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Abstract

An investigation of the interaction between the vibration of a cable towed under water
and the flow developing in the vicinity of a slender cylindrical structure in axial flow,

and departing from axial flow, is presented.

The modal characteristics of a towed cable are discussed and mode shapes for the mo-
tion of a neutrally buoyant cable towed in a viscous fluid are determined. The flow past
static cylindrical structures, with shapes representative of the mode shapes identified,
is then observed in flow visualisation experiments. More specifically, the structures
forming in the flow past circular cross-section cylinders in axial flow and near-axial
flow, and past cylinders featuring a sudden departure from axial flow are investigated.
The turbulent boundary layer that forms on cylinders in axial flow essentially retains
its identity when the cylinder is slightly yawed. The boundary layer thickness may
grow to many cylinder radii, and large eddies of scales that exceed the cylinder radius
are observed. When the cylinder in axial flow features a bend, and thus suddenly de-
parts from being in axial flow, dominant streamwise structures are formed in the wake
of the inclined portion of the cylinder. The formation of these structures generates a
shear layer at the interface with the free stream flow, in which instabilities are found

to develop.

Attention is concentrated on the characteristics of the surface-pressure field beneath
turbulent boundary layers with thicknesses more than ten times the cylinder radius that
form on cylinders in axial and near-axial flow. The investigation ranges over axial flow;

flows with small angles of yaw (up to 1°), which produce distorted but still-recognisable



boundary layers; and flows at yaw angles (up to 9°) that are sufficiently large for the
boundary-layer flow to give way to oblique vortex shedding from the cylinder. It is
concluded that the surface-pressure power spectra of axisymmetric boundary layers are
consistent with the distinct frequency regimes which characterise the spectra of planar
boundary layers, although the low-frequency regime may be more extensive; and that,
despite the gross asymmetries in the outer regions of the boundary layer produced by
small yaw angles, the scale of the main pressure-producing region of the layer changes

very little with yaw angle.



Contents

Abstract . . . . . . L Lo iii
Acknowledgments . . . . . ... v
Table of Contents . . . . . . . . . . . . . .. . vi
List of Figures. . . . . . . . . . . . . xvi

List of Tables . . . . . . . . . . . . . o xxvii
Statement of Originality . . . . . . . .. .. ... 00 0oL xxix
Conventions . . . . . . . . . .. e e e e xxxi

Nomenclature . . . . . . . .. ... ... ... .. e e e e e xxxiii
Introduction 1
1.1 General definitions . . . . . .. ... L Lo 4
Vibration of a cable towed under water 7
2.1 Modelling of the vibration problem . . . ... ... ... ... ..., 7
2.1.1 Mechanical properties of thecable. . . . . . . .. .. ... ... 8
2.1.2 Flow induced loading . . . . . .. ... .. ... .. ... .. 11
2.1.2.1 Viscousforces . . . . . . ... .. ... 11

2.1.2.2 Massloading . .. ... .. ... ... .. 11



2.1.3 Governing equations for the motion of the cable . . . . . . . .. 12

2.1.3.1 “Stress-strain” relationship . . . . . . . ... . ... .. 12
2.13.2 Equationof motion . . . . . .. ... 0L, 13
2.1.3.3 Tension distribution . . . . ... .. ... L. 15
2.1.3.4 Wave propagation in a towed cable . . . . . . ... .. 19

2.2 Review of existing solutions for the equation of motion of towed cables 24

2.3 Modal analysis of a submerged cable with a linear distribution of tension 26

2.3.1 Freevibrations . . . . .. ... oo 26
2.3.2 Effect of fluid loading . . . . ... ... ... ... ... .. 32

9.4 Tnteraction between cable vibration and flow patterns . . . .. .. .. 35
Visualisation of Flows over Cylinders 39
3.1 Experimental apparatus . . . .. ... .. ... ... ... ... .. 40
3.1.1 Water-channel . . . . . . .. ... ... ... L. 40
3.1.2 Construction and positioning of models . . . . . . . .. .. ... 40
3.1.2.1 Axisymmetric cylinder . . . . . ... ... ... 42

3.1.2.2 Models composed of two cylindrical segments . . . . . 43

3.2 Flow visualisation technique . . . . . . . .. .. ... ... ....... 44

3.2.1 Comparison of the hydrogen-bubble technique with other visual-

isation techniques . . . . . . .. ... Lo 44
3.2.2  Overview of the hydrogen-bubble technique . . ... ... ... 46
3.2.3 Optimisation of the visualisation technique . . . . . . . .. . .. 48
3.2.4 Experimental set-up used in the present experiments . . . . . . 51

3.3 Axial flow over a long circular cylinder . . . . ... ... 93



3.3.1 Laminar boundary layer flow . . . . . . .. ... ... ... ... 53

3.3.2 Turbulent boundary layer flow . . . . . . ... ... ... .... 56
3.4 Flow over a long circular cylinder in near-axial low . . . ... ... .. 60
3.41 Laminarflow . . . .. ... .. .. ... L. 60
3.42 Turbulent flow . . . . . .. .. ..o 60
3.5 Flow over “bent” cylinders . . . . .. ... ... ... ... ... 63

