristics of the flow. The interaction between these parameters is
quite complicated. For example, an increase in droplet concentration reduces turbulence
levels and hence reduces droplet dispersion; presence of bigger particles increase
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turbulence levels where as smaller droplets suppresses turbulence levels. The details of
which are explained by Hetsroni [35]. The droplet Reynolds number (Rep) which is a
measure of relative velocity between droplet & air stream and droplet size, if it is high
increases the turbulence level. Usually, Rep > 400 generates vortex shedding behind the
droplet. In the present experimental study, at z = 25 mm, Pa = 6 bar, Urel = 15 m/s, Dp =
65 μm has Rep ~ 413 which is an extreme condition. In realistic operating conditions,
the effect of swirl and high turbulence levels play an important role in local droplet
concentration, which directly affects the combustion characteristics of two phase flow
and production of NOx. However, in the present study, the flow does not have swirl and
the spray dispersion is rather small.
The size classes selected for spray dispersion analysis are the characteristic
diameters D0.1, SMD, D0.5 and D0.9. The Particle/droplet relaxation time and
characteristic time is calculated for these diameters. Stokes number is calculated as the
ratio of particle relaxation time to characteristic time. The characteristic time () is
calculated the ratio of characteristic length to spatial change in velocity of mean flow
field.
 = l/U,
where

Eq. 4-2

l is the characteristic length of the test section which is taken as ( l

= 40 2  40 2 = 56.56 mm) & U is the bulk air velocity in the test section. It has to be
noted that the actual local air velocity is less compared to the bulk air velocity due to the
initial exchange of momentum during the sheet breakup phase.
The particle relaxation time is calculated as

W rel

U p d p2
1
18 P a (1  0.15. Re 0p.687 )

Eq. 4-3

where Up is the density of particle, dp is the diameter of the particle, Pa is the dynamic
viscosity of the air and Rep is the Reynolds number of particle.
Table 4.2 gives the relative velocities, characteristic time scales and Stoke
numbers for characteristic diameters at different operating conditions at x = 0 mm and y
= 0 mm axis along the axial direction. The combined effect of the operating conditions
on spray dispersion is represented by the Stokes number. As can be observed from the
table, the Stokes number varies depending on the diameter class. As expected, D0.1
tends to have a Stokes number smaller than other characteristic diameters. The Stokes
number increases as the diameter of the particle increases. D0.1 has a Stokes number of ~
0.3 indicating particles of a size class of the D0.1 follow the flow. Particles of size up to
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D0.5 have a Stokes number range from 0.3 - 0.5 at all operating conditions indicating
they closely follow the flow. Larger droplets indicated by D0.9 have Stoke numbers of
order ~1. This shows that there is a selective dispersion of droplets based on the particle
size class. This is because the relaxation times are different for different droplet size
classes as smaller particles tend to reach the gas velocity more quickly and follow the
flow than bigger particles, as explained in the earlier section. However, the relative
variation Stokes number between characteristic diameters is less and the dispersion is
due to the high droplet concentration. The Stokes numbers also reveal that there is not
much significant size based selective dispersion of droplets that will be observed
usually in swirl based or vortex based flows. This can also be confirmed with the
variation of global SMD along the axial direction.
4mm Prefilming atomiser

Stokes number

z (mm)
25.0
45.0
90.0

We
169.0
169.0
169.0

Pa (bar)
6.0
6.0
6.0

Va (m/s)
40.0
40.0
40.0

SMD
0.59
0.82
1.05

D0.1
0.33
0.49
0.61

D0.5
0.70
0.96
1.25

D0.9
1.33
1.73
2.07

25.0
45.0
90.0

380.0
380.0
380.0

6.0
6.0
6.0

60.0
60.0
60.0

0.50
0.62
0.79

0.33
0.35
0.47

0.60
0.70
0.92

1.05
1.33
1.79

25.0
45.0
90.0

855.0
855.0
855.0

6.0
6.0
6.0

90.0
90.0
90.0

0.45
0.51
0.63

0.33
0.35
0.35

0.51
0.60
0.72

0.86
0.93
1.18

Nonprefilming atomiser

Stokes number

z (mm)
25.0
45.0
90.0

We
169.0
169.0
169.0

Pa (bar)
6.0
6.0
6.0

Va (m/s)
40.0
40.0
40.0

SMD
0.72
1.09
1.22

D0.1
0.40
0.68
0.70

D0.5
0.85
1.21
1.39

D0.9
1.45
2.00
2.34

25.0
45.0
90.0

380.0
380.0
380.0

6.0
6.0
6.0

60.0
60.0
60.0

0.59
0.90
1.02

0.33
0.57
0.56

0.65
0.96
1.21

1.21
1.47
1.82

25.0
45.0
90.0

855.0
855.0
855.0

6.0
6.0
6.0

90.0
90.0
90.0

0.60
0.82
0.84

0.39
0.54
0.53

0.58
0.76
0.91

1.07
1.18
1.34

Table 4-2 Stokes number for various characteristic diameters

Figure 4.4 shows the variation of global SMD along the axial direction for both
prefilming and nonprefilming atomisers. The increase in SMD from z = 25 mm to z =
90 mm is due to two reasons. Firstly, the increase is attributed to increase in validation
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rates as more spherical larger droplets are validated beyond z = 45 mm. Secondly,
smaller droplets disperse in the cross sectional plane perpendicular to the axial direction
leading to the presence of larger droplets in the centre of the spray.
V=60m/s_2bar

V=60m/s_3bar

V=60m/s_4bar

V=60m/s_6bar

V=90m/s_2bar
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(a) nonprefilming airblast atomsier
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axial distance (mm)

(b) 4mm prefilming airblast atomiser
Fig. 4-4 Variation of GSMD along axial direction
Volume Flux Measurements

