
A study of the 
ow within shallow, narrow

cavities at low Reynolds Numbers

Sarah Diane Crook

B.Eng (Mech., Hons.) and B.Sc (Physics)

A thesis submitted in ful�lment of the requirements for the degree of

Doctor of Philosophy, August 12, 2011

School of Mechanical Engineering

The University of Adelaide

South Australia 5005





Abstract

This thesis investigates low speed three-dimensional cavity 
ows. The 
ow past cavities,

gaps and steps is of interest to researchers because these features are found on nearly

all vehicles. Most past studies of cavity aerodynamics are of two-dimensional represen-

tations and although the literature provides valuable fundamental information on two-

dimensional models and 
ow descriptions, they are inadequate when it comes to de�ning

three-dimensional cavity 
ow.

The aim of this study is therefore to discover, by measurement and observation, the time-

averaged three-dimensional structure of incompressible 
ow in an open rectangular cavity

in a 
at plate. Furthermore, the study will focus on asymmetries in the ensemble-averaged

and transient 
ow.

The above aims are addressed by experimental investigation. Experimental data are ob-

tained at low speed in both wind and water tunnels. The free stream Reynolds numbers

are 3:4� 105 in air and 4:3� 104 in water. The ratio of cavity length (in the direction of

the 
ow) to width to depth is l:w:d=6:2:1.

The �rst experiments are of 
ow visualisation in both a wind and water tunnel, followed by

measurements of surface pressure in air. Lastly, the velocity �eld in and near the cavity

is investigated using Particle Image Velocimetry (PIV) in water. The surface pressure

data are presented as pressure coe�cient distributions. PIV data are presented as two-

component velocity vector �elds and streamline patterns in cross sections of the cavity.

The experimental results show that a thin shear layer forms at the upstream lip of the

cavity, and this grows and impinges on the downstream wall. The shear layer is subject

to oscillations causing quazi-periodic mass 
ow addition and removal. Results show that

close to the upstream cavity edge the shear layer maintains a laminar-like pro�le extending
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downstream from the point of separation. The growth rate of the shear layer is determined

and is characterised by the change in the vorticity thickness.

The time-averaged internal cavity 
ow patterns are in agreement with published observa-

tions of an open-type 
ow �eld. The 
ow was primarily characterised by a large region of


ow recirculation. Experimental results show that a 6:2:1 cavity 
ow contains additional

vortical features, all of which are three-dimensional in nature and more complex than

previously reported. The locations and behaviors of the vortices have been identi�ed, as

have their role in transporting 
uid throughout the cavity. Furthermore, the streamline

images obtained from PIV data show that a strong asymmetry is present in the 
ow.

In general, the experimental data are topologically self consistent, although a number of

anomalies and inconsistencies are identi�ed. The inconsistencies between the 
ow features

indicate that the asymmetry and oscillations are important features of the 
ow.

Two tornado vortices are present in the front region of the cavity and are responsible

for transporting some of the reversed 
ow upwards into the shear layer. Their size and

location are highly variable and asymmetric. The rotation sense of these tornado vortices

for cavities with l=d �6 is opposite to the rotation of tornado vortices reported within

cavities with l=d �5.

Conditionally-averaged PIV data are used to investigate the unsteady, asymmetric 
ow

�eld. Two asymmetric �elds and a symmetric �eld are identi�ed and the streamline

patterns and velocity distributions are mostly enantiomorphic. It is shown that the 
ow

within the cavity is fundamentally unstable and asymmetric. The asymmetry appears to

be the result of a twisting instability of the shear layer.



Declaration

This work contains no material which has been accepted for the award of any other degree

or diploma in any university or other tertiary institution to Sarah Crook and, to the best of

my knowledge and belief, contains no material previously published or written by another

person, except where due reference has been made in the text.

I give consent to this copy of my thesis, when deposited in the University Library, being

made available for loan and photocopying, subject to the provisions of the Copyright Act

1968.

I also give permission for the digital version of my thesis to be made available on the web,

via the University's digital research repository, the Library catalogue and also through web

search engines, unless permission has been granted by the University to restrict access for

a period of time.

SIGNED:.............................DATE:..................

v





Dedication

I would like to dedicate this thesis to my family.

My grandmother, Jean

My parents, Paul and Andrea

My brother and his wife, Ben and Maria

My loving partner, William

\...and you learnt a lot you never knew before. And if the journey takes a lifetime

when you thought a year or two, well you just don't give up easy anymore."

Slim

vii





Acknowledgements

A number of people need to be thanked for their contribution to this research who make

its completion possible.

Firstly, thanks go to my supervisors, Assoc. Prof. Richard Kelso and Dr. Peter Lanspeary;

Prof. Kelso for his knowledge of fundamental 
uid mechanics, particularly as an exper-

imentalist, and Dr. Lanspeary for his involvement during the �nal crucial stages of this

research.

