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Preface to the Second Edition

The purpose and organisation of this book are described in the preface to the first
edition (1988). In preparing this edition minor changes have been made, par-
ticularly to Chap. 1 (Vol. 1) to keep it reasonably current, and to upgrade the
treatment of specific techniques, particularly in Chaps. 12— 14 and 16— 18. How-
ever, the rest of the book (Vols. 1 and 2) has required only minor modification
to clarify the presentation and to modify or replace individual problems to make
them more effective. The answers to the problems are available in Solutions
Manual for Computational Techniques for Fluid Dynamics by K. Srinivas and
C.A.J. Fletcher, published by Springer-Verlag, Heidelberg, 1991. The computer
programs have also been reviewed and tidied up. These are available on an IBM-
compatible floppy disc direct from the author.

I would like to take this opportunity to thank the many readers for their usually
generous comments about the first edition and particularly those readers who
went to the trouble of drawing specific errors to my attention. In this revised edi-
tion considerable effort has been made to remove a number of minor errors that
had found their way into the original. I express the hope that no errors remain
but welcome communication that will help me improve future editions.

In preparing this revised edition I have received considerable help from Dr. K.
Srinivas, Nam-Hyo Cho, Zili Zhu and Susan Gonzales at the University of Sydney
and from Professor W. Beiglbock and his colleagues at Springer-Verlag. I am very
grateful to all of them.

Sydney, March 1991 C. A. J. Fletcher



Preface to the First Edition

As indicated in Vol. 1, the purpose of this two-volume textbook is to provide
students of engineering, science and applied mathematics with the specific tech-
niques, and the framework to develop skill in using them, that have proven effec-
tive in the various branches of computational fluid dynamics.

Volume 1 describes both fundamental and general techniques that are relevant
to all branches of fluid flow. This volume contains specific techniques applicable
to the different categories of engineering flow behaviour, many of which are also
appropriate to convective heat transfer.

The contents of Vol. 2 are suitable for specialised graduate courses in the
engineering computational fluid dynamics (CFD) area and are also aimed at the
established research worker or practitioner who has already gained some fun-
damental CFD background. It is assumed that the reader is familiar with the con-
tents of Vol. 1.

The contents of Vol. 2 are arranged in the following way: Chapter 11 develops
and discusses the equations governing fluid flow and introduces the simpler flow
categories for which specific computational techniques are considered in
Chaps. 14—18.

Most practical problems involve computational domain boundaries that do
not conveniently coincide with coordinate lines. Consequently, in Chap. 12 the
governing equations are expressed in generalised curvilinear coordinates for use
in arbitrary computational domains. The corresponding problem of generating an
interior grid is considered in Chap. 13.

Computational techniques for inviscid flows are presented in Chap. 14 for in-
compressible, supersonic and transonic conditions. In Chap. 15 methods are de-
scribed for predicting the flow behaviour in boundary layers.

For many steady flows with a dominant flow direction it is possible to obtain
accurate flow predictions, based on reduced forms of the Navier-Stokes equa-
tions, in a very efficient manner. Such techniques are developed in Chap. 16. In
Chaps. 17 and 18 specific computational methods are discussed for separated
flows, governed by the incompressible and compressible Navier-Stokes equations
respectively.

In preparing this textbook I have been assisted by many people, some of whom
are acknowledged in the Preface of Vol. 1. However, the responsibility for any er-
rors or omissions remaining rests with me. Any comments, criticism and sugges-
tions that will improve this textbook are most welcome and will be gratefully
received.

Sydney, October 1987 C. A. J. Fletcher



Contents

11. Fluid Dynamics: The Governing Equations ......................
11.1 Physical Properties of Fluids ..............................

11.2 Equations of Motion ...............cciiiiiiiiiiiiinn.
11.2.1 Continuity Equation ....................cccvoi....
11.2.2 Momentum Equations: Inviscid Flow ................
11.2.3 Momentum Equations: Viscous Flow .................
11.2.4 Energy Equation ................. . .cciiiiiiiin.,
11.2.5 Dynamic Similarity ................................
11.2.6 Useful Simplifications ..............................

11.3 Incompressible, Inviscid Flow .............................

11.4 Incompressible Boundary Layer Flow ......................
11.4.1 Laminar Boundary Layer Flow ......................
11.4.2 Turbulent Boundary Layer Flow .....................
11.4.3 Boundary Layer Separation .........................

11.5 Incompressible, Viscous Flow .............................
11.5.1 Laminar Flow ............ . ... ittt
11.5.2 Turbulent Flow ........... ..ttt

11.6 Compressible FIow ..........c.coviiiiiiiiii ..
11.6.1 Inviscid Compressible Flow .........................
11.6.2 Compressible Boundary Layer Flow ..................
11.6.3 Compressible Viscous Flow .........................

11.6.4 Boundary Conditions for Compressible Viscous Flow ..
1.7 ClOSUIE ..ottt ittt e e et e e e

...............................................

