
Akira wa



Vortex
Flow

Author

Akira Ogawa, Dr. Eng.

CRC Series on Fine Particle Science and Technology

Editor-in-Chief

John Keith Beddow

:(t613~t.({, INSTITUT
FÜR METEOP.OLOGIE U. }:"LL iATOLOfii';...

U;-":iV~K:.rl"!\.TI it,\ l;\:{ ,\ ~-.l{

HERRENHAUSER srs..2 3t~XJHANNOVER 21

CRC Press
Boca Raton Ann Arbor London Tokyo



TABLE OF CONTENTS

Chapter 1
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1

I. Natural Spiral of aChambered Nautilus 1
11. Tornado 1

III. Fire Whirls in Oregon 4
IV. Historical Images of Spirals and Vortex Flow 5
V. Vortex and Spirals in Fine Arts 6

VI. Application to Engineering 10
A. Separation of the Solid Particles by Labyrinth Separator 10
B. Cyclone Dust Collector 12
C. Separation of the Fine Solid Paticles by the Vortex Ring Behind a

Sphere 12
D. Nuclear Rocket 16

Main Symbols 17
References 17

Chapter 2
Hydrostatics 19

I. Introduction 19
11. Potential 19

III. Equipressure Surface 22
IV. Line of Force 22
V. Practical Example 23

Main Symbols 25
References 25

Chapter 3
Fundamental Idea of Fluid Flow 27

I. Introduction 27
11. Cylindrical Coordinates 27

III. Equation of Continuity 27
IV. Equation of Motion 29
V. Velocity Potential 32

VI. Transformation and Rotation of the Small Fluid Particle 32
A. Transformation 32
B. Rotation 34

VII. Vortex Line " 36
VIII. Irrotational Flow 36
IX. Thomson-Rankine Vortex Model. 37

A. Free Vortex (lrrotational Vortex) 37
B. Forced Vortex 39
C. Thomson-Rankine Vortex 40

X. Bernoulli Equation 42
A. Irrotational Flow (Free Vortex) 43
B. Steady Flow 43

XI. Vortex of the Elliptic Section 44
A. Elliptic Cylinder Rotating in an Infinite Mass of Liquid at Rest at

Infinity 44
B. Circulation about an Elliptic Cylinder 46



XII. Application of Bemoulli Equation for Flow Rate of Gas Flow into the
Dust Bunker of Cyclone Dust Collectors 46
A. Introduction 46
B. Fundamental Equation 47
C. Experimental Results 48

Main Symbols 52
References 52

Chapter 4
Stream Function 55

I. Introduction 55
11. Two-Dimensional Flow 55

III. Axis-Symmetrical Flow 56
IV. Application of Stream Function and Potential. 57

A. Stream Line of Logarithmic Spiral. 57
B. Axis-Symmetrical Flow 59

Main Symbols 63
References 63

Chapter 5
Circulation 65

I. Introduction 65
11. Gauss Theorem 65

III. Definition of Circulation 67
IV. Stokes Theorem 70
V. Multiply Connected Regions 72

VI. Strength of Vortex 73
VII. Constancy of Circulation (W. Thomson Theorem) 76
VIII. Helmholtz Theorem of Vortex 79
IX. Circulation Theorem of V. Bjerknes 80
X. Helicity 81

XI. Induced Flow with Vorticity 83
A. Incompressible Inviscid Flow 83
B. Flow by Sink or Source of the Inviscid Fluid 84
C. Flow with Vorticity 85
D. Induced Velocity due to the Vortex Filament 86

1. Example 1 87
2. Example 2 88
3. Example 3 88

Main Symbols " 89
References 90

Chapter 6
Turbulent Flow and Reynolds Equation 91

I. Introduction 91
11. Navier-Stokes Equation 91

III. Equation of Motion on the Turbulent Flow 94
IV. Discontinuous Surface and Diffusion of Vorticity 97

A. How to Change the Discontinuous Surface due to the Velocity Differences .. 97
B. Laminar Flow 99
C. Turbulent Flow 100