The comparison of atomisers is performed where volume flux measurements
from PDA measurements are consistent along the axial direction. In the near field of the
atomiser, the rejection of burst signals is due to presence of nonspherical droplets and
due to high spray density. Usually the large nonspherical particles contribute to errors in
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volume flux measurements. As measurements are made further downstream, the
nonspherical droplets may undergo secondary breakup or attain sphericity depending on
the aerodynamic forces acting on the droplet. The consistency in volume flux
measurements also depends on the spray density as the rejection rate by PDA depends
also on the presence of more than one particle in measurement volume and on beam
steering effect caused due to dense spray. The volume flux measurements along the
axial direction when the spray density is low; validation rates are high, droplets are
spherical and the effects of beam steering are small. Figure 4.5 shows that volume flux
distributions from z = 45 to 90 mm for the prefilming and nonprefilming atomisers.
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prefilming atomiser
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0
20
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Fig. 4-5 Volume flux distribution at various axial locations Pa = 6 bar, Va = 60 m/s

As can be observed, the validation rates increase along the axial direction. This
is because the spray density decreases along the axial direction. As discussed in earlier
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sections, the secondary atomisation is complete beyond axial distance of 25 mm. The
increase in validation rates is due to the nonspherical particles attaining sphericity as the
droplets reach gas velocity. The increase in validation rates is also reflected in higher
volume flux measurements as shown in the Figure. The volume flux profiles are
consistent along the axial direction beyond z = 75 mm. So, the volume flux of the liquid
in sufficiently captured by the PDA measurements and the minor variations in volume
flux profiles are due to the dispersion of the spray as discussed in the previous section.
The narrowness of the volume flux profiles for the prefilming atomiser in comparison
with nonprefilming atomiser indicates that the volume distribution in a cross sectional
plane is less for the prefilming atomiser compared to the nonprefilming atomiser.
4.2.2

Width of Spray

The width of the spray is obtained from the PDA measurements at y= 0 plane.
The width is calculated considering the 2 limits of the Volume flux distribution along
the X-axis. The absolute width of the spray is then defined by
x n

width(4V ) 4.

¦ V .x
i

x i
x n

¦ Vi
x i

2
i

§x n
¨ ¦ Vi . x i
 ¨ x xi n
¨
¨ ¦ Vi
© xi

·
¸
¸
¸
¸
¹

2

Eq. 4-4

where  is the standard deviation, Vi is the volume flux, xi is the location of the volume
flux measurement.
The width of the spray is calculated at various operating conditions for both
atomisers at various axial locations. Figure 4.6(a) shows the effect of static pressure on
the width of the spray. The closed symbols correspond to the nonprefilming atomiser
and the open symbols correspond to 4 mm prefilming atomiser. As the static pressure
increases at constant velocity, the width of the spray decreases for both the atomisers.
However, the effect of pressure is higher for the nonprefilming atomiser compared to
prefilming atomiser. The width of the spray is wider for the nonprefilming atomiser
compared to the prefilming atomiser. Since for the nonprefilming atomiser the liquid
sheet and the structures oscillate after the sheet breakup, the width of the spray tends to
be wider. It can be recollected that the liquid sheet oscillations are suppressed in the
prefilming atomiser due to shear stripping and uneven vorticity on both sides of the
atomiser. Figure 4.6(b) shows the effect of air velocity on the width of the spray at a
constant static pressure. The effect of velocity is more evident for the nonprefilming
atomiser than for prefilming atomiser. Similarly, the effect of velocity on spray width is
higher for nonprefilming atomiser than for prefilming atomiser. Basically, an increase in
static pressure or air velocity tends to reduce the spray width.
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V = 60 m/s

P = 3 bar
Fig. 4-6 Effect of pressure and air velocity on width of the spray
4.2.3

Evolution of D0.9, D0.5, D0.1 along the axial direction

Figure 4.7 and Figure 4.8 show the effect of the operating conditions on the
evolution of 90% volume undersize diameter (D0.9), 50% volume undersize diameter
(D0.5), 10% volume undersize diameter (D0.1) and span along the axial direction for both
atomisers. In the near-field of the atomiser between z = 10 - 25 mm, the D0.9 shows a
downward trend for the operating conditions plotted in the graph. Further downstream
of the atomiser the D0.9 attains a nearly constant value. This is because the droplets
formed very close to the atomiser are large and accelerating. As the larger droplets
travel downstream, they undergo secondary atomisation and hence the D0.9 decreases.
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The secondary atomisation is complete and hence the D0.9 reaches a nearly constant
value. In comparison the D0.1 increases along the axial direction. This is due to the
dispersion of smaller droplets along the axial direction. As the smaller droplets disperse
quicker into the free stream, the relative smaller droplets along X-axis profile increases
and hence the D0.1 increases. D0.5 follows similar to D0.1. As discussed in earlier
paragraphs, the D0.5 has higher dispersion relatively to D0.9 and hence D0.5 increases.
The span of a spray represents the range of droplets in a distribution, as discussed in
Chapter 1. Initially, the span decreases along the axial direction due to the simultaneous
decrease of D0.9 and increase of D0.1 & D0.5. Further downstream of the atomiser, since
the effect of spray dispersion is marginal, the span attains a constant value. The Figures
show that the span of the spray for both atomisers is similar. At higher Weber numbers
the span is smaller indicating a narrow spray distribution. Also, the D0.1, D0.5, D0.9 all
decrease as the Weber number increases.
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Fig. 4-7 Effect of operating conditions on D0.1, D0.5, D0.9, span for nonprefilming atomiser
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Fig. 4-8 Effect of operating conditions on D0.1, D0.5, D0.9, span for 4mm prefilming atomiser
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4.2.4

