
FLUID
MECHANICS

o[ the
ATMOSPHERE
Robert A. Brown



Fluid Mechanics
of the Atmosphere

Robert A. Brown
DEPARTMENT OF ATMOSPHERIC SCIENCES

UNIVERSITY OF WASHINGTON

SEATTLE, WASHINGTON

ACADEMIC PRESS, INC.
Harcourt Brace Jovanovich, Publishers
San Diego New York Boston London
Sydney Tokyo Toronto



Contents

Preface ix

Part I Fundamentals

Chapter 1 Fundamentals of Fluid Dynamics

I. I Atmospheric Fluid Dynamics
1.2 Newton's Law in a Rotating Frame of Reference
1.3 The Laminar Flow Regime and Potential Flow
1.4 Waves, Vortices, and lnstabilities
1.5 Turbulence and Transition
1.6 Boundary Layers
1.7 Historical Development
1.8 The Fluid Parcel
1.9 Continuum and Averaging
1.10 The Equation of State for a Perfeet Gas
1.11 Viscosity
1.12 Summary
1.13 Glossary
1.l4 Symbols

Problems

8
10
18
24
33
37
44
46
SO
58
66
77
78
80
81

Chapter 2 Flow Parameters

2.1 Local Time and Spatial Changes
(Differentiation at a Point)

2.2 The Advective Change and Index Notation
2.3 Divergence/Convergence

85
93
95

v



vi Contents

2.4 Vorticity
2.5 The Vortex
2.6 The Coriolis Tenn
2.7 Integral Theorems
2.8 Summary

Problems

97
104
108
110
115
116

Chapter 3 Methods of Analysis

3.1 Scaling
3.2 Dimensional Analysis
3.3 Similarity
3.4 Some Similarity Concepts
3.5 Summary

Problems

120
135
149
156
159
160

Chapter 4 Tensors and Relative Motion

4.1 Tensors
4.2 Relative Motion near a Point
4.3 An Arbitrary Division of the Velocity

Summary
Problems

163
180
189
190
191

Part 11 The Governing Equations for Fluid Flow

Chapter 5 Conservation of Mass-Continuity

5.1 The Parcel Derivation
5.2 A Lagrangian Perspective
5.3 Two-Dimensional Version of Continuity
5.4 The Integral Form of Continuity
5.5 Compressibility
5.6 Conservation Statement for the Quantity f

Problems

197
201
206
208
213
217
221

Chapter 6 Momentum Dynamics

6.1 Conservation of Momentum-Newton's Law
6.2 Derivation with Respect to the Infinitesimal Elementary

Parcel-Lagrangian Perspective
6.3 The Stress Tenn-Liquids and Gases
6.4 The Coriolis Tenn
6.5 The Dimensionless Navier-Stokes Equations
6.6 Summary

Problems

226

235
236
249
253
255
258



Contents VIl

Chapter 7 Conservation of Energy

7. I The First Law of Thennodynamics
7.2 The Energy Equation
7.3 The Mechanical Energy Equation
7.4 The Internal Energy Equation
7.5 The Enthalpy Equation
7.6 The Moist Atmosphere Energy Equation
7.7 An Alternative Derivation
7.8 Flow along a Streamline
7.9 Summary

Problems

263
266
268
269
270
272
274
276
289
292

Chapter 8 Vorticity

8.1 Vorticity Characteristics 294
8.2 Arbitrary Separation of the Velocity Field 301
8.3 Kinematics of Vorticity 307
8.4 The Vorticity Tube 308
8.5 Vorticity Transport Equation 319
8.6 Vorticity Characteristics 329
8.7 Application of Momentum, Energy, and Vorticity Equations to Bernoulli's Law 332
8.8 Summary 339

Problems 340

Chapter 9 Potential Flow

9.1 Introduction 342
9.2 The Velocity Potential 344
9.3 The Stream Function for Two-Dimensional Flow 345
9.4 Potential Motion with Circulation Compared to Rotational Flow in a Free Vortex 350
9.5 Potential Flow (of an Ideal Fluid) 355
9.6 The Method of Singularities 360
9.7 The Idealized Vortex 370
9.8 Summary 378

Problems 379

Chapter 10 PerturbationEquations

10.1 The Mean Flow
10.2 Waves
10.3 Turbulence
10.4 Reynolds Averaging-Flux
10.5 The Set of Perturbed Navier-Stokes Equations
10.6 The Eddy Viscosity Assumption
10.7 Summary

Problems

381
386
389
391
397
404
406
409



viii Contents

Chapter 11 Boundary Layers

11.1 Introduction
11.2 The Boundary Layer Concept
11.3 Boundary Layer Equations
11.4 Ekman's Planetary Boundary Layer Solution
11.5 The Modified Ekman Solution
11.6 The Surface Layer
11.7 The Mixing Length
11.8 Summary

Problems

411
417
419
424
433
440
446
450
454

Suggested Reading
Answers to Selected Problems
Index
International Geophysics Series

457
461
481
487