Thanks are also given to Mr. Jan Drobik (Defence Science and Technology Organisation,

DSTO) for his continued encouragement, support and providing access to facilities which

would have been otherwise unavailable. Thanks also for the support of the DSTO for their

sponsorship of the research and the scholarship provided.

I also thank the technical sta� of the University of Adelaide Mechanical Engineering

School. Speci�cally the Mechanical Engineering and Electronics Workshop for the advice

and excellent craftsman-ship.

Particular mention and thanks must be given to my fellow researchers for their uncondi-

tional support and freely o�ered advice. Firstly I wish to acknowledge the enormous time

and e�ort provided by Eyad Hassan during a crucial stage of this research. Eyad provided

time, expertise, technical and moral support throughout all stages of PIV experiments

from set-up to data analysis and advice thereafter. Thanks must also be given to a num-

ber of people for their moral support, encouragement and willingness to lend a hand: Tim

Lau, Cris Birzer, Rebecca Jones, Susan Pearce, Billy Constantine, Tommie Liddy, Paul

Medwell, and Michael Riese.

Thanks must also be given to Nova Systems for their continued encouragement and un-

derstanding during the �nal stages of my thesis writing.

ix



Finally, special thanks and love to my parents, Andrea and Paul, my brother Ben and his

wife Maria, for their encouragement. Last, but most importantly, I would like to thank

Billy for his enduring patience, which was stretched numerous times, loving support and

�nancial help throughout the last few years of my candidature. His support ensured that

completion of this thesis was easier than it otherwise might have been, and for this I am

extremely grateful.

Sarah Diane CROOK

August 12, 2011



Contents

Abstract iii

Declaration v

Dedication vii

Acknowledgements ix

Contents xvi

List of Figures xxiv

List of Tables xxvi

Abbreviations xxvii

Mathematical Symbols xxix

Cavity Parameters and Coordinate System xxxiii

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Organisation of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

xi



2 Background and Review 5

2.1 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Aircraft Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.1 Research Gap and Topic Motivation . . . . . . . . . . . . . . . . . . 8

2.3 Cavity Model and Geometric Classi�cation . . . . . . . . . . . . . . . . . . 9

2.3.1 Cavity Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3.2 Flow Speeds, Reynolds Numbers and Boundary Layers . . . . . . . . 11

2.3.3 Aerodynamic Classi�cation of Cavity . . . . . . . . . . . . . . . . . . 11

2.3.3.1 Aerodynamically Open Cavities . . . . . . . . . . . . . . . 12

2.3.3.2 Aerodynamically Closed Cavities . . . . . . . . . . . . . . . 13

2.3.3.3 Transitional Cavities . . . . . . . . . . . . . . . . . . . . . . 14

2.3.3.4 E�ect of Width on the Critical Value . . . . . . . . . . . . 14

2.4 Cavity Flow Oscillations and Dynamic Classi�cations . . . . . . . . . . . . 16

2.4.1 Flow Oscillation Mechanisms and Development . . . . . . . . . . . . 16

2.4.2 Frequency Prediction and Oscillation Thresholds . . . . . . . . . . . 18

2.4.3 Oscillating Flow Development over Two-Dimensional Cavities . . . . 19

2.4.3.1 Shear Layer Vortex Generation . . . . . . . . . . . . . . . . 22

2.4.4 Boundary Layer In
uence . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4.4.1 E�ects of Geometry and Boundary Layers . . . . . . . . . 26

2.5 Two-dimensional, Time-Averaged Flow Topology . . . . . . . . . . . . . . . 27

2.5.1 Backward Facing Step Topology . . . . . . . . . . . . . . . . . . . . 27

2.5.2 Cavity Flow Topology . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.6 Three-dimensional Investigations . . . . . . . . . . . . . . . . . . . . . . . . 32

2.6.1 Three-dimensional Flow Topology in Nominally Two-dimensional

Cavities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32



2.6.2 Three-dimensional Flow Topology in Three-dimensional Cavities . . 38

2.7 Pressure Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.8 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3 Experimental Equipment and Techniques 51

3.1 Apparatus for Experiments in Air Flow . . . . . . . . . . . . . . . . . . . . 51

3.1.1 Cavity Model in Air Flow . . . . . . . . . . . . . . . . . . . . . . . . 51

3.1.1.1 Super-Elliptic Leading-Edge on Flat Plate . . . . . . . . . 52

3.1.1.2 Compensation for Blockage: Adjustable Flap and Screens . 52

3.1.2 Wind Tunnel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.1.2.1 Closed Wind Tunnel Test Section . . . . . . . . . . . . . . 54

