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Foreword

When, rather more than 10 years ago, Roland Schiestel sent me the manuscript
for a new book on turbulent flows that he had written, I was delighted to see that,
while rigorous in the development of traditional approaches to turbulence, these
were used to serve the main theme of the work, namely the modeling of turbulence
in a form suitable for use in CFD solvers. His invitation to write a preface was
gladly accepted and the words I wrote then perhaps still merit repeating:

The fluid mechanics of the world we live in is overwhelmingly dominated by
that chaotic, unsteady motion called turbulent flow. Whether it be the flow of
air and water in the natural environment or the man-managed interior
environment, heat, momentum and mass exchange is brought about by large-
scale, irregular eddying motions rather than by molecular diffusion and the
design of virtually all types of thermo-fluids equipment: pipes, boilers,
compressors, turbines, IC engines, condensers, etc. are variously designed to
cope with or exploit the fact that the fluids passing through or around them are
in turbulent motion.

This is such a commonplace observation that the reader may feel it hardly
deserves mention. Yet, if — instead of using our eyes to view the world about
us — we formed our view of the nature of fluid motion by reading fluid
mechanics textbooks, what a different impression would be gained! From
such a study we would understand that for a great many problems fluid
viscosity is an irrelevancy, in most others the flow remains perfectly laminar
while, to handle that rather inconvenient (and apparently unimportant) state
called “turbulence” we refer to tediously compiled experimental correlations.

This distorted view of the relative importance of different strands of
engineering fluid mechanics underlines the extent to which academics base
the syllabus of their courses on what they know, rather than on what is
relevant. That, I suppose, is as inescapable a fact of life as turbulent flow
itself.
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At the research level, the computation of turbulent flows has long been a
subject receiving greater attention than its scant coverage in textbooks would
lead us to expect. Now the rapid growth of software companies marketing
commercial CFD packages (coupled with a corresponding growth of users of
such software) has helped bring home the need for more — and more
systematic — instruction on the internal workings of these black boxes. The
aspect of CFD software where questions most often arise and where, through
the absence of textbooks, they are least easily handled is on turbulence
modeling. There is, manifestly, a need for a comprehensive textbook
treatment of engineering turbulence modeling, perhaps particularly one
written by an active contributor to the continuing advance of the subject.

The above was the scene, as I perceived it, in the early 1990s when the first
edition of Roland Schiestel’s book appeared to warm reviews. Over those
intervening years, of course, the world of turbulence modeling has moved on, and
with the first edition and then an enlarged second edition sold out, the author and
publisher have concluded that the time has come for a new edition. The fact that the
earlier editions kad sold out was a good indication that the book was meeting a real
need and that the structure and philosophy should remain intact — as it has. For
example, the book rightly focuses on second-moment closure for it is only at this
level that the subject can be developed formally as a branch of mathematical physics
(having adopted that starting point, simpler levels of closure naturally emerge as
particularly limiting cases that are applicable under increasingly restricted
circumstances). Moreover, without recourse to modeling the unknown processes in
the second-moment equations, an examination of the exact generation terms
explains, at least qualitatively, so many of the paradoxes of turbulent shear flows.
For example: why turbulent mixing typically results in twice as much heat flow at
right angles to the mean temperature gradient as along it; why a secondary strain
associated with streamline curvature whose magnitude is only 2% of the primary
strain produces a 25% modification in the turbulent shear stress; or why, in
orthogonal mode rotation, a relatively weak Coriolis force augments shear stress on
the pressure surface by 10% whereas further increase in the rotation rate produces
no further augmentation.

Thus, the fabric and style of the very successful original version are retained in
this new edition. Among the several new additions, is the inclusion of new
approaches to the economical handling of the near-wall region where “wall
functions” are normally adopted to escape the crippling cost of a fine-scale
resolution of the sublayer and buffer region. The usual log-law based wall functions
had such a narrow range of applicability that alternative strategies were sorely
needed. These are now included in a new presentation of this material. The number
of references has also increased by some 30%, the great majority of which are to
works appearing in the last five years. Thus, this new edition continues to serve
admirably both those in industrial CFD needing to understand the physical basis of
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their software as well as those engaged in or about to start their research in
turbulence modeling.

In the foreword to the original edition I had written: “turbulence modeling is still
seen by many as a black art founded on bad physics and capable of producing
computed flow patterns in accord with measurements only by the arbitrary, case-by-
case adjustment of a sackful of empirical constants and other less reputable fudges”.
That perception is, happily, much less commonly found today. In France, Roland
Schiestel’s previous editions have been a major contributor to the better-founded
appreciation of turbulence modeling by the scientific and industrial communities.
May this new edition continue the good work!

Brian E. LAUNDER
Manchester
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Preface

The present book was originally developed for a postgraduate course on
Modeling and Simulation of Turbulent Flows taught by the author at Aix-Marseille
University for a number of years. A first edition in French appeared in 1993 at
Hermes publishers, with new expanded editions in 1998 and 2006. This last French
edition was the basis for the present English edition.

Although there exists extensive scientific literature that deals with turbulent
flows and their numerical modeling, the information is generally disseminated
among numerous papers in specialized international publications. The aim of the
present book is to give an introductory, synthetic presentation of numerical
modeling and simulation methods for turbulent flows from its basic foundations. It
is primarily intended for potential users of numerical models, postgraduate students
at university, as well as researchers and practicing engineers interested in the
practical calculation of turbulent flows. Some technical details have been marked by
a vertical line in the left margin. These may be of interest to some readers but can
be skipped if desired. The book gives the physical foundations of the modeling
methods and leads the reader to a point where he can implement and make use of the
model equations in practical applications with a clear knowledge of the underlying
physics and then go deeper into more advanced techniques. Having in mind the
actual numerical solution on the computer, some recapitulative tables on numerical
methods are grouped together in the last chapter. We shall not claim to or aim at
exhaustiveness by any means, considering the numerous works that have been
achieved in the field of turbulence modeling, but rather we shall try to follow a
rational pathway through the multiform landscape of turbulence modeling, with an
emphasis laid upon basic concepts and methods of approach.