Effect of liquid flow rate

Measurements are performed to observe the effect of liquid mass flux (liquid
loading) on global SMD for the 4 mm prefilming atomiser. Figure 4.9 shows the effect
of liquid flow rate on SMD. For most of the measurements discussed in this present
chapter the liquid flow rate is 2.91 g/s which corresponds to a liquid velocity of 1m/s at
the entrance of the atomiser slit at liquid loading of 242 g/s/m. As can be observed, as
the liquid flow rate increases the SMD increases and reaches a peak value at 2 g/s.
Further increase in liquid flow rate decreases the SMD. At low liquid flow rates, the
liquid sheet formed on the prefilming surface is thin. The liquid sheet reaches the
prefilmer edge and produces finer droplets. As the liquid flow rate is increased thicker
sheet is formed on the prefilming surface and produces bigger droplets. At high liquid
flow rates, the interaction of liquid sheet and surrounding air stream increases due to the
increase in differential pressure across the atomiser. The differential pressure produces
surface waves causing high level of surface stripping. Surface stripping usually
corresponds to smaller SMD’s. The amount of liquid mass that strips off from the
surface of the liquid sheet increases as the liquid flow rate increases beyond 2 g/s.
42
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Fig. 4-9 Effect of liquid flow rate on GSMD
4.2.5

Effect of static pressure and air velocity on SMD

Figure 4.10 shows the effect of static pressure and air velocity on the global
SMD characteristics of the spray for both atomisers at various operating conditions at an
axial location of z = 90 mm and constant liquid velocity of 1 m/s. As can be observed,
an increase in static pressure of air decreases the SMD of the spray for both atomisers.
The slope of the curves indicates that the effect of static pressure on SMD is more
dominant for the nonprefilming atomiser at lower pressures than for the prefilming
atomiser. At higher static pressures, the effect of static pressure is more dominant for
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the prefilming atomiser than for the nonprefilming atomiser. This is because the static
pressure influences the formation of ligaments and surface waves on the liquid sheet. At
higher static pressures, as explained in Chapter 3, ligaments are finer and hence produce
finer droplets. In case of prefilming atomiser at higher static pressures, there is a
combined effect of finer ligaments and surface stripping. The air velocity has a similar
effect as static pressure. A rise in air velocity decreases the SMD. The effect of air
velocity is more dominant than the static pressure. This indicates that the momentum of
air plays a crucial role in the atomisation in airblast atomisers as also reported in the
literature [47]. The slopes of the curves again indicate that the effect of air velocity is
higher for the prefilming atomiser than for the nonprefilming atomiser. As discussed in
Chapter 3, the air velocity has a predominant influence on liquid sheet breakup due to
the increased momentum exchange at higher velocities. From the earlier discussions it is
evident that the operating conditions have a similar effect for both atomisers which are
to be expected. However, the magnitude of influence of these parameters varies in
proportion for both the atomisers. The independent effect of these parameters on global
SMD is discussed in next section.
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Effect of Weber number on SMD

Figure 4.11 shows the combined effect of both pressure and velocity on SMD as
a function of Weber number. During the experiments, the surface tension  of the liquid
is constant as the measurements are performed at ambient temperature. The parameters
that are varied are only pressure and air velocity as explained before. Hence the Weber
number defined here is basically the change of momentum flux of air. The
nonprefilming atomiser performs better at low Weber number (We < 450) conditions in
comparison with the prefilming atomiser. At lower Weber numbers, in prefilming
atomisers, the surface waves produce a thicker liquid sheet at the prefilmer edge. The
lack of sheet oscillations tends to reduce the momentum exchange between the liquid
and air and hence produces larger droplets compared to nonprefilming atomiser. As the
Weber number increases, the surface stripping becomes dominant in the case of
prefilming atomiser with the liquid stripping off from the surface waves. The thickness
of the liquid sheet reduces on the prefilming atomiser before it reaches the prefilmer
edge. Beyond We > 450, the surface stripping is dominant and the prefilming atomiser
performs better than the nonprefilming atomiser. It can be recollected that the
dominance of surface stripping phenomena at higher Weber number is also identified in
visualisation experiments (Chapter 3).
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500.0
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700.0
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900.
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Fig. 4-11 Effect of Weber number on GSMD

The improved performance of the prefilming atomiser compared to
nonprefilming atomiser at higher Weber numbers is also evident from the local SMD
profiles in Figure 4.12 measured at an axial location of z = 90 mm. At lower Weber
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number = 190 (Pa = 3 bar, Va = 60 m/s), the X-profiles for nonprefilming atomiser show
smaller droplets at the centre of the spray where the liquid volume flux is concentrated
in comparison with prefilming atomiser. At the edges of the spray the droplets are
bigger compared to prefilming atomiser. However, at the edges of the spray, the liquid
volume flux is relatively less. At higher Weber number, We = 855 (Pa = 6 bar, Va = 90
m/s), the surface stripping and thinning of the liquid sheet dominates in prefilming
atomisers. Here also the edges of the spray have smaller droplets for the prefilming
atomiser compared to the nonprefilming atomiser. (The width of the spray for these
operating conditions is ~ x= -5 mm to x= 5 mm based on Fig. 4.6)
The edges on both sides of the spray have droplets almost of equal size. The
smaller droplets tend to spread out to the edges of the spray leaving bigger droplets in
the centre of the spray. Hence, the individual effect of surface stripping on formation of
smaller droplets could not be made. Even in the near-field, at closer axial locations of
z= 10 mm not shown in the figure, the profiles are similar to Figure 4.12 on the side of
the prefilming surface (on the –x direction). It has to be noted that the transmitting
optics is positioned on the side of the prefilming surface. The reliability of PDA
measurements in questionable on the (+x direction) as the beam have to pass through
the dense spray and beams have to pass through the dense spray and the measurements
are biased towards bigger droplets.

