


Fluid V ortices

Edited by

SHELDON I. GREEN
Department of Mechanical Engineering,
University of British Columbia,
Vancouver, Canada.

r , • i i.~ t 4

KLUWER ACADEMIC PUBLISHERS
DORDRECHT I BOSTON I LONDON

" ~



Table of Contents

Editor's Preface .
Xl

Colour Plates .
XVI

CHAPTERI
INTRODUCTION TO VORTICITY

S.1. GREEN
1.1 Vorticity and Vortices . . . . . . . . . . . .
1.2 Vorticity Kinematics and Dynamics - Physical Principles
1.3 The Vorticity Equation with Examples .
1.4 Summary .
LA Vorticity in Orthogonal Curvilinear Coordinates

. 1

. 1

. 9
18
31
32

CHAPTER 11
MIXING LAYER VORTICES
M. R. LESIEUR
11.1 Introduction to Mixing Layers . . .
11.2 Methods for Large Eddy Simulations
11.3 Temporal Mixing-Layer Simulations
II.4 Spatially-Developing Simulations
11.5 Rotating Mixing Layers
11.6 Summary . . . . . . . . . .

35

35
40
42
50
53
59

CHAPTER 111
VORTICITY IN JETS

F. F. GRINS TEIN, M. N. GLAUSER, and W. K. GEGRGE
II1.1 Introduction . . . . . . . . . . . . . . . . .
II1.2 Transitional Jet Flows . . . . . . . . . . . . . . .
II1.3 Entrainment and Three-Dimensionality in Free Jets . .
IIl.4 Statistical Methods Applied to Structure Determination
II1.5 By Way of Conclusion -

A Two-Ring Model for the Axisymmetric Jet . . . . .

65

65
67
76
82

88



vi TABLE OF CONTENTS

CHAPTERIV
VORTEX RINGS .

T. T. LIM and T. B. NICKELS
IV.1 Introduction . . . . . .
IV.2 Mathematical Background
IV.3 The Inviscid Vortex Ring
IVA The Viscous Vortex Ring
IV.5 Vortex Ring Interactions
IV.6 Closing Remarks

CHAPTER V
VORTEX DYNAMICS IN
THE WAKE OF A CYLINDER
c. H. K. WILLIAMSON
V.1 Introduction . . . . . . . . . . . . .
V.2 Overview of Vortex Shedding Regimes
V.3 Three-Dimensional Vortex Patterns in the

Laminar Shedding Regime. . . . . . .
VA Three-Dimensional Vortex Dynamics in the

Wake Transition Regime .
V.5 Three-Dimensional Phenomena at Higher Reynolds Numbers
V.6 Wave Interactions in the Far Wake . . . . . .
V.7 Three-Dimensional Effects in Other Wake Flows
V.8 Concluding Remarks .

CHAPTER VI
TURBULENT WALL-LAYER VORTICES .

C.R.SMITHandJ.D.A. WALKER
VI. 1 Introduction . . . .
VI.2 Background. . . . .
VI.3 Mean Profile Structure
VIA Coherent Structure
VI.5 Hairpin Vortices . . .
VI.6 Evolution of Hairpin Vortices in Shear
VI. 7 Low-Speed Streaks .
VI.8 Regeneration
VI.9 Summary .....

95

95
97

100
110
137
147

. 155

.- 155
160

169

183
· 206
· 212
· 218
· 221

. 235

· 235
· 236
· 240
· 247
· 253
· 258

266
270
283



FLUID VORTICES vü
CHAPTER VII

COMPRESSIBLE VORTICES . 291
D.BERSHADER
VII. 1 Further Remarks on the Basic Relations . . . . . . . . . . . 291
VII.2 Vortex Flows With Compressibility . . . . . . . . . . . . . 295
VII.3 Studies Of Two-Dimensional Compressible Transverse Vortices . 303

CHAPTER VIII
VORTEX STABILITY

R. L. ASH and M. R. KHORRAMI
VIII. 1 Basic Formulation
VIII.2 Inviscid Analysis . . . .
VIII.3 Viscous Analysis . . . .
VIllA Experimental Verification
VIII.5 Concluding Remarks

· 317

· 319
· 322
· 352
· 365
· 366

CHAPTERIX
BREAKDOWN OF SLENDER VORTICES

w. ALTHA US, CH. BR ÜCKER, and M. WEIMER
IX.l Introduction . . . . . . . . . . . .
IX.2 Basic Theoretical and Numerical Aspects . . .
IX.3 Experimental Investigations. . . . . . . . .
IXA Camparisan of Experimental and Numerical Results
IX.5 Criteria For Vortex Breakdown
IX.6 Summary. . . . . . . . . . . . . . . . . . .

· 373

· 373
· 376
· 385
· 394
· 417
· 419

CHAPTERX
WING TIP VORTICES

S.1. GREEN
X.l The Origin of Tip Vortices .
X.2 The Technological Relevance of Tip Vortices
X.3 Lifting Line Theory .
XA Tip Vortices - Our Knowledge to Date
X.5 Other Topics in Tip Vortices. . . . .