3.1.3 Apparatus for Surface Pressure Measurements . . . . . . . . . . . . 56

3.1.3.1 Instrumentation and Flow Symmetry . . . . . . . . . . . . 56

3.1.3.2 Distribution of Surface Pressure Tappings . . . . . . . . . . 56

3.1.3.3 Scanivalve and Instrumentation . . . . . . . . . . . . . . . 59

3.1.4 Accuracy of Pressure Measurements . . . . . . . . . . . . . . . . . . 59

3.1.4.1 Systematic Errors in Measurement Equipment . . . . . . . 59

3.1.4.2 Random Error in Data . . . . . . . . . . . . . . . . . . . . 62

3.1.4.3 Total Error . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.1.5 Quality of Free Stream Flow . . . . . . . . . . . . . . . . . . . . . . 63

3.1.5.1 Measurement Repeatability . . . . . . . . . . . . . . . . . . 64

3.2 Apparatus for Measurements in Water . . . . . . . . . . . . . . . . . . . . . 64

3.2.1 Cavity Model in Water Flow . . . . . . . . . . . . . . . . . . . . . . 65

3.2.1.1 Compensation for Blockage . . . . . . . . . . . . . . . . . . 65

3.2.2 Water Tunnel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.2.3 PIV Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68



3.2.3.1 PIV Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.2.3.2 Laser Light Source . . . . . . . . . . . . . . . . . . . . . . . 69

3.2.3.3 Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.2.3.4 Camera and Lens . . . . . . . . . . . . . . . . . . . . . . . 71

3.2.3.5 Seeding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.2.3.6 Timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.2.3.7 PIV Vector Processing . . . . . . . . . . . . . . . . . . . . 72

3.2.4 Accuracy of Velocity and Vorticity . . . . . . . . . . . . . . . . . . . 73

3.2.4.1 Vorticity Error . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.2.5 Quality of Free Stream Flow . . . . . . . . . . . . . . . . . . . . . . 77

3.2.5.1 Free Stream Speed . . . . . . . . . . . . . . . . . . . . . . . 79

3.3 Summary of Flow Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4 Mixing Layers 81

4.1 Boundary Layer Measurements in Wind-Tunnel Flow . . . . . . . . . . . . . 82

4.1.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.1.1.1 Boundary Layer Corrections . . . . . . . . . . . . . . . . . 82

4.1.2 Boundary Layer Pro�le in Air . . . . . . . . . . . . . . . . . . . . . . 84

4.2 Boundary Layer Measurements in Water-Tunnel Flow . . . . . . . . . . . . 84

4.2.1 Boundary layer Pro�le in Water . . . . . . . . . . . . . . . . . . . . 86

4.3 Shear Layer in Water Tunnel . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.3.1 Shear Layer Oscillations . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.3.2 Shear Layer Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.3.3 Reynolds Stress and Turbulence Intensities . . . . . . . . . . . . . . 93

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94



5 Mean Internal Cavity Flow 97

5.1 Flow Visualisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.1.1 Dye Flow Visualisation in Water . . . . . . . . . . . . . . . . . . . . 98

5.1.1.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.1.2 Surface-Tuft and Surface-Paste Visualisation in Air . . . . . . . . . . 101

5.1.2.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.2 Surface Pressure Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.2.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.2.2 Time-Averaged Centreline Pressure Distribution . . . . . . . . . . . 104

5.2.3 Time-Averaged Three-Dimensional Pressure Distribution . . . . . . 107

5.3 Mean Velocity Distribution and Internal Flow Structure . . . . . . . . . . . 113

5.3.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.3.1.1 x-y plane (measuring u; v) . . . . . . . . . . . . . . . . . . 114

5.3.1.2 x-z plane (measuring u;w) . . . . . . . . . . . . . . . . . . 114

5.3.1.3 y-z plane (measuring v; w) . . . . . . . . . . . . . . . . . . 114

5.3.2 Ensemble-Averaged Velocity Field . . . . . . . . . . . . . . . . . . . 115

5.3.2.1 Time-Averaged Flow Features . . . . . . . . . . . . . . . . 131

5.4 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6 Unsteady Asymmetric Flow 147

6.1 Mass Flow Balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.1.1 Distribution of v-component of Velocity . . . . . . . . . . . . . . . . 149

6.2 Conditionally-Averaged PIV Data . . . . . . . . . . . . . . . . . . . . . . . 151

6.2.1 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.2.2 Asymmetric Flow Fields in the x-z and y-z Planes . . . . . . . . . . 153

6.2.3 Symmetric Flow Fields in the x-z and y-z Planes . . . . . . . . . . . 156



6.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

6.3 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

7 Conclusions 175

7.1 Cavity Mixing Layer (Water Tunnel) . . . . . . . . . . . . . . . . . . . . . . 177

7.2 Internal Cavity Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

7.3 Key Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

A Surface Pressure Data 185

B Asymmetric PIV Data 189

References 200

Copyright Notice 209



List of Figures

2.1 Example of internal weapon bay with doors open (left) and external weapon

carriage (right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Illustration of cavity model with commonly used nomenclature. . . . . . . . 10