12. Generalised Curvilinear Coordinates ............................

12.1 Transformation Relationships .............................

12.1.1 Generalised Coordinates ...............ccvvvvnn....

12.1.2 Metric Tensor and the Physical Features

of the Transformation ................ccoovvviunn....

12.1.3 Restriction to Orthogonal and Conformal Coordinates .

12.2 Evaluation of the Transformation Parameters

12.2.1 Centred-Difference Formulae

12.2.2 Finite Element Evaluation

12.2.3 Finite Volume Evaluation ...........................
12.2.4 Additional Errors Associated with the Use

of Generalised Coordinates .........................

..........................



13.

14.

Contents

12.3 Generalised Coordinate Structure of Typical Equations .......
12.3.1 General First-Order Partial Differential Equation ......
12.3.2 General Second-Order Partial Differential Equation ....
12.3.3 Equations Governing Fluid Flow ....................

12.4 Numerical Implementation of Generalised Coordinates .......
12.4.1 LAGEN: Generalised Coordinate Laplace Equation ....

12,5 ClOSUIE .ot i ittt ettt et et e

12.6 Problems ...........ciuiiiiiiiin i

Grid Generation ............. ... .
13.1 Physical ASPeCtS .. ...oviii ittt i i
13.1.1 Simply-Connected Regions ..........................
13.1.2 Multiply-Connected Regions ........................
13.2 Grid Generation by Partial Differential Equation Solution ....
13.2.1 Conformal Mapping: General Considerations .........
13.2.2 Sequential Conformal Mapping .....................
13.2.3 One-Step Conformal Mapping ......................
13.2.4 Orthogonal Grid Generation ........................
13.2.5 Near-Orthogonal Grids ...................ccvvu....
13.2.6 Solution of Elliptic Partial Differential Equations ......
13.3 Grid Generation by Algebraic Mapping .....................
13.3.1 One-Dimensional Stretching Functions ...............
13.3.2 Two Boundary Technique ...........................
13.3.3 Multisurface Method ...............................
13.3.4 Transfinite Interpolation ............................
13.4 Numerical Implementation of Algebraic Mapping ............
13.4.1 ALGEM: Grid Generation for a Streamlined Body .....
13,5 ClOSUIE .ot i ittt ittt ettt i et ettt et e i
13.6 Problems ......... ..ottt

Imviscid Flow . ........ ... .. i i
14.1 Panel Method ....... ... i i iiiiin
14.1.1 Panel Method for Inviscid Incompressible Flow .......
14.1.2 PANEL: Numerical Implementation .................
14.1.3 Connection with the Boundary Element Method .......
14.1.4 Lifting Aerofoil Problem ...........................
14.1.5 Higher-Order Panel Methods and the Extension
to Three Dimensions ..............ccviiiineinnnnn.
14.1.6 Panel Method for Inviscid, Compressible Flow ........
14.2 Supersonic Inviscid Flow ..............cccoiiiiiiaa..
14.2.1 Preliminary Considerations ..................covvuun.
14.2.2 MacCormack’s Predictor—Corrector Scheme ..........
14.2.3 SHOCK: Propagating Shock Wave Computation ......
14.2.4 Inclined Cone Problem .............................
14.2.5 Moretti A-Scheme ........... ... i,
14.2.6 Computation of Strong Shocks ......................



Contents

14.2.7 FCT: Propagating Shock Wave
by an FCT Algorithm .............. ... ... iint,
14.2.8 Implicit Schemes for the Euler Equations .............
14.2.9 Multigrid for Euler Equations .......................
14.3 Transonic Inviscid Flow ........... ... . iiiiiiiieininann.
14.3.1 General Considerations ...............ccovvuieunennn.
14.3.2 Transonic Small Disturbance Equation ...............
14.3.3 Full Potential Equation ....................cviia...
14.3.4 Transonic Inviscid Flow: Generalised Coordinates ......
14.3.5 Solution of the Algebraic Equations .................
14.3.6 Non-isentropic Potential Formulation ................
14.3.7 Full Potential Equation, Further Comments ...........
14,4 ClOSUIE ..ottt it it e et ettt nns
14.5 Problems ...... ...ttt e

15. Boundary Layer Flow ........ ... ... .. .. ... .. . i,
15.1 Simple Boundary Layer Flow .............................
15.1.1 Implicit Scheme ............. ... i,
15.1.2 LAMBL: Laminar Boundary Layer Flow .............
15.1.3 Keller Box Scheme .............coiiiiiiiiinnnnn...

15.2 Complex Boundary Layer Flow ............................
15.2.1 Change of Variables ..................c...cviiiit.
15.2.2 Levy—Lees Transformation ..........................
15.2.3 Davis Coupled Scheme ................cciiivvin....

15.3 Dorodnitsyn Boundary Layer Formulation ..................
15.3.1 Dorodnitsyn Finite Element Method .................
15.3.2 DOROD: Turbulent Boundary Layer Flow ............
15.3.3 Dorodnitsyn Spectral Method .......................