· 427

· 427
· 430
· 435
· 444
· 460



Vlll 'I:ABLE OF CONTENTS

CHAPTER XI
VORTICES IN
AERO-PROPULSION SYSTEMS .
1. A. WAITZ, E. M. GREITZER, and C. S. TAN
XLI Introduction . . . . . . . . . . . . . .
XI. 2 Secondary Flow . . . . . . . . . . . . .
XI.3 Vortex Line Stretching, Intensification of Vorticity,

and Vortex Formation .
XI.4 Tip Clearance Plows; Clearance Vortices
XI.5 Vortex-Enhanced Mixing . . . . .
XI.6 Shock-Enhanced Mixing . . . . .
XI. 7 Summary and Concluding Remarks

CHAPTER XII
VORTEX-STRUCTURE INTERACTION

R. D. BLEVINS
XII. I Vorticity Generation: the Vortex Street . . . . . . .
XII.2 Periodic Vortex Shedding from Structures . . . . . .
XIl.3 Infl.uence of Structural Motion and Sound on Vortex Shedding
XIl.4 Vortex-Induced Vibration . . . . . . . . . . . . . .
XIl.5 Wake Oscillator, Discrete Vortex, and Numerical Models.
XII.6 Vortex-Induced Sound .
XII. 7 Bridges and Buildings . . . . . . . . . . . . . . . .

CHAPTER XIII
MATHEMATICAL MODELLING OF
SOLITARY OCEANOGRAPHIC VORTICES
G. E. SWATERS
XIII. I Introduction. . . . . . . . . . . . . . . . . . . .
XIIl.2 Some Simple Models . . . . . . . . . . . . . . . .
XIlI.3 Variational Principles, Stability and Andrews' Theorem.
XIlI.4 Modulation Theory
XIII. 5 Concluding Remarks . . . . . . . . . . . . . . . .

. 471

.471
· 472

.477
· 490
· 502
· 520
· 527

. 533

· 533
· 536
· 542
· 545
· 552
· 557
· 563

575

· 575
· 578
· 592
· 598
.611



FLUID VORTICES IX

CHAPTER XIV
ATMOSPHERIC VORTICES . 617

R. A. PIELKE, J. L. EASTMAN, L. D. GRASSO, J. B. KNOWLES,
M. E. NICHOLLS, R. L. WALKO, and X. ZENG
XIV.1 Introduction. . . . . . . . . . . . . .
XIV.2 Derivation of Equations; Definitions
XIV.3 Three-Dimensional Atmospheric Vortices -

Atmospheric Turbulent Vortices .
XIV.4 Solenoidally-Generated Vortices . . .
XIV.5 Small-Scale Vortices Generated by

Vertical Shear of the Horizontal Wind
Synoptic-Scale Vortices . . . . . . .
Cumulonimbus-Generated Mesoscale Vortices
Mesoscale Vortices Generated by
Horizontal Shear of the Horizontal Wind

XIV.9 Tornadoes ....
XIV.10 Tropical Cyclones
XIV.ll Conclusions .

· 617
· 617

· 619
· 620

XIV.6
XIV.7
XIV.8

· 625
· 625
· 628

· 629
· 629
· 636
· 643

CHAPTERXV
THREE-DIMENSIONAL
VORTEX DYNAMICS SIMULATIONS

E. MEIBURG
XV.1 Introduction . . . . . . . . . . . . . . . . . .
XV.2 From Physical Principles to Computational Algorithms
XV.3 Summary and Outlook .

. 651

· 651
653

· 677

CHAPTER XVI
VORTICITY INTERACTIONS
WITH A FREE SURFACE

E. P. ROOD
XVL1 Introduction. . . . . .
XVL2 Stress Conditions
XVL3 Free-Surface Deformation
XVL4 Free-Surface Vorticity
XVL5 Vorticity Flux . . . . .
XVL6 Chapter Summary . . .
XVLA Derivation of \lw .n in Generalized Curvilinear Coordinates.
XVLB Flux of Surface-Parallel Vorticity for

Surfaces Normal to 0 and to z . . .
XVLC Flux of Surface-Normal Vorticity for

Surfaces Normal to 0 and to z . . .

. 687

· 687
· 693
· 697

701
715
726
727

· 728

728



X TABLE OF CONTENTS

CHAPTER XVII
VORTEX CAVITATION . · 731

R. E. A. ARNDT
XVII.1 Introduction 731
XVII.2 Occurrence of Cavitation 734
XVII.3 Basic Information . 738
XVII.4 Forms of Vortex Cavitation . 749
XVII. 5 Cavitation in Trailing Vortices 750
XVII.6 Hub Vortex Cavitation . 764
XVII. 7 Vortex Models 770
XVII. 8 Summary 773

CHAPTER XVIII
BUBBLE INTERACTIONS
WITH VORTICES · 783

G. L. GHAHINE
XVIII. 1 Introduction . 783
XVIII. 2 Order of Magnitude Considerations 786
XVIII. 3 Bubble Capture by a Vortex . 788
XVIII.4 Numerical Study 794
XVIII. 5 Numerical Results and Discussion · 800
XVIII. 6 Validation Study: Bubble Interaction with a Vortex Ring · 813
XVIII. 7 -Other Relevant Studies · 820
XVIII.8 Fu11Viscous Interaction Between a

Cylindrical Bubble and a Line Vortex · 820
XVIII. 9 Conclusions · 825

CHAPTER XIX
PARTICLE INTERACTIONS
WITH VORTICES

G. T. GROWE, T. R. TROUTT, and J. N. GHUNG
XIX.1 Fundamental Concepts .
XIX.2 Quantitative Predictions
XIX.3 Experimental Studies .
XIX.4 Parricle-Fluid Coupling
XIX.5 Future Directions

· 829

· 829
· 834
· 844
· 848
· 858

Index . · 863