2.3 Two-dimensional representation of an open-type 
ow �eld. . . . . . . . . . . 13

2.4 Two-dimensional representation of a closed-type 
ow �eld. . . . . . . . . . . 13

2.5 Open, closed and transitional 
ows with associated pressure distributions

(pressure distributions after Stallings et al., 1995). . . . . . . . . . . . . . . 15

2.6 Classi�cation of 
uid-dynamic and 
uid-resonant oscillations in air, based

on acoustic compactness de�ned using Rossiter's equation where l >> 5�ac

(Milbank, 2004) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.7 Flow development over an open-type cavity (after Mary and Le, 2005). . . . 20

2.8 Quantitative sketch (after Dix and Butler, 1990) and description of the


ow development over an open-type cavity from water-table experiments at

subsonic speeds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.9 High-speed Schlieren visualisation of one cycle of the mixing layer over a

cavity at low Mach number (Forestier et al., 2003). . . . . . . . . . . . . . . 23

2.10 Example of typical time-averaged streamlines of 
ow downstream of a nom-

inally two-dimensional backward facing step obtained from PIV (Kostas

et al., 2002). Image reproduced from Lee (2009) for clarity. Measure-

ments taken for step height of h = 8mm, Reynolds number (based on h) of

Reh=4660, and boundary layer thickness of � = 2:25h. . . . . . . . . . . . . 29

xvii



2.11 Mean velocity �eld with streamlines of 
ow over a nominally two-dimensional

BFS obtained from PIV for step height of h = 20mm, Reh=5065, and

� = 1:3h (Schram et al., 2004). . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.12 Typical time-mean sectional streamlines over a two-dimensional cavity at a

variety of l=d ratios and Reynolds numbers. . . . . . . . . . . . . . . . . . . 30

2.13 (a) Streamlines in two-dimensional cavity, (b) surface streamlines on the

bottom of cavity within one cell, (c) oil patterns illustrating the separation

stream line for Red = 2� 105 (after Maull and East, 1963). . . . . . . . . . 33

2.14 Schematic diagram of the mean 
ow downstream of a normal plate with

long splitter plate, Red = 1:4� 104 (after Ruderich and Fernholz, 1986). . . 35

2.15 Sketch of the cavity 
ow along the center-plane for cavity with l:w:d=2:6:1

(after Faure et al., 2007). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.16 Instantaneous 
ow �elds obtained from numerical simulations, for laminar


ow past a three-dimensional shallow open-cavity (Yao et al., 2004). . . . . 37

2.17 Mean streamline pattern clearly showing the recirculating vortex for cavities

with l=d=1, 2 and 4 (Bres and Colonius, 2008). . . . . . . . . . . . . . . . . 37

2.18 Two-dimensional and three-dimensional sketch of the mean internal cavity


ow; Mach 5, l : d : w=3:3:1 (L/H=3), (after Dolling et al., 1997). . . . . . 39

2.19 Exploded view of surface 
ow patterns for cavities with l=d=3, 4, and 5 for

Mach 5 free stream 
ow (Dolling et al., 1997). . . . . . . . . . . . . . . . . . 41

2.20 Surface streamlines from 3D CFD (RANS), half domain simulation, for a

cavity with l=d=5 and w=d=2 at Mach 0.85 (Knowles et al., 2007). . . . . . 42

2.21 Surface 
ow pattern from experimental 
ow visualisation for a cavity with

l=d=5 and w=d=2 at Mach 0.85 (Atvars et al., 2009). . . . . . . . . . . . . . 42

2.22 Graphical interpretation of three-dimensional 
ow within an l=d=5 (and

w=d=2) cavity at Mach 0.85 (Knowles et al., 2007). . . . . . . . . . . . . . . 43

2.23 Dye visualisation and an interpretation of the pattern on the bottom of a

cavity with l=d=10 and w=d=5 exposed to Mach 1.5 free stream 
ow in a

wind tunnel (Wilcox Jr, 1992). . . . . . . . . . . . . . . . . . . . . . . . . . 44



2.24 Mean vortical structures obtained from LES over a cavity with l:w:d=2:1:4.8

and Rel=860,000 (Larcheveque et al., 2007). . . . . . . . . . . . . . . . . . . 44

2.25 Results from Mary and Le (2005) for (a) velocity magnitude along the

center-plane and (b) & (c) Prms along the bottom and for the front and

back walls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.26 Pressure coe�cient for an empty weapons bay at Mach 0.95 
ow speed

(after Suhs, 1987). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.27 Lateral pressure distributions measured on the cavity back face for an open-

type cavity with various w=d ratios (after Stallings and Wilcox, 1987). . . . 47

3.1 Illustration of cavity model with nomenclature, coordinate system and com-

monly used 
ow parameters (air and water respectively). . . . . . . . . . . . 53

3.2 Coordinate system and geometry of the 
at plate leading-edge nose-piece:

exponent 3.15 & ellipse axis ratio 1:6. . . . . . . . . . . . . . . . . . . . . . 53

