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FLUID MECHANICS AND ITS APPLICATIONS
Series Editor: R. Moreau

Aims and Scope of the Series

The purpose of this series is to focus on subjects in which fluid mechanics plays a fundamental role.
As well as the more traditional applications of aeronautics, hydraulics, heat and mass transfer etc.,
books will be published dealing with topics which are currently in a state of rapid development,
such as turbulence, suspensions and multiphase fluids, super and hypersonic flows and numerical
modelling techniques. It is a widely held view that it is the interdisciplinary subjects that will receive
intense scientific attention, bringing them to the forefront of technological advancement. Fluids have
the ability to transport matter and its properties as well as transmit force, therefore fluid mechanics
is a subject that is particularly open to cross fertilisation with other sciences and disciplines of
engineering. The subject of fluid mechanics will be highly relevant in domains such as chemical,
metallurgical, biological and ecological engineering. This series is particularly open to such new
multidisciplinary domains.
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Series Editor: R. MOREAU
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Ecole Nationale Supérieure d'Hydraulique de Grenoble
Boite Postale 95
38402 Saint Martin d'Héres Cedex, France

Aims and Scope of the Series

The purpose of this series is to focus on subjects in which fluid mechanics plays a funda-
mental role.

As well as the more traditional applications of aeronautics, hydraulics, heat and mass
transfer etc., books will be published dealing with topics which are currently in a state of
rapid development, such as turbulence, suspensions and multiphase fluids, super and hy-
personic flows and numerical modelling techniques.

It is a widely held view that it is the interdisciplinary subjects that will receive intense
scientific attention, bringing them to the forefront of technological advancement. Fluids
have the ability to transport matter and its properties as well as transmit force, therefore
fluid mechanics is a subject that is particulary open to cross fertilisation with other scien-
ces and disciplines of engineering. The subject of fluid mechanics will be highly relevant
in domains such as chemical, metallurgical, biological and ecological engineering. This
series is particularly open to such new multidisciplinary domains.

The median level of presentation is the first year graduate student. Some texts are mono-
graphs defining the current state of a field; others are accessible to final year undergradu-
ates; but essentially the emphasis is on readability and clarity.

For a list of related mechanics titles, see final pages.



Preface

In various branches of fluid mechanics, our understanding is inhibited by the
presence of turbulence. Although many experimental and theoretical studies
have significantly helped to increase our physical understanding, a compre-
hensive and predictive theory of turbulent flows has not yet been established.
Therefore, the prediction of turbulent flow relies heavily on simulation strate-
gies. The development of reliable methods for turbulent flow computation will
have a significant impact on a variety of technological advancements. These
range from aircraft and car design, to turbomachinery, combustors, and process
engineering. Moreover, simulation approaches are important in materials de-
sign, prediction of biologically relevant flows, and also significantly contribute
to the understanding of environmental processes including weather and climate
forecasting.

The material that is compiled in this book presents a coherent account of
contemporary computational approaches for turbulent flows. It aims to pro-
vide the reader with information about the current state of the art as well as to
stimulate directions for future research and development. The book puts partic-
ular emphasis on computational methods for incompressible and compressible
turbulent flows as well as on methods for analysing and quantifying numeri-
cal errors in turbulent flow computations. In addition, it presents turbulence
modelling approaches in the context of large eddy simulation, and unfolds the
challenges in the field of simulations for multiphase flows and computational
fluid dynamics (CFD) of engineering flows in complex geometries. Apart from
reviewing main research developments, new material is also included in many
of the chapters.

This book aims to appeal to a broad audience of applied scientists and en-
gineers who are involved in the development and application of CFD methods
for turbulent flows. The readership includes academic researchers as well as
CED practitioners in industry. The chapters were composed to constitute an
advanced textbook for PhD candidates in the field of CED and turbulence. The
book can also be used as a complementary textbook at the level of MSc (or
MEng) studies in engineering, applied mathematics and physics departments.

vii
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In the rest of this preface we will briefly outline the content of the contributing
chapters.