3.5.1 Typical flow structures for a laminar boundary layer approaching

thebend . . . . . . . . oL 64
3.5.1.1 Flow in the near vicinity of the bend . . . . . . . . .. 65
3.5.1.2  Shear layer separation . . . . ... ... ... ... .. 66
3.5.1.3 Wakestructure . . . . ... ... oL 0oL 67

3.5.2 Role of the laminar axisymmetric boundary layer in streamwise

structure formation . . . . . . . . .. ... 70

3.5.3 Influence of the angle of yaw for laminar boundary layer ap-

proaching the bend . . . . . . . . ... Lo 73

3.5.4 Influence of turbulence in the boundary layer approaching the

bend . . . .. 73

3.5.50 Interpretation . . . . .. ... .. ... 75

35,6 Conclusions . . . .. . ... L L o 77

3.6 Concluding comments on the flow visualisation experiments . . . . . . 78

4 The Laminar Boundary Layer on a Cylinder 79
4.1 Governing equations . . . . . ... ..o o 79

4.1.1 Continuity equation . . . . . . . . ... ... 80



9.2

4.1.2 Prandtl equation . . . ... .. .. ..o, 80

4.1.3 Momentum integral equation . . .. ... ... ... ... 81
4.1.4 Boundary conditions . . . . . . ... ... 0L L. 81
4.2 Integral properties of the mean velocity profile . . . . . . . .. ... .. 82
4.3 Solution of the laminar boundary layer equations . . . . ... ... .. 84

4.3.1 Determination of an analytical mean velocity distribution by ap-
plication of the Pohlhausen method . . . . . . ... .. .. ... 85

4.3.2 Universal shape parameters for the laminar boundary layer on a
cylinder . . . .. .. ... 87

4.4 Comparison of mean properties of planar and cylindrical laminar bound-
ary layers . . . . . .. L L 90
4.4.1 Velocity distribution . . . . ... ..o 000000 90
4.4.2 Friction coefficient . . . . . .. ..., 90
4.5 Concluding comments . . .. .. .. .. .. ... .. ... 92
5 Flow Measurement Apparatus 93
5.1 Low-vibration water channel . . . . . . . . ... ... 93
5.1.1 Channeldesign . . . ... ... ... ... ... ... ... .. 94
5.1.1.1 Reduction of vibration levels . . . .. ... . ... .. 94

5.1.1.2 Increase of the flow velocity through the channel test

section . ...l L o 96

5.1.1.3 Flow regulation . . . . ... ... ... ......... 97

5.1.2 Flowcalibration . . . . ... .. ... .. o0 0oL 97
Instrumentation . . . . . . ..o oL Lo 99



5.2.1 Miniature transducers . . . . . . . . ... ... e 99

5.2.2 Instrumented cylinder module . . . . . .. . .. ... .. .... 100
5.2.3 Multi-purpose pressure probe . . . . ... ..o 101
5.2.4 Pitot-staticprobe . . . . ... ..o 106
5.2.5 Hot-wire probe . . . . . ... .. ..o 106
5.2.6 Signal conditioning . . . . . ... ... Lo 109
5.2.6.1 Pressure and acceleration signals . . . . . .. ... .. 109

5.2.6.2 Hot-wiresignals . . ... ... ... ... ...... 110

5.2.7 Data acquisition system . . . ... ... ... ... ... ... 110
5.2.8 Signal processing . . . . .. ... Lo o 111

6 The Turbulent Boundary Layer on a Cylinder in Axial Flow 113
6.1 Dimensional analysis of cylindrical boundary layer flows . . . . . . . .. 114
6.2 Overview of previous investigations on cylindrical boundary layers . . . 119
6.3 Experimental procedure for the flow measuren;ents ........... 121
6.4 Wall shear stress . . . . . . . . .. ... ... ... ... ... ... 124

6.4.1 Determination of friction coefficient by application of the mo-

mentum integral theorem . . . . . . . . ... ... ... ..., 126

6.4.2 Determination of friction velocity by the law of the wall for ax-

isymmetric turbulent boundary layers . . . . . .. .. ... ... 128
6.4.2.1 The law of the wall for a planar turbulent boundary layer129