3.3 Schematic of The University of Adelaide wind tunnel with modi�ed enclo-

sure and cavity model installed. . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.4 Spanwise distribution of time-average surface pressure coe�cient (Cp) in-

dicating the degree of symmetry about the central x-y plane; z is the (span-

wise) distance from the centre plane of the cavity, y is the distance from

surface of the 
at plate (positive into the cavity), x is the distance down-

stream from front surface of the cavity. . . . . . . . . . . . . . . . . . . . . . 57

3.5 Location of surface pressure tappings in the 
at plate and cavity - air 
ow

model only. All dimensions are in mm. . . . . . . . . . . . . . . . . . . . . . 58

3.6 Photos of the scanivalve multiplexer connection to the underside of the

cavity and basic scanivalve components. . . . . . . . . . . . . . . . . . . . . 60

3.7 Repeatability of pressure coe�cients measure on the back face of the cavity

at a depth of y=d = 0:07 and y=d = 0:88 for three sets of measurements. . . 65

3.8 E�ect of di�erent downstream 
ap angles on streaklines approaching the

leading edge of the plate: a) low 
ap angle, b) optimum 
ap angle, c) high


ap angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66



3.9 Diagram of water tunnel with cavity model installed. . . . . . . . . . . . . . 67

3.10 PIV setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1 Displacement and wall proximity corrections for Pitot probe in a boundary

layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.2 Boundary layer pro�le at the cavity front edge in the wind-tunnel 
ow. . . . 85

4.3 Boundary layer pro�le, u=U1, for z=d=0.0 (centre-plane), z=d=0.5 (quarter-

width plane) and z=d=0.98 (wall-plane) with the Blasius boundary layer

solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.4 Boundary layer pro�le for water and air measured upstream of the cavity

forward wall along the centre-line. . . . . . . . . . . . . . . . . . . . . . . . 87

4.5 Development of vortex roll-up in the shear layer near the front of the the

cavity (z=0 centre-plane at time intervals of 0.5 seconds). . . . . . . . . . . 89

4.6 Shear layer vorticity thickness calculated from velocity gradient; measure-

ments on the z=d=0 centre-plane compared with Ashcroft and Zhang (2005).

Current study: l=d = 6, Re = 4:3� 104, laminar boundary layer. Ashcroft

and Zhang (2005): l=d = 4, Re = 4:4� 105, turbulent boundary layer. . . . 92

4.7 Shear layer vorticity thickness calculated using the CR4 scheme for the

centre, quarter-width and wall-plane; and the centre-plane growth rate of

0.146 (- - -). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.8 Distribution of the ensemble-averaged streamwise velocity component through

the shear layer at various downstream locations along the centre-plane (z=0). 94

4.9 Time-mean streamwise rms velocity 
uctuations, u0=u1 through the shear

layer (y=d = 0) at each image plane. . . . . . . . . . . . . . . . . . . . . . . 95

5.1 Sequence of dye visualisation images showing the quasi-periodic roll-up of

the shear layer and eddy formation. Images are approximately 1 second

apart with U1 = 106mm/s, in water. . . . . . . . . . . . . . . . . . . . . . . 99

5.2 Dye visualisation and centre-plane 
ow interpretation at the front and back

of the cavity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100



5.3 Tuft visualisation photos and interpretation of surface 
ow. . . . . . . . . . 102

5.4 Surface paste visualisation and 
ow interpretation at the back of the cavity. 103

5.5 Mean pressure distribution and rms along the centreline of the cavity. . . . 106

5.6 Surface pressure coe�cient contours. Note: contours are not evenly separated.108

5.7 Pressure contours on the back wall and an illustration of the origin of the

stagnation streamline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.8 Comparison of back wall pressure distributions: current study l:w:d=6:2:1,

Re = 4:3�104; Stallings andWilcox (1987) study l:w:d=6:1.25:1, Re = 2�106.112

5.9 Illustration of features observed during 
ow visualisation and obtained from

pressure data; l=d=6, w=d = 2. . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.10 Sketch of PIV image planes for measurement of (a) u and v in 3 x-y planes,

(b) u and w in 4 x-z planes, and (c) v w in 10 y-z planes. . . . . . . . . . . 116

5.11 Critical Points. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.12 Time-averaged and rms velocity in the x-y plane, z/d=0 . . . . . . . . . . . 118