SMD (μm)

P= 3 bar, V= 60m/s Nonprefilming atomiser
P= 6 bar, V= 90m/s Nonprefilming atomiser

P= 3 bar, V= 60m/s Prefilming atomiser
P= 6 bar, V= 90m/s prefilming atomiser

50
45
40
35
30
25
20
15
10
5
0
-15
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0
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10

X profile (mm)
Fig. 4-12 Effect of operating conditions on local SMD profiles
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Correlations for SMD

As discussed in Chapter 1, there are several correlations for SMD available in
the literature as a function of operating parameters. Most of the correlations are specific
to an atomiser design and do not follow similarity laws. The reason is due to the
complexity of two-phase flow problem where the interaction of several parameters is
interdependent on each other.
From the dependence of SMD over Weber number in the present study, it is
evident that there is a strong influence of momentum flux of air, U a u a2 , and both density
of air and air velocity should have a similar power law influence on SMD. In Lefebvre
[48], the power of the momentum flux is given as -0.5. The regression analysis from our
experimental data shows that the momentum flux term has a functional dependence of
-0.42 for the 4mm prefilming atomiser and -0.3 for the nonprefilming atomiser. As can
be recalled, the primary breakup of liquid sheets has shown the influence of momentum
flux of air. The difference in power of momentum flux of air for both atomisers can be
attributed to the role of secondary atomisation. The Brandt’s equation considers the
effect of density and air velocity on SMD independently. Independent regression
analysis of density and air velocity show the effect of density of air to be -0.15 & -0.26
for nonprefilming and 4 mm prefilming atomiser respectively. The effect of air velocity
has more influence and the dependency is -0.75 & -1.0 for nonprefilming and 4 mm
prefilming atomiser respectively.
The equation can be rewritten as

SMD v ( U l .Vl .t )

* 0.3
l

V 0.5
( U a0.15u a0.75 )

Eq. 4-5

for nonprefilming atomiser,

SMD v ( U l .Vl .t )

* 0.3
l

V 0.5
( U a0.26 u a )

Eq. 4-6

for 4 mm prefilming atomiser,
where SMD is the Sauter mean diameter (μm), Ul is the density of liquid (kg/m³), Vl is
velocity of liquid (m/s) calculated from mass flow rate of liquid, tl* is the effective
thickness of the liquid sheet (μm), V is the surface tension between liquid and air
(N/m), Ua is the density of air (kg/m³) and ua is the velocity of air (m/s). Liquid loading
is kept constant in the present experiments and in obtaining these correlations. The
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thickness of the liquid sheet is 300 μm. For the nonprefilming atomiser tl* can be taken
as a constant value of 300 μm. For the prefilming atomiser tl* is the effective thickness
of the liquid film at the prefilmer edge. This seems to be dependent on Weber number
and the prefilmer length. However, this has to be verified experimentally. The effect of
variation of prefilmer length on SMD is beyond the scope of this thesis. The following
table shows that experimental data match with the correlations by considering a
constant value of tl* = 300 μm. Table 4.3 shows GSMD from experimental data with the
calculated GSMD from the above correlations. The comparison shows a good match
between experimental and correlations.
4 mm prefilming atomiser

Ua

Va

measured
SMD

calculated
SMD

3.87
5.16
7.74
3.87
5.16
7.74

60.0
60.0
60.0
90.0
90.0
90.0

38.74
35.14
32.07
25.20
24.17
21.48

37.82
35.10
31.58
25.21
23.40
21.06

nonprefilming atomiser

Ua

Va

measured
SMD

calculated
SMD

3.87
5.16
7.74
2.6
3.87
5.16
7.74
2.60
3.87
5.16
7.74

40.0
40.0
40.0
60.0
60.0
60.0
60.0
90.0
90.0
90.0
90.0

49.66
47.31
48.15
40.18
36.55
34.65
33.55
29.75
27.37
26.02
24.04

51.15
48.99
46.10
40.06
37.74
36.15
34.01
29.56
27.84
26.67
25.09

Table 4-3 Comparison of experimental data and correlations
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CHAPTER 5
SUMMARY AND CONCLUSIONS
The present work described the experimental work carried out during the process
of development of airblast atomisers for gas turbine combustors. The first major task of
this work is to study the breakup mechanism of a two dimensional liquid sheet of
Kerosene Jet A1 fuel in a prefilming airblast atomiser and compare it with the liquid
sheet breakup mechanism in nonprefilming airblast atomisers under elevated pressure
conditions. It is found that the primary breakup mechanism of liquid sheet on prefilming
surfaces is considerably different from the well established theories on classical liquid
sheet breakup. To understand the fundamental aspects of liquid sheet behaviour on
prefilming surface, experiments are conducted at low operating conditions. New
insights are observed into the physics of liquid sheet behaviour. Phenomena like
“surface wave plunging” and “surface stripping” on the liquid surface are observed.
Surface waves similar to gravity waves are formed on the surface of the liquid sheet on
the prefilming surface. The propagation of these waves appears to be similar to gravity
waves. Surface stripping of the liquid sheet is observed on the prefilming surface at high
Weber numbers. The operating conditions where surface stripping occurs correspond to
realistic operating conditions in gas turbines. The liquid sheet breakup in nonprefilming
atomisers follows the usual breakup of ligaments into clusters and droplets.
The instability of the liquid sheet at the atomiser slit is also investigated. It is
found that the liquid does not fill up the entire atomiser slit and the liquid sheet breaks
chaotically in nonprefilming atomisers. The liquid sheet is rather more stable for
prefilming atomisers. Higher mass flow rate/liquid loading is required for nonprefilming
atomiser to have a stable liquid sheet at high pressures when compared with prefilming
airblast atomiser. The stability of the sheet influences the uniformity of fuel placement,
mixing efficiency of spray and production of NOx at realistic operating conditions.
Several aspects like the speed of surface wave propagation on prefilming
surfaces, liquid sheet oscillation in case of nonprefilming airblast atomisers, breakup
length and ligament spacing are quantified. The sheet oscillations are suppressed at
higher operating conditions for prefilming atomisers. The width of the spray is more for
a nonprefilming atomiser due to the oscillatory behaviour of the liquid sheet. An effort
was made to quantify the liquid sheet thickness on the prefilming surface by imaging
techniques. It is found that thickness of the liquid sheet varies on the prefilming surface.
It can reach twice the initial liquid sheet thickness at low operating conditions. A
maximum liquid sheet thickness of ~600 μm is observed at We = 32 even though the
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initial liquid sheet thickness is 300 μm. The minimum amplitude is ~100 μm. The
variation of sheet thickness is due to the propagation of surface waves. At higher
operating conditions, due to surface stripping the maximum liquid thickness observed is
~ 378 μm and minimum thickness is ~90 μm. The thickness of the edge of the
prefilming surface also influences the breakup of the liquid sheet. The liquid mass
accumulates at the prefilmer edge due to the Coanda effect and liquid fuel gets
accumulated at the edge. The storage mechanism at the edge affects the phase of the
liquid mass entering the combustion zone.
PIV is adopted to obtain the velocity flow field of the liquid phase in the nearfield of the atomisers where the presence of large structures hinders the measurements
by other non-intrusive techniques. PIV results indicate that the surface of the liquid
sheet propagates 3-5 m/s and ligaments travel at 5-10 m/s at We = 48. PIV velocity
measurements are compared with PDA measurements and a close agreement in the
measurements has been established. Application of PIV seems to be a promising
measurement technique in the near-field of the atomiser. These parameters are expected
to provide information for simulations.
The second task of this work is to characterise the spray emerging from the 4
mm prefilming and nonprefilming atomisers. PDA measurements are carried at various
operating conditions to measure characteristic diameters, fuel placement, dispersion of
the spray and to analyse whether there the parameters that govern the primary breakup
mechanism influence the final droplet size. The results show that the new atomiser
design provides a highly two dimensional spray which can be used for both basic
studies and characterising atomisers. The effect of positioning of transmitting optics on
quality of measurements is discussed. PDA measurements reveal that the measurements
in the near field are prone to bias due to the high density of the spray. Beyond the centre
of the spray validation rates are very low and the effects of beam steering are high. The
analysis shows that at an axial location of z = 90 mm is an ideal location for comparison
of atomisers. The spray dispersion analysis shows that there is no significant dispersion
of spray for both atomisers and the dispersion is purely due to turbulence generated in
the wake of the atomiser and in the test section. Beyond the axial location of z = 90 mm
the volume flux is well captured by PDA measurements.
The comparison of GSMD made at z = 90 mm, shows that at low Weber
numbers, the performance of the nonprefilming atomiser is better than the prefilming
atomisers. Beyond Weber number 450, the performance of prefilming atomiser is better.
This is due to surface stripping. This corresponds to the idle operating condition of gas
turbine combustor. The results are in agreement with the flow visualisation experiments.
The difference in GSMD in very marginal in the range of operating conditions tested
and fall into the error range for a PDA system. However, as explained the surface
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stripping phenomena is more predominant at higher operating conditions and prefilming
atomiser has tendency to produce finer spray at higher operating conditions. There is
another advantage of using a prefilming atomiser. The liquid film is stable at the slit of
the atomiser and forms a closed film even at higher operating conditions.
Considering the above advantages of prefilming atomiser over nonprefilming atomiser,
it is recommended to use prefilming atomiser.