The first chapter provides a review of spectral element methods on unstruc-
tured grids and focuses primarily on the numerical uncertainties in under-
resolved simulations using spectral methods. The authors discuss the effect
of under-resolved discretization of the advective (nonlinear) terms and dealias-
ing on non-uniform grids. They present several flow examples and diagnostic
approaches that can be employed to detect erroneous predictions.

Chapter 2 outlines the basic structure of high resolution methods and pro-
poses their use as an effective turbulence model in the context of large eddy
simulation (LES). Theoretical arguments as well as computational evidence,
based on comparisons of multimaterial mixing simulations and experiments,
are provided. These concern the ability of high resolution methods for hy-
perbolic conservation laws to achieve many of the properties of subgrid scale
models.

Issues related to symmetry-preserving discretization of the Navier-Stokes
equations and their effects on turbulent flow simulations, are discussed in Chap-
ter 3. The authors draw the attention of the reader to difference operators that
have the same symmetry properties as the corresponding differential opera-
tors. These are illustrated for model equations such as the convection-diffusion
equation, as well as for the full Navier-Stokes equations.

The fourth chapter presents methods for analysing and quantifying numer-
ical errors in direct numerical simulations (DNS) and LES of turbulent flow.
The author discusses all types of errors arising in these simulations, i.e., alias-
ing, truncation, time-stepping and commutation errors, and comments on their
analysis.

Chapter 5 presents the design of adaptive low-dissipative high order schemes
for turbulent flow computations. A summary of linear and nonlinear stability,
and an outline of the rationale and criteria for designing such adaptive schemes,
is presented. The control of adaptive numerical dissipation for high order
schemes is also covered.

The sixth chapter discusses issues pertinent to the predictability and relia-
bility of numerical simulations of multiscale complex nonlinear problems in
computational fluid dynamics. The author outlines the sources of nonlineari-
ties, the knowledge gained by studying the dynamics of numerics for nonlinear
model problems, as well as specific approaches for ensuring confidence in the
numerical simulations.

The Lagrangian-Averaged Navier-Stokes—a (LANS—q«) approach for mod-
elling turbulence is presented in Chapter 7. This approach aims to eliminate
some of the heuristic elements that would otherwise be involved in the modelling
of subgrid scale stresses. The authors investigate the physical and numerical
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properties of the LANS —« subgrid parameterization through simulations of a
turbulent mixing layer.

Developments and challenges in the computation of geophysical turbulence
are discussed in Chapter 8. It is demonstrated that in the absence of an explicit
subgrid-scale turbulence model, nonoscillatory forward-in-time (NFT) methods
offer means of implicit subgrid-scale modelling. These methods can be quite
effective in large-eddy simulations of high Reynolds number flows. Theoretical
discussions are illustrated with examples of meteorological flows that address
the range of applications from micro-turbulence to change in climate.

The ninth chapter discusses developments in the field of turbulent multiphase
flows. A method based on solving the Navier-Stokes equations by a finite differ-
ence/front tracking technique is presented. The inclusion of fully deformable
interfaces and surface tension, in addition to inertial and viscous effects, is de-
scribed. The chapter also highlights new areas where computations are still in
their infancy.

Chapter 10 demonstrates the applicability of modern computational methods
and engineering turbulence models to a number of turbulent flows of engineering
interest. The techniques discussed in this chapter include traditional turbulence
closures as well as hybrid RANS/LES models for unsteady flows. The genera-
tion of high quality grids and the development of efficient methods for unsteady
flows are identified as major challenges in future CFD research.

We would like to gratefully acknowledge the contributing authors for their
substantial effort in preparing the chapters. We hope that the book will provide a
good introduction to the various facets of computational fluid dynamics as well
as stimulate further research in the fields of numerical methods and turbulence
modelling, and their application in technology and natural sciences.

DIMITRIS DRIKAKIS, LONDON, UNITED KINGDOM.

BERNARD GEURTS, ENSCHEDE, THE NETHERLANDS.
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