5.13 Time-averaged and rms velocity in the x-y plane, z/d=0.5 . . . . . . . . . . 119

5.14 Time-averaged and rms velocity in the x-y plane, z/d=0.98 . . . . . . . . . 120

5.15 Time-averaged and rms velocity in the x-z plane, y/d=-0.03 . . . . . . . . . 121

5.16 Time-averaged and rms velocity in the x-z plane, y/d=-0.03 . . . . . . . . . 122

5.17 Time-averaged and rms velocity in the x-z plane, y/d=0.15 . . . . . . . . . 123

5.18 Time-averaged and rms velocity in the x-z plane, y/d=0.70 . . . . . . . . . 124

5.19 Time-averaged and rms velocity in the x-z plane, y/d=0.96 . . . . . . . . . 125

5.20 Time-averaged and rms velocity in the y-z plane, x/d=0.03 and 0.66 . . . . 126

5.21 Time-averaged and rms velocity in the y-z plane, x/d=1.00 and 2.00 . . . . 127

5.22 Time-averaged and rms velocity in the y-z plane, x/d=2.66 and 3.33 . . . . 128

5.23 Time-averaged and rms velocity in the y-z plane, x/d=4.00 and 4.46 . . . . 129



5.24 Time-averaged and rms velocity in the y-z plane, x/d=5.33 and 5.97 . . . . 130

5.25 Cross-sectional image in the y-z plane of the streamline pattern on the back

wall, obtained from PIV data. Critical points are identi�ed. Two contours

of constant pressure are also shown. . . . . . . . . . . . . . . . . . . . . . . 132

5.26 Sketch of rear vortex (purple) and small rear corner vortex skeleton (blue)

overlain on a cross-sectional streamline image in the y-z plane. . . . . . . . 134

5.27 Sketch of the small rear corner vortex in the x-y plane, z/d=0. . . . . . . . 134

5.28 Schematic diagram of the average 
ow downstream of a long splitter plate

with a blu� leading edge (after Ruderich and Fernholz (1986)). . . . . . . . 136

5.29 Illustration of the recirculation vortex and the transportation of 
uid. . . . 137

5.30 Illustration of the front vortex and the transportation of 
uid. . . . . . . . . 139

5.31 Sketch of the small front corner vortex in the x-y plane, z/d=0. . . . . . . 139

5.32 Illustration of tornado vortex transporting 
uid upwards. . . . . . . . . . . 140

5.33 Illustration of streamwise vortex along the side corners of the cavity. . . . 142

5.34 Diagrammatic summary of the time-average 
ow in an open-type cavity

with l:w:d=6:2:1, Re = 4:25� 104. . . . . . . . . . . . . . . . . . . . . . . . 145

6.1 Plan view of cavity with grid showing locations of y-z and x-z plane PIV

data. `Mirrored data' assumes symmetry in the z=0 plane. . . . . . . . . . 149

6.2 Time-average vertical component (v) of velocity in the horizontal x-z plane

at y=d=0.01 (just below the top of the cavity). . . . . . . . . . . . . . . . . 150

6.3 Sequence of PIV velocity vectors in the y-z plane close to the rear wall,

x/d=5.97 (time-averaged over 1 second). End view. . . . . . . . . . . . . . . 151

6.4 Parameters used for centroid calculation. . . . . . . . . . . . . . . . . . . . . 152

6.5 (a) Volume-
ow centroid vs. time for y-z plane at x/d=5.98 (back wall);

(b) and (c) vector �eld of the conditionally-averaged asymmetric PIV vector

�elds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154



6.6 Conditionally-averaged asymmetric velocity �elds and rms in the y-z plane,

x/d=0.03 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.7 Conditionally-averaged asymmetric velocity �elds and rms in the y-z plane,

x/d=5.98 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

6.8 Conditionally-averaged asymmetric velocity �elds in the x-z plane, y/d=-0.03159

6.9 Conditionally-averaged asymmetric velocity �elds in the x-z plane, y/d=0.12160

6.10 Conditionally-averaged asymmetric velocity �elds in the x-z plane, y/d=0.70161

6.11 Conditionally-averaged asymmetric velocity �elds in the x-z plane, y/d=0.97162

6.12 Conditionally-averaged symmetric velocity �elds in the y-z plane, x/d=0.03

and x/d=5.98 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

6.13 Conditionally-averaged and ensemble-averaged velocity �elds in the x-z

plane, y/d=0.97 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

6.14 Correlated u-component of velocity. Data point consists of 200 points av-

eraged over the area covering x=d =4.8 to 5.6 at x=d = �0:5. . . . . . . . . 167

6.15 Interpretation of the rear vortex and 
ow pattern for the positive and neg-

ative asymmetric 
ow state. . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

6.16 Illustration of the tornado vortices for the positive and negative asymmetric


ow states. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

6.17 (a) Rotation of tornado vortices for cavities with l=d �6, and (b) rotation

of vortices for cavities with l=d �5. . . . . . . . . . . . . . . . . . . . . . . . 171

6.18 Conditionally-averaged positive and negative asymmetric 
ow pattern on

the internal surface of the cavity. . . . . . . . . . . . . . . . . . . . . . . . . 174