RECOMMENDATIONS FOR FUTURE WORK
The present experimental study does not include swirl components of air which
are present in practical airblast atomisers for gas turbine applications. The effect of swirl
on the liquid sheet breakup and atomisation characteristics will be interesting to study.
It can have significant effect on the prefilming atomiser producing a stable liquid film,
with finer spray and mixing of spray with the free stream. Due to complicated design
features of the atomisers only a prefilming atomiser with 4 mm prefilming surface and a
nonprefilming atomiser are studied. The effect of variation of length of the prefilming
surface can have a significant influence on the atomisation characteristics of the
atomiser. In the present study the liquid loading is kept constant with the thickness of
the liquid sheet to be 300 μm and liquid mass flow rate of 2.91 g/s giving the effect of
the velocity of the liquid sheet at the slit of the atomiser to be ~1 m/s. The combination
of liquid sheet thickness and the mass flow rate of liquid is another interesting feature
that can be studied for stability analysis of liquid sheet at the slit of the atomiser. In
realistic operating conditions the static temperature of the air is ~850 K. However in the
present experimental studies, ambient temperature is chosen to limit the parameters
effecting the liquid sheet breakup. For spray characterisation this has to be taken into
account as this will effect the surface tension of the liquid and hence the atomisation
quality.
And lastly, advanced image processing techniques can be applied to obtain size
distribution of large individual non-spherical structures. PIV technique along with the
particle sizing techniques can be applied to obtain size-velocity correlation of nonspherical particles providing information in the near-field of the atomisers.
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APPENDIX A
OPERATING CONDITIONS
Reynolds number of Flow (Re) †
Pa (bar)

x 105

Va (m/s)
30

40

60

90

2

2.4

3.2

4.8

7.2

3

3.6

4.8

7.2

10.8

4

4.8

6.4

9.6

14.4

6

7.2

9.6

14.4

21.6

Table A-1 Operating conditions tested

Weber number of Flow

Pa
(bar)

a
(kg/m3)

Va (m/s)
30

40

60

90

2

2.6

32

56

127

285

3

3.9

48

84

190

428

4

5.2

63

113

253

570

6

7.7

95

169

380

855
at T = 275 K

Table A-2 Weber number at the operating condition

†

characteristic diameter of test section d = (40 mm x 40 mm)0.5= 56.56 mm.
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gas turbine operating conditions [4]

(kg/m3)

‡
(N/m)
(x10-3)

Re 

We

3.97

14.76

2.32

20.6

18327

74

2.71

3.51

18.8

5.4

305

809

96.8

3.85

12.75

4.48

18.1

7994

14.7

759

93.3

3.70

6.75

10.5

9.6

1678

18.4

709

90.3

3.54

9.04

8.79

13.1

2515

Pressure
(bar)

Temp
(K)

Velocity
(m/s)

Start

36

850

98

Idle

4.8

477

Take off

29.6

Cruise
Landing

(N.s)
(x10-5)

Table A-3 Typical gas turbine operating conditions

‡

Surface

tension
5

[N/m]

of

V (T ) 1.55  10  (684.3  T )

kerosene

1.222

is

calculated

based

on

the

equation

[62]

at atmospheric pressure, where T [K] is the temperature of

kerosene. In the present study, Kerosene in injected at atmospheric pressure and temperature. In realistic
gas turbine conditions the temperature of kerosene depends on heat transfer from air. The effect of
combustor pressure has influence on heat transfer rate. Considering these aspects, surface tension is
calculated and hence has to be taken as an approximation. Weber number depends on surface tension of
the liquid and hence has to be taken as an approximation.