15.4 Three-Dimensional Boundary Layer Flow ...................
15.4.1 Subcharacteristic Behaviour .........................
15.4.2 Generalised Coordinates ...................ccvvuun...
15.4.3 Implicit Split Marching Algorithm ...................

15,5 ClOSUIE ..ottt t ittt e et et et et ettt
15.6 Problems . .........ooiuiiiiiii i e

16. Flows Governed by Reduced Navier—Stokes Equations ............

16.1 Introduction ...........iiiiuiniiii i i

16.1.1 Order-of-Magnitude Analysis ........................

16.1.2 Fourier Analysis for Qualitative Solution Behaviour . ...
16.1.3 Qualitative Solution Behaviour

of the Reduced Navier—Stokes Equations .............

16.1.4 THRED: Thermal Entry Problem

16.2 Internal Flow ....... ..ot i,

16.2.1 Internal Swirling Flow .............................

16.2.2 Flow in a Straight Rectangular Duct .................

16.2.3 Flow in a Curved Rectangular Duct ..................

XI



XII Contents

16.3 External Flow ......... ... i i, 296
16.3.1 Supersonic Flow ............ .. ... i, 297
16.3.2 Subsonic Flow ............ ... iiiiiiiiiiinennnn.. 304
16.3.3 Incompressible Flow ...................cccovviii... 312
16.3.4 Viscous, Inviscid Interactions ....................... 317
16.3.5 Quasi-Simultaneous Interaction Method .............. 321
16.3.6 Semi-Inverse Interaction Method .................... 323

16.3.7 Viscous, Inviscid Interaction
Using the Euler Equations .......................... 326
16.4 ClOSUTE . ..ottt ettt ettt et ittt iiae e, 327
16.5 Problems ..........ciiiiiiii i e 329
17. Incompressible Viscous Flow .................................. 333
17.1 Primitive Variables: Unsteady Flow ........................ 334
17.1.1 Staggered Grid .......... ..ottt 335
17.1.2 MAC Formulation ..................cciiiiiiinn... 337
17.1.3 Implementation of Boundary Conditions ............. 340
17.1.4 Developments of the MAC Method .................. 341
17.1.5 Higher-Order Upwinding Differencing ................ 345
17.1.6 Spectral Methods ..., 349
17.2 Primitive Variables: Steady Flow ........................... 356
17.2.1 Artificial Compressibility ...................covi.... 356
17.2.2 Auxiliary Potential Function ........................ 360
17.2.3 SIMPLE Formulations ............................. 362
17.2.4 Finite Element Formulation ......................... 368
17.3 Vorticity, Stream Function Variables ....................... 373
17.3.1 Finite Difference Formulations ...................... 375
17.3.2 Boundary Condition Implementation ................. 378
17.3.3 Group Finite Element Formulation .................. 382
17.3.4 Pressure Solution ..............ciiiiiiiiinniina... 390
17.4 Vorticity Formulations for Three-Dimensional Flows ......... 392
17.4.1 Vorticity, Vector Potential Formulation ............... 392
17.4.2 Vorticity, Velocity Formulation ...................... 395
17,5 ClOSUIE .\t i ettt ettt it et ittt eie s 396
17.6 Problems .........oiiiiiiiiiiie ittt 397
18. Compressible Viscous Flow .................................... 399
18.1 Physical Simplifications ...............cccoiiiiiiiiiiin, 400
18.1.1 Eddy Viscosity Turbulence Modelling ................ 404
18.1.2 Constant Total Enthalpy Flow ....................... 406
18.1.3 Thin Layer Approximation .............ccoovvuueean.. 408
18.2 Explicit Schemes ............ .ot 410
18.2.1 Explicit MacCormack Scheme ....................... 410
18.2.2 Runge—Kutta Schemes ............................. 413
18.3 Implicit Schemes .......... ... i, 415

18.3.1 Implicit MacCormack Scheme ....................... 415



Contents XIII

18.3.2 Beam and Warming Scheme ........................ 421

18.3.3 Group Finite Element Method ...................... 423

18.3.4 Approximate LU Factorisation ...................... 427

18.4 Generalised Coordinates ................ciiiiiiiiennnnnnn. 430
18.4.1 Steger Thin Layer Formulation ...................... 431

18.4.2 Approximate Factorisation Finite Element Method ..... 438

18.5 Numerical Dissipation .............cccoviiiiiiiiiiiinaa... 442
18.5.1 High Reynolds Number Flows ....................... 445

18.5.2 Shock Waves ..., 446

18.6 ClOSUIE ...\ttt tiie ittt ettt ettt 451
18.7 Problems ........c.coiiiiiiiii i 452
References ..............c.iiiiiiiiiiiiiiii i i e 457
Subject Index ............ciiiiiiiiii 473

Contents of Computational Techniques for Fluid Dynamics 1
Fundamental and General Techniques .................ccooivunn.... 489