7.1 Illustration of cavity model with nomenclature and coordinate system. . . . 176

7.2 Shear layer vorticity thickness calculated using a Compact-Richardson scheme

for the three measurement planes; and the centre-plane growth rate of 0.146

(- - -) for zero transverse 
ow. . . . . . . . . . . . . . . . . . . . . . . . . . . 178



7.3 Diagrammatic summary of the 
ow in an open-type cavity with l:w:d=6:2:1,

Re = 4:25� 104. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

A.1 Location of pressure ports and measured surface pressure coe�cient on front

and back wall of cavity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

A.2 Location of pressure ports and measured surface pressure coe�cient on

bottom and side wall of cavity . . . . . . . . . . . . . . . . . . . . . . . . . 187

A.3 Location of pressure ports and measured surface pressure coe�cient on

support plate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

B.1 Conditionally-averaged and rms velocity in the y-z plane, x/d=0.03 . . . . . 190

B.2 Conditionally-averaged and rms velocity in the y-z plane, x/d=0.66 . . . . . 191

B.3 Conditionally-averaged and rms velocity in the y-z plane, x/d=1.00 . . . . . 192

B.4 Conditionally-averaged and rms velocity in the y-z plane, x/d=2.00 . . . . . 193

B.5 Conditionally-averaged and rms velocity in the y-z plane, x/d=2.66 . . . . . 194

B.6 Conditionally-averaged and rms velocity in the y-z plane, x/d=3.33 . . . . . 195

B.7 Conditionally-averaged and rms velocity in the y-z plane, x/d=4.00 . . . . . 196

B.8 Conditionally-averaged and rms velocity in the y-z plane, x/d=4.66 . . . . . 197

B.9 Conditionally-averaged and rms velocity in the y-z plane, x/d=5.33 . . . . . 198

B.10 Conditionally-averaged and rms velocity in the y-z plane, x/d=5.98 . . . . . 199



List of Tables

3.1 Summary of systematic error (�X
X
) in wind tunnel data (based on full scale). 62

3.2 Summary of total random errors ( �Y
Y
) associates with wind-tunnel mea-

surements (99% con�dence interval). . . . . . . . . . . . . . . . . . . . . . . 63

3.3 Summary of systematic, random and total errors associates with wind tun-

nel pressure measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.4 Summary of PIV bias errors . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.5 Summary of turbulence component of uncertainty for each cross-section in

each image plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.6 Summary of PIV System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.7 Summary of free stream 
ow speed and rms 
uctuations in three x-y planes 79

3.8 Summary of 
ow parameters for surface pressure measurements and PIV. . 80

4.1 Boundary layer thickness and uncertainty (�=2.93%); experimentally and

empirically calculated boundary layer parameters in wind tunnel. . . . . . . 86

4.2 Experimentally and theoretically calculated boundary layer parameters in

water tunnel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.1 Summary of Reynolds decomposition: spatially-averaged cross-
ow velocity

component and spatially-averaged rms velocity 
uctuations in the y-z plane. 115

5.2 Downstream location of the recirculation vortex core and small-scale vortex

for each x-y plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

xxv



6.1 Summary of normalised mass 
ow and rms 
uctuations at three depths. . . 150

6.2 Summary of the number of images used in the conditionally-averaged en-

semble (for both + and � extremes), the �rst moment and centroid for PIV

data in the y-z plane and x-z plane. . . . . . . . . . . . . . . . . . . . . . . 155

6.3 Summary of ensemble-averaged velocity (in mm/s), rms 
uctuations and

conditionally-averaged (positive and negative) rms 
uctuations in the y-z

plane. The reductions in rms values between the ensemble-averaged data

and the positive conditionally averaged data are shown. . . . . . . . . . . . 172

7.1 Summary of 
ow parameters and uncertainty. . . . . . . . . . . . . . . . . . 176



Abbreviations

2D Two dimensional

3D Three dimensional

BFS Backward facing step

CCD Charged coupled device

CFD Computational 
uid mechanics

CR4 Fourth-order, hybrid, compact-Richardson extrapolation

CW Clockwise

CCW Counter-clockwise

DLR Deuttsches Zentrum f�ur Luft-und Raumfahrt (German Aerospace Centre)

DSTO Defence Science and Technology Organisation (Australia)