V. Mechanical Similarity in Turbulent Swirling Wake 100
VI. Physical Explanation of the Energy Dissipation in Two-Dimensional

Turbulent Flow 104
VII. Energy Distributions on the Laminar Flow in a Cylindrical Pipe 106
Main Symbols 108
References 109

Chapter 7
Mixing Length and Scale of Turbulence 111

I. Introduction 111
11. Fluctuating Velocities and Reynolds Stress in Turbulent Flow 114

III. Integrated Scale of Turbulence (Euler Correlation Function) 115
IV. Turbulent Shear Stress (Prandtl Mixing-Length Hypothesis) 118
V. Velocity Distribution by Prandtl Theory 120

VI. Prandtl Mixing Length 121
VII. Kolmogorov Micro-Scale 122
VIII. Scales of Eddies in Circular Pipe Flow 125
IX. Turbulent Flow in a Curved Channel 125

Main Symbols 127
References 128

Chapter 8
Vortex Flow in the Confined Vortex Chamber 129

I. Introduction 129
II. Fundamental Equation of the Pressure Drop 129

III. Pressure Drop due to Viscosity 132
IV. Pressure Drop of the Vortex Chamber 136
V. Experimental Results 137

A. Construction of the Vortex Chambers 137
B. Distributions of the Tangential Velocities and of the Static Pressure 138
C. Empirical Equations of the Various Characteristics for the Vortex Flow 138
D. Equiflow Rate Lines and Equivorticity Lines 142
E. Distribution of the Angular Momentum Flux 145
F. Distribution of the Axial Momentum Flux 148
G. Swirl Parameter. 150

Main Symbols 151
References 152

Chapter 9
Vortex Ring 153

I. Introduction 153
11. Experimental Apparatus and its Method 153

III. Results of the Experiments 154
A. Explanation of the Symbols Used 154
B. Prediction of the Progressive Velocity by the

Simplified Equation of Motion 156
C. Characteristics of the Progressive Vortex Ring 156

I. Observations of the Vortex Rings 156
2. Characteristics of the Index Number of the Advanced Velocity 158

D. Momentum and Kinetic Energy of a Vortex Ring 161



E. Comparison of the Momentum Between the Plunger Type
and the Speaker Type 162

F. Star-Type Breakup of a Vortex Ring 164
Main Symbols 166
References 167

Chapter 10
Stability of Rotating Flow 169

I. Introduction 169
II. Instability and Transition of a Boundary Layer on a Rotating Cone 169
III. Taylor-Görtler Vortices 170

A. Euteneuer Experiment 170
B. Development, Transition, and Collapse of Taylor Vortices

with Lapse of Time 174
C. Görtler Vortex 174

IV. Stability Criterion in a Circular Cylinder by Rayleigh 175
V. Prandtl Theory of Stability of Turbulent Rotational Flow 177

VI. Vibration of Vortex Flow 181
A. Fundamental Equation 181
B. Quasi-Forced Vortex 183
C. Quasi-Free Vortex 183
D. Measurement of the Vibration in the Vortex Chamber 184

VII. Stability of Rotating Flow in the Coaxial Cylinders by H. Ludwieg 186
A. Euler's Differential Equations 186
B. Stability of the Helical Flow 189

Main Symbols 191
References 192

Chapter 11
Vortex Models 193

I. Introduction 193
II. Burgers Vortex Model 193
III. Sullivan Vortex Model 196
IV. Chepura Vortex Model 198

Main Symbols 202
References 202

Chapter 12
Trailing Vortex 203

I. Introduction 203
II. Theoretical Analysis of the Trailing Vortex Model. 204

A. Theoretical Analysis 204
B. Velocity Distributions 208

1. Basic Form of Symmetrical Wing Section of NACA-0009 208
2. Axial Velocity Deficiency 208
3. Tangential Velocity 209
4. Radial Velocity 209
5. Circulation 209

Main Symbols 213
References 213



Chapter 13
Bathtub Votex 215

I. Introduction 215
11. Theoretical Consideration 215

A. Fundamental Equation 215
B. Axis-Symmetrical Flow 217

III. Physical Explanation of Reversed Rotation by Sibulkin 220
Main Symbols i•••••••••••••••••••••••••••••••••• 221
References 221