Reynolds number is calculated based on characteristic diameter of test section.
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APPENDIX B
TEST SECTION FLOW CONDITIONS
LDA measurements are performed to obtain the mean and RMS velocity profiles
in the test section (cross-section 40 mm x 40 mm). The measurements are made by
using the standard 2D PDA instrument with scattering angle of 18° and without
diameter validation. For seeding the flow, an oil particle seeder is used which can
produce particles of size less than 2 μm. The particle seeder is obtained from the
Measurement group of Institute of Propulsion Technology.
The atomiser slit has a span of 12 mm and is positioned at the centre of the test
section. Figure B.1 shows the axial mean velocities at the entrance of the test section at
bulk velocity of 50 m/s and static pressure of 4 bar. The measurements are performed
20 mm upstream of the atomiser at room temperature. The white rectangular box in the
middle of the figure shows the atomiser slit position in the test section. Due to thick
boundary layers at the walls of the test section, the velocity in the centre of the test
section is relatively higher compared to the bulk velocity in the test section. The liquid
sheet which emerges from the atomiser slit hence sees relatively higher velocity
compared to the bulk velocity in the test section. The mean velocity in the centre of the
test section is approximately 20% higher compared to the bulk velocity.
Figure B.2 shows the axial RMS velocities in the test section. The axial RMS
velocity in the centre of the test section is ~5 m/s. The transverse mean velocity in the
test section is ~ -1 m/s. The negative sign indicates the transverse velocity is towards the
bottom of the test section. Figure B.3 shows the transverse RMS velocity in the test
section. The transverse RMS velocity in the centre of the test section is ~ 2.5 m/s which
is relatively lower compared to the axial RMS velocity.

The bulk velocity is calculated based on the metered mass flow rate of air to the test section.
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Fig. B-1 Axial mean velocity field at 20 mm upstream of the atomiser

Fig. B-2 RMS velocity field at 20 mm upstream of the atomiser
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Fig. B.3 Transverse RMS velocity at 20 mm upstream of the atomiser

All the measurements and correlations in the dissertation are based on the bulk
air velocity in the test section. Calibration data is performed to calculate the difference
between the bulk velocity and the measured velocity from LDA measurements. The
measured velocity is the average velocity in the test section from LDA measurements.
Figure B.4 shows the bulk velocity and the measured velocity. The difference between
the bulk velocity and the measured velocity is approximately 19%.

Fig. B.4 Difference between bulk velocity and measured velocity
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APPENDIX C
SPANWISE VARIATION OF LOCAL SMD AND MEAN
VELOCITY
Spanwise variation of SMD distribution

Figure C.1 shows the variation of local SMD along the span of the atomisers. As
can be observed in Figure C.1(a) the SMD profiles are symmetric and the X-profiles
from y = -4 mm to 4 mm lie over each other indicating the size distribution of the spray
is symmetric and uniformly distributed along the span of the atomiser. The differences
in the SMD profiles at the edges at +X edge and –X edge of X-axis profiles are due to
few number of droplets acquired at a specified time-out limits for PDA data acquisition
and also due to position of the transmitting optics of the PDA instrument. The details of
the effect of transmitting are explained in detail in Appendix D. Figure C.1(b) shows the
SMD distributions for the 4 mm prefilming airblast atomiser. It can be observed that
there is a shift of ~1mm in the SMD profiles towards +X direction. As explained in
section 4.1, Chapter 4, the shift in +X direction is due to the positioning error.
Nevertheless the SMD profiles from y = -4mm to 4 mm are coincident indicating that
kerosene is uniformly distributed along the span of prefilming airblast atomiser. For the
prefilming atomiser, SMD’s are smaller in –X direction compared to +X direction. The
comparison of SMD profiles in –X direction compared for the atomisers in Figure
C.1(a) and C.1(b) show that the SMD’s are relatively smaller in –X direction for
prefilming atomiser. This is due to the surface stripping phenomena occurring on the
free surface of the liquid sheet that is exposed to free stream air. The details of effect of
surface stripping on the SMD distribution are explained in Chapter 4.
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(a) nonprefilming airblast atomiser
y= -4 mm

y= -2 mm

y= 0 mm

y= 2 mm

y= 4 mm

50.0
45.0
40.0
SMD (m)

35.0
30.0
25.0
20.0
15.0
10.0
5.0
0.0
-15

-10

-5

0

5

10

15

x (mm)

(b) 4mm prefilming airblast atomiser
Fig. C.1 Local SMD profiles along the span of atomisers at Pa = 4 bar and Va = 60 m/s
(Z = 90 mm)
Spanwise Variation of Mean Velocity profiles

Figure C.2 shows the variation of mean and RMS velocity for both prefilming
and nonprefilming airblast atomisers. The mean velocity is calculated based on the
velocities of 40,000 droplets measured at each measurement location.
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(a) nonprefilming airblast atomiser
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(b) 4mm prefilming airblast atomiser
Fig. C.2 Mean axial velocities along the span of atomisers at Pa = 4 bar and Va = 60 m/s
(Z = 90 mm)

The mean velocity is based on ‘number count of droplets’. The profiles show
that the velocity is symmetric across the Y-axis and the RMS velocities indicate that the
fluctuating components of velocity are consistent along the entire span of the atomiser.
The mean velocity does not necessarily indicate the velocity of mass flux of kerosene at
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a location. In order to take into consideration the mass flow rate of kerosene at a
location, weighted mean velocity based on the droplet volume is considered. Figure C.3
shows the volume weighted mean velocity profiles for the nonprefilming atomiser.
These profiles too indicate that the mean velocity is symmetric along the whole span of
the atomiser.
y=-6 mm

y=-2 mm

y=0 mm
70

y=2 mm

y=6 mm

60

Vvol (m/s)