6.4.2.2 The law of the wall for an axisymmetric turbulent bound-

arylayer. . . . .. ... o 134

6.4.2.3 Estimation of friction velocities . . . . . . . . . .. .. 139



6.5

6.6

6.4.3 Determination of the wall shear stress with a Preston tube . . . 146

6.4.4 Summary of wall shear stress estimates . . . . . .. .. ... .. 148
6.4.5 Theoretical predictionsof C, . . . . . .. ... ... 149
6.4.6 Concluding comments on the wall shear stress estimates . . .. 151
Mean velocity profiles . . . . . . .. .. oo Lo 153
6.5.1 Initial inspection of the measured data . . . . . . . .. ... .. 153
6.5.2 [Estimation of the boundary layer thickness . . . . . .. ... .. 154
6.5.3 Calculation of integral properties of the velocity profiles . . . . . 156
Wall-pressure fluctuations . . . .. .. .. .00 167
6.6.1 Time recor(;s ............................ 167
6.6.2 Power spectral density . . . .. . ... ... L. 167
6.6.2.1 Noise contamination of the signals . . . ... ... .. 168
6.6.2.2 Initial inspection of the wall-pressure power spectral
density functions . . . . . .. ... L. 169
6.6.2.3 Wall-pressures beneath a planar boundary layer . . . . 172
6.6.2.4 Scaling of the cylindrical boundary layer wall-pressure
spectrum . . . ... L. L 180
6.6.3 Root mean square pressure . . . . . . ... ... ... 196
6.6.4 Statistical properties of the pressure signals . . .. .. ... .. 204
6.6.5 Wall-pressure correlation functions . . . .. ... ... ... .. 206
6.6.5.1  Cross-correlation functions. . . . . . ... ... .. .. 207
6.6.5.2 Streamwise decay of the pressure correlations . . . . . 214
6.6.5.3 Convection velocities of the pressure fluctuations . . . 218

6.7 Pressure — Velocity coherence functions . . . . . .. ... ... L. 220



7 Turbulent Boundary Layers on Cylinders in Near-Axial Flow 225

7.1 Flow regimes on cylinders inclined to the mean flow direction. . . . . . 226
7.1.1 Cylindersin cross-flow . . . .. ... ... ... ... ... .. 226
7.1.2 Cylinders inclined to the mean flow direction . . . . . . . . . .. 227
7.1.3 Cylinders in near-axial low . . . ... ... ... ... ... .. 228

7.2 Experimental procedure for the investigation of flows developing on
cylindersin near-axial flow . . . . . .. .. .. ... ... 0. 230

7.3 Data acquisition . . . . . . ... Lo 233
7.3.1 Sampling parameters . . . . .. ... Lo oL 233
7.3.2 Computation of power spectral density functions . . . . . . . .. 234

7.4 Cylinder inclined at yaw angles 3 <1° . . . . .. .. ... ... .. .. 235
7.4.1 Mean flow asymmetry . . . .. ... ... 235
7.4.2 Wall-pressure fluctuations . . . . .. ... ... .. ... ... 242

7.4.2.1 Dimensional wall-pressure power spectra . . . .. ... 242
7.4.2.2 Scaling of wall-pressure power spectra . . . . . . ... 247
7.4.2.3 Root-mean-square pressure . . . . . . . . . ... ... 251

7.5 Cylinders inclined at yaw angles 1° < 8<9° . . . .. . ... ... ... 252

7.5.1 Wall-pressure fluctuations . . ... ... .. ... ... ... .. 252

7.5.1.1 Power spectral density functions . . . ... ... ... 252

7.5.1.2 Root-mean-square pressure . . . . . . . . .. .. ... 255

7.5.2 Vortex-shedding excitation . . . . . ... ... ... 0oL, 257

8 Research findings 259
8.1 Imtroduction . . . . . . . . . ... 259



8.2 Motion of a cable towed in water . . . . .. .. ... ... ... .... 261

8.3 Patterns of flow over cylinders . . . . . . .. .. .. ... 262
8.4 Wall shear stress in cylinder lows . . . . . .. .. ... .. ... 262
8.5 Mean velocity profiles and determination of boundary layer thickness . 263
8.6 Experimental resolution of the turbulence wall-pressure field . . . . . . 265

8.7 The spectrum of wall-pressure fluctuations on a cylinder in axial flow . 266

8.8 Space-time correlations and convection velocities of the pressure field on

acylinder in axial flow . . . . . ... ... 0oL 268

8.9 Pressure-velocity coherence on a cylinder in axial flow . . . . . . .. .. 269
8.10 Wall-pressure spectrum on yawed cylinders . . . . . ... ... ... .. 269
8.11 Root-mean-square wall-pressures . . . . . . ... .. ... .. ..... 270
812 Concluding remarks . . . . . . . . ... ... . L. 272
References 274
Appendices 287

A Derivation of the boundary layer equations for axial flow over a cylin-

der 287
A.1 Equations governing the motion of the fluid . . ... .. ... ... .. 287
A.1.1 Laws of conservation . . . . ... .. ... ... ... ... .. 287
A.1.2 Navier-Stokes equations . . . . .. ... .. ... ... ..... 288
A.1.3 Boundary conditions . . . . ... ... ... 0L, 288

A.1.4 Continuity and Navier-Stokes equations in cylindrical coordinates 289

A.2 Boundary layer approximation . . . . . .. ... o000 290



A.2.1 Fundamental

assumptions . . . . ... .. ... L.

A.2.2 Navier-Stokes equations for a cylindrical boundary layer

B Instrumentation calibration data

B.1 Pressure transducers
B.2 Pre-amplifiers . . .

B.3 Anti-aliasing filters

C Publications

290

293

293

293

293

305