Chapter 14
Hurricane, Typhoon, and Tornado 223

I. Introduction 223
11. Cyclonic and Anticyclonic Motion of Air. 223

III. Numerical Example 228
IV Dallas Tornado of April 2, 1957 228
V Elliptical Eye of Typhoon 230

Main Symbols 231
References 231

Chapter 15
Physics of Thermal Boundary Layer 233

I. Introduction 233
11. Thermal Boundary Layer 233

III. Energy Equation , 233
IV Exact Solution of the Temperature Distribution on the Two-Dimensional

Laminar Flow 237
A. Couette Flow in Parallel Plates 237
B. Two-Dimensional Flow in the Concentric Cylinders 238

Main Symbols 240
References 241

Chapter 16
Vortex Motion of Compressible Fluid 243

I. Introduction 243
11. Fundamental Equation of Inviscid and Non-Conducting Gas 243

III. Steady Motion of Inviscid and Non-Conducting Gas 245
IV. Vortex Motion 248
V. Radial Flow 252

VI. Spiral Flow 253
VII. Relationship Between Entropy and Vorticity in the Two-Dimensional Flow 257

A. Equation of Vorticity 257
B. Crocco Equation 259

1. In Case of the Stagnation Enthalpy h, Being a Constant Value All
Over the Steady Flow Field 260

2. In the Case of the Steady Flow with h, = Constant and ~ = 0 260
C. Potential Flow 260

Main Symbols 261
References 262



Chapter 17
Physics of the Thermal Conduction in Turbulent
Rotational Flow of Compressible Fluid 263

I. Introduction 263
11. Fundamental Equation 263

III. Reynolds Stress and Ogawa Combined Vortex Model 263
IV Quasi-Forced Vortex 266
V Quasi-Free Vortex (In Case of N = 0.5) 267

VI. Numerical Example 267
VII. Temperature Distribution of Incompressible Fluid 269
VIII. Thermal Conductivity in the Stable Atmospheric Layer 271
IX. Physical Explanation of the Separation of the

Total Temperature for the Compressible Fluid 272
A. Thermal Conductivity Due to the Pressure Gradient

with Turbulent Mixing 272
B. Energy Equation for Compressible Fluid 274

Main Symbols 277
References 277

Chapter 18
Vortex Tube 279

I. Introduction 279
11. Energy Equation in High Turbulent Flow Field 279

A. Enthalpy in the High Turbulent Flow 279
B. Order Estimation 280
C. Survey of the Fundamental Energy Flux 282

1. Heat Flux (Pov.i') 282
2. Total Energy Flux (p'v.L) 282
3. The Work Flux by the Two Kinds of Reynolds Stresses (PoVOvrVOand

PoVzvrvz) 282
III. Knoemschild Effect 283
IV Archimedes Effect 283
V Work Flux Due to the Reynolds Stress for the Circumferential Direction 285

A. In the Case ef rp,Vr = Cr2 (V, = Cr/po) 288
B. In the Case of rpoVr = Cr (V, = C/Po = constant) 289
C. In the Case ofrpoVr = C cv, = C/por) 289
D. In the Case of rpoVr = C(a - r), (r ~ a) 290
E. In the Case of rp.V, = Cr'(a - r), (r ~ a) 291
F. In the Case of the Ogawa Combined Vortex Model

(Quasi-Forced Vortex Region, 0 ~ r ~ r.) 292
VI. Work Flux due to the Reynolds Stress in the Axial Direction 293

Main Symbols 294
References 295

Chapter 19
Inertia Separation of the Small Particles
in Baffled Conduits 297

I. Introduction 297
11. Theoretical Consideration 297

Main Symbols 300
References 300



Chapter 20
Behavior of Dispersed Particles in a
Spiral-Shaped Air Dryer 301

I. Introduction 301
11. Fundamental Idea 301
III. Experimental Method and Empirical Equation 301

Main Symbols 305
References 305

Index 307