50
40
30
20
10
0
-15

-10

-5

0
x axis (mm)

5

10

15

Fig. C.3 Volume weighted mean velocity profiles for nonprefilming airblast atomiser Pa
= 4 bar and Va = 60 m/s (Z = 90 mm)
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APPENDIX D
EFFECT OF POSITIONING THE PDA OPTICS IN DENSE
SPRAYS
Effect of Transmitting Optics offset angle on PDA measurements

As described in Figure 2.17, Chapter 2, the transmitting optics is positioned at an
offset angle to the cross-sectional plane that is perpendicular to the axial flow direction.
Even though the measurement of the droplet size is not affected by the offset angle of
the transmitting optics, it has a direct influence on the measurement of the velocity of
droplets. 2D-PDA measurements are performed in the present studies. The first
component of the droplet velocity is measured along the axial flow direction (along Zaxis) and the second component is along the span of the atomiser (along Y-axis). The
third component of the velocity (along X-axis) is in the cross-sectional plane
perpendicular to the axial flow direction and perpendicular to the span of the atomiser.
This component is not measured. The offset angle of the transmitting optics directly
influences the measurement of the first and third component. Since it is unavoidable in
the present studies to do measurements without positioning the transmitting optics at an
offset angle, few measurements are performed to quantify the effect of the offset angle
in the positioning of the transmitting optics on the velocity measurements. By
performing PDA measurement at two offset angles, mean velocities of all three
components can be calculated. In fact the initial purpose of measuring at two offset
angles is to measure all three components of velocity. But, the difference in offset
angles is too small for obtaining a reliable data on the third velocity component. Due to
constraints at the experimental test facility, it was not possible to provide a large
difference in the offset angles. The measurements at the two offset angles are used for
comparison of relative differences in the axial velocity measurements and also as
repeatability of the PDA measurements on two different days. Figure D.1 shows the
mean axial velocity (along Z-axis) at two offset angles of 4.5° and 6.5°. The mean
velocity measurements with 4.5° offset angle show consistently higher velocities in
comparison with 6.5° offset angle. As can be observed from the graph, the difference in
mean velocities at two offset angles is insignificant. This indicates that the chosen offset
angles have minimal effect in the measurement of axial velocities of the droplets. The
maximum difference of velocities between the two offset angles is less than 5%. Since,
the 4.5° offset angle shows consistently the higher velocities, the actual velocities in the
axial direction will be higher than the velocity measured with an offset angle.
Figure D.2 shows the effect of offset angles on global SMD for both prefilming
and nonprefilming atomisers. Theoretically the effect of offset angle should have no
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effect on SMD measurements. As can be observed in Figure D.2 (a) the maximum
difference between SMD measurements at the two offset angles is 2.68% for
nonprefilming atomiser which is minimal. The measurements are performed on two
different days and hence the repeatability in the measurements is considered to be good.
However, for the prefilming atomiser the maximum difference in measurements in 6 %.
This is an acceptable range considering the wide range of parameters that affect PDA
measurements.
offset angle=6.5°
80

offset angle=4.5°

70

Vmean (m/s)

60
50
40
30
20
10
0
-10

-5

0
x (mm)

5

10

Fig. D.1 Effect of transmitting optics offset angle on mean velocity measurements
(4 mm prefilming atomiser Pa = 2 bar, Va = 60 m/s)
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(a) nonprefilming airblast atomiser
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(b) 4mm prefilming airblast atomiser
Fig. D.2 Global SMD at Va = 60 m/s at Z = 45 mm
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Effect of the measurement volume positioning with respect to the spray on the
spray results

PDA measurements are always difficult in dense sprays due to beam attenuation,
beam steering and laser absorption in some cases. These can cause severe bias in PDA
measurements. The reliability of PDA measurements also depends on the size of the
measurement volume and the position of the transmitting optics with respect to the
spray. The measurements are more reliable at the edges of the spray closer to
transmitting optics than at the edge of the spray that is away from the transmitting
optics, as shown in Figure D.3. An effort has been carried out to have an estimate of the

Fig. D.3 Reliability of PDA measurements

error involved in measurements at the regions of maximum volume flux of the spray.
The transmitting optics is sequentially positioned on both sides of the spray and
measurements are carried out along the X-axis to obtain profiles at y = 0 mm. The Xprofiles are also obtained at several axial locations. The comparison of X-profiles by
positioning transmitting optics on both sides at a given axial location gives roughly how
deep into the spray one can measure accurately. The comparison of SMD profiles by
positioning the transmitting optics on both sides of the spray was carried out only until
axial distance of 45 mm. By measuring at several axial locations one can estimate how
far from the atomiser reliable PDA measurements can be made in dense sprays.
Figure D.4 shows the effect of the position of the transmitting optics on
validation rates at two axial locations, z = 10 mm and z = 45 mm, for both prefilming
and nonprefilming atomisers. As can be observed in Figure D.4(a), for the ‘toptics_Z =
10 mm’ curve, which corresponds to the X-axis profiles at y = 0 mm and at axial
location z = 10 mm for nonprefilming atomiser that the validation rates are as high as
85% at the edge of the spray closer to the transmitting optics at x = -8 mm. The
validation rates decrease as the measurements are made deep into the dense spray.
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At x = 0 mm, the validation rate drops to ~ 45%. By flipping the transmitting
optics to the other side of the spray and repeating the measurements, similar validation
rates are observed but now validation rates are higher on the other side of the spray.
This indicates that the rejection rate of the Burst signals by the PDA processor increases
as the measurements are made deep inside the spray in the near-field of the atomiser (z
= 10 mm). At x = -5 mm and at z = 10 mm it can be observed that the difference in
validation rates is as high as 60% when shifting transmitting optics. The difference in
validation rates at the same location in the spray but with different relative location of
transmitting optics is mainly due to the passing of laser beam being affected by the
dense spray. The dense spray causes a ‘beam steering effect’ and affects the beams
crossing in the measurement volume. If the beam steering effect is high then the beam
crossing in the measurement volume depends on the droplet size distribution and can
lead to bias towards droplet size measurements. Also, the poor validation rates lead to
bias towards relatively larger droplets. This is because SNR is higher for large droplets
and there are relatively less affected by the beam steering effect. As the measurements
are made further downstream of the atomiser at z = 45 mm, the spray density decreases
and this increases the validation rates. The validation rates are ~ 60% (at z = 45 mm, x =
0 mm) irrespective of the positioning on transmitting optics on either side of the spray.
Also the difference in validation rates at x = -5 mm decreases to ~ 20%. The validation
rates of 60% in the maximum dense spray region are considered to be in an acceptable
range. This is based on consistency achieved in measurement of droplet mean diameters
at this axial location (z = 45 mm) and beyond. As measurements are made further
downstream of the atomiser z > 45 mm, the validation rates increase due to the decrease
in spray density. The variation in droplet mean diameters is marginal due to dispersion
effects of the spray. A similar behaviour can be observed for the 4 mm prefilming
atomiser as shown in Figure D.4 (b). However, it has to be known whether the rejected
burst signals by the PDA processor is only due to the beam steering effect, spray density
or due to the presence of non-spherical particles. The details of the presence of the nonspherical particles are explained in Chapter 4.
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(b) 4mm prefilming airblast atomiser
Fig. D.4 Effect of spray density on validation percentage at Pa = 3 bar and Va = 60 m/s