KAO Kuiper Airborne Observatory

LES Large-eddy simulation

LDV Laser-doppler velocimetry

MDF Medium density �breboard

NASA National Aeronautics and Space Administration

Nd:YAG Neodymium-doped yttrium aluminium garnet

PIV Particle image velocimetry

rms Root mean squared

RANS Reynolds-averaged numerical simulation

SOFIA Stratospheric Observatory for Infrared Astronomy

SPL Sound pressure levels

xxvii





List of Symbols

Ac Cavity reference area, depth � width
a
b

Geometric parameter de�ning the slenderness of a super-elliptic pro�le

� Angle of attack; phase lag

C Centroid

c Speed of sound

Cd Drag coe�cient, Cd =
D
q:Ac

Cp Pressure coe�cient, Cp =
px�po

q

d Pitot probe diameter

d� non-dimensional Pitot probe diameter, dU�
�

dB Decibel

dB(A) A-weighted decibel

� Density

d Depth of cavity

D Drag force

� Boundary-layer thickness

�w Pitot probe proximity correction shift

f Frequency of instability wave;

frequency of 
uid velocity or pressure 
uctuation; resonance frequency

fac Frequency of radiated sound

� Normalised convection velocity Uc
U1

h Height of the cavity or step

H Shape factor, ��

�

l Length of cavity

l=d Length-to-depth ratio of cavity

l=dcr Critical length-to-depth ratio

L Boundary-layer development length

Lr Ruler length used for PIV calibration

�ac Acoustic wavelength

xxix



M Mach number, U=c

M1 First moment

m Stage number; number of wavelength of instability waves in the shear layer at any

instant in time (also refers to the dominant oscillation state, typically 1, 2, 3 or 4)

_m Met mass 
ow

N Number of samples; number of PIV image pairs

po Free-stream static pressure

px Surface pressure at location ~x (location is de�ned by x; y and z)

Prms Root-mean-square of the pressure signal

Pe Pressure in the local shear layer

q Free-stream dynamic pressure, 1
2�U

2
1

Rel Reynolds number based on length l

Red Reynolds number based on depth d

Re� Reynolds number based on boundary-layer thickness �

Re�� Reynolds number based on displacement thickness ��
Re� Reynolds number based on boundary-layer thickness �

r or ro PIV conversion factor (m/pixel)

~s or jh~sij PIV mean particle displacement (pixels)

St Strouhal number

�t PIV time delay between two images

� Wall shear stress

� Kinematic Viscosity

� Dynamic Viscosity

� and " Uncertainty in the data

"Ub Bias uncertainty in the mean velocity

"Ut Random error / turbulence component of uncertainty in the mean velocity

�r Uncertainty in the PIV conversion factor

�s Uncertainty in the PIV particle displacement

�t Uncertainty in the PIV time delay, also known as jitter of the laser pulse
�x
�X Relative uncertainty in the data
�t
�t PIV error: pulse separation rms jitter / pulse separation
�r
�L PIV error: uncertainty in length calibration / length calibrated
�d
�D PIV error: uncertainty in particle image diameter / particle displacement
�D
�D PIV error: uncertainty in particle image displacement / particle displacement
��
�� PIV error: uncertainty in particle image density / particle displacement
�q
�D PIV error: uncertainty in image quantization / particle displacement
�n
�D PIV error: uncertainty in noise / particle displacement
��V
�D PIV error: uncertainty in velocity gradient / particle displacement



� Momentum thickness

U1 Mean free-stream velocity
~U PIV velocity vector, r:~s

�t

Uc Convection velocity of instabilities in the shear layer

Ul Velocity in shear layer lower stream

Uu Velocity in the shear layer upper stream

Ue Velocity in the local shear layer

U� Friction velocity,
p
�=�

u, v, w Instantaneous velocity at a point (x-, y- and z-component)

u, v, w Mean velocity at a point (x-, y- and z-component)

u0, v0, w0 Instantaneous velocity 
uctuations at a point (x-, y- and z-component)

u0, v0, w0 Mean velocity 
uctuations at a point (x-, y- and z-component)

jh~Uij , jh~V ij , jh ~W ij Mean velocity, also expressed as U , V and W (x-, y- and z-component)

w or wc Width of cavity

w=d Width-to-depth ratio of cavity

! Vorticity

�! Vorticity thickness

x x coordinate (lengthwise direction); distance from front wall of cavity

y y coordinate (depthwise direction); distance from the surface of the support plate

�y Shift in y position

z z coordinate (spanwise direction)

� Blasius similarity variable, y
2

q
U1

(x+L)�





Cavity Parameters and

Coordinate System

xxxiii



��������

��

��������	
���
 �

���
��������	��

�	�	����	
��

�	
���
�	

���
��

����

�����

��������������������

�����
 


�	

�
��

�

�

�

�

����������	���
��	��	�


��	���	�	
�����

���	����


 �!����"�	�����

#�������

$%����������	&

�	

��
	'�
��

	

(')*

+����	���

������������	

#�����������	

#��	�����

,	���
��

������

���������

���
������

�

�

#�	������	�

�����������

�	���
��	��	

���
��������	� ,��
���	���

������������	
 �!����"�	�

����

�������

�	���
��

Commonly used cavity parameters for wind and water tunnel experiments

Symbol Description Value in air Value in water

l Length of cavity 450mm 450mm

d Depth of cavity 75mm 75mm

w Width of cavity 150mm 150mm
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Re� Reynolds number based on � 1,078 138
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