These effects of positioning of transmitting optics will have a significant effect
on the droplet size measurements and on the overall analysis of the comparison of spray
characteristics of the atomisers. As explained earlier, the key factor that has to be known
is how deep inside the spray one can get reliable droplet size measurements and how far
away from the atomiser. Figure D.5 shows the effect of positioning of the transmitting
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optics on SMD profiles at two different axial locations for both the prefilming and the
nonprefilming atomiser. At z = 10 mm, three curves are drawn. The curves with solid
lines indicate the actual PDA measurements performed by positioning the transmitting
optics on both sides of the spray. The dotted curve is just a representation of the PDA
measurements performed with ‘t_optics_Z = 10 mm’ position but with X-axis flipped to
observe whether the PDA measurements coincide with the measurements performed by
flipping the transmitting optics to the other side of the spray. From the curves it is clear
that the bias in PDA measurements at the far end of the spray is due to beam steering
effect. The reasoning is already given in earlier paragraphs. The SMD profiles measured
on the side of the transmitting optics are lower compared to the far side of the spray
indicating the bias in PDA measurements is towards larger droplets. As beam steering is
more dominant on the far side of the spray, the beam crossing is minimal in the
measurement volume. Only large droplets are recognised as they have higher SNR. This
is also confirmed by low validation rates as explained earlier. At the far-field of the
atomiser, z = 45 mm, the variation in SMD measurements is less affected by the
position of the transmitting optics as the two solid lines have identical profiles. The
difference in SMD measurements at x = r3 mm for nonprefilming atomiser is ~ 5.6% at
z = 45 mm and ~ 28% at z = 10 mm. The difference in SMD measurements at x = r3
for prefilming atomiser is ~ 14% at z = 45 mm and ~ 47% at z = 10 mm. The black
curves indicate how the actual SMD profiles probably should look like for the spray.
The curve is drawn by considering each half of the spray closer to transmitting optics.
However there is an amount of uncertainty in SMD measurements in the middle of the
spray which is the limitation of PDA measurements in dense sprays.

(a) nonprefilming airblast atomiser
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Fig. D.5 Local SMD X-profiles at two axial locations at Pa = 3 bar, Va = 60 m/s

The question which has to be addressed is, if for the calculation of the global
SMD only the half-width of the spray is considered instead of the full-width of the
spray, will there be any effect on the global SMD? This is necessary as beyond the
certain region in the spray the PDA measurements seem to be very much dependent on
the position of the transmitting optics and location in the spray. This is also important in
the present context as the nonprefilming atomiser is symmetric along the centre plane
whereas the 4 mm prefilming atomiser is asymmetric because of the prefilming surface.
For the nonprefilming atomiser, a volume flux weighted averaging of the half-width of
the spray is sufficient to calculate the global SMD. However, as discussed in chapter 3,
the primary breakup mechanism is different for both of the atomisers hence there is the
question if there is an effect on global SMD for prefilming airblast atomiser when only
the half width of the spray is considered? Usually volume flux is relatively low at the
edges of the spray. Table 4.1 shows the effect of considering half-width and full-width
of the spray for the calculation of the global SMD for both the nonprefilming and the
prefilming atomiser at various operating conditions for z = 45 mm. As can be observed
the difference is less than r 2%. The effect of the bias in PDA measurements on one
edge of the spray has minimal effect on global SMD calculations. This is due to the low
volume fluxes of spray involved in the regions where the PDA measurements show
bias. Even though the breakup mechanism for both atomisers is different, the spray
dispersion is significant and plays a crucial role in the droplet distribution in the far-
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field of the atomiser. In the present studies, for calculating global SMD’s only the half
width of the spray is considered.
z = 45 mm

nonprefilming atomiser

Pa
(bar)

Va
(m/s)

(half-width)
GSMD

(Full-width)
GSMD

Difference (%)

3.0

40.0

49.7

50.4

-1.52

6.0

40.0

48.2

47.9

0.40

3.0

60.0

36.6

37.2

-1.78

6.0

60.0

33.6

33.5

0.02

3.0

90.0

27.3

27.0

1.00

6.0

90.0

24.0

23.8

0.88

z = 45 mm

4mm prefilming atomiser

Pa
(bar)

Va
(m/s)

(Half-width)
GSMD

(Full-width)
GSMD

Difference (%)

3.0

40.0

54.9

54.7

0.37

6.0

40.0

48.7

48.0

1.47

3.0

60.0

38.7

38.3

1.07

6.0

60.0

32.1

31.9

0.41

3.0

90.0

25.2

25.1

0.53

6.0

90.0

21.5

21.6

-0.68

Table D.1 Effect of considering half- and full-width of spray for global SMD
calculation
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