In spite of the great variety of experimental studies on the structure of turbulent
flows, the fundamental mechanisms in turbulence phenomena still remain
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incompletely elucidated and even nowadays many problems remain open,
sometimes enigmatic.

However, most fluid flows encountered in the domain of industrial practice are
likely to be turbulent and many phenomena, such as heat or mass transfer, are so
intimately linked to the fluid motion that their study requires prior calculation of the
turbulent flow. Thus, the numerical prediction of turbulent flows is of primary
importance for numerous practical applications (industrial, environment, etc.).

The proposed presentation relies on several traditional basic concepts for fluid
turbulence phenomenology, and in particular the Kolmogorov theory. The
methodology of one point closures is developed all the way to its application to
second order moment transport models. Lower order models will then be presented
as simplified approaches deduced from second order closures, even if the historical
order is the reverse. The impact of spectral theories is also essential, in particular on
the notions of spectral equilibrium or on linear and non-linear interactions. These
spectral theories, although mainly representative of homogenous turbulence, allow a
more refined description of turbulence interaction mechanisms.

Among existing theories and models, preference is given to methods that lead to
actual numerical predictions of turbulent flows. In this way, and besides one point
and two point statistical closures, the book also addresses large eddy simulation
methods that have been developed and increasingly used since the advent of
supercomputers. This standpoint has led us to discard detailed presentation of
analytical theories and every purely theoretical approach not leading to practical
prediction methods.

Compared to the deductive reasoning prevailing in exact sciences, the method of
approach used in turbulence modeling may be surprising because of its empiricism.
However, the modeling approach is not specific to turbulence, it is also used in
many domains in physics. According to M. Dode! there are two ways to study
natural phenomena: the method of exact science and the model method. The method
of exact science such as in thermodynamics, mechanics, optics, electromagnetism, is
based on very few fundamental principles, the value of which is considered absolute
in the field of the science under consideration. These fundamental principles or
postulates have an experimental origin and have been discovered by induction. All
scientific laws are then deduced from these first premises by applying mathematics
and the rigor of these laws is absolute within the domain in which the postulates are
assumed.

I Translated from M. DODE, Le deuxieme principe, Sédes Ed., Paris, 1965.
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On the other hand, the model method tries to interpret the phenomena and to
represent their mechanisms through a picture. This is the case for the atomic theory
which proposed a mechanical model for the structure of an atom. In the model
method, we try to imagine a mechanism whose details remain hidden and that would
be capable of giving an interpretation of observed facts. Once this mechanism is
defined, we try to draw all the possible conclusions from it. The general character of
the proposed model is then recognized according to the value of the predictions it
allows, predictions that exact sciences are not able to provide. The method of exact
science and the model method are not conflictive, they are complementary. The
further our knowledge advances, the further the physical models move away from
direct experimentation and become more and more abstract until they become pure
“model equations”.

According to this line of thought, a turbulence model is thus composed of
“model equations”. They describe a phenomenon, which is not actual turbulence but
which is sufficiently close to it for representing a useful simplified picture. The
accuracy of the model and its ability to represent the properties of a turbulent flow,
are directly dependent on our knowledge of the physics of the phenomena that it has
been possible to build in the equations.

The model is an almost quantified summary of our present knowledge on fluid
turbulence. According to this point of view, mathematical models are perfectible and
indeed are improving everyday, enriched by new concepts inspired by experimental
results or numerical simulations or progress achieved in theoretical approaches.

The present book gives a prominent position to formalism and equations, thus
allowing a rational approach to models in connection with underlying physical
concepts and intuition. Beyond the description of existing models, the aim is to
show how to develop mathematical models and their elaboration process. In this
prospect, equations, which are the very language of science, allow us both to
condense the physical concepts into a mathematical scheme and to provide a
predictive tool. They call to mind this “bijection” between the physical world and
mathematical formalism toward which theories and models are tending.

Recent years have seen remarkable developments in turbulence modeling
towards more and more advanced formulae that are the fruit of much research
carried on in this domain by various research teams around the world. Effort has
been concentrated in particular on the realizability properties allowing us to deal
with “extreme” states of the turbulence field (high anisotropies and also
compressibility effects, reorganization by rotation, etc.) and also on a more refined
description of the underlying physics aiming at a wider universality of description.
These efforts towards model development, along with the emergence of new
concepts, are currently ongoing, largely boosted by the quick expansion of new
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measurement techniques such as lazer velocimetry and especially by the generalized
use of direct numerical turbulence simulations that provide numerical databases for
calibrating and testing turbulence models. Direct numerical simulations, in spite of
their limitations in Reynolds number, allow us not only to consider types of flows or
physical parameter values that are impossible to obtain experimentally but also to
test the closure hypotheses directly. Thus, the different turbulent phenomena being
more easily differentiated and studied separately, this results in a more detailed
physical description that goes beyond a mere mimicry of the observed behavior of a
turbulent flow. We can say that the development of new techniques of approach
including direct numerical simulations of turbulence, far from substituting for
modeling, have been on the contrary a catalyst for progression. We can then
observe, not only an improvement of turbulence models but also a larger variety of
model types (non-linear models, transport equations for new quantities, etc.) arising.
Second order closures remain however a preferred reference level of closure
allowing both extended potentials in physical description and an efficient numerical
solution of the equations. From the user point of view, the methods of approach of
turbulent flows are very varied, ranging from one point closure models with a
limited number of equations up to advanced transport modeling and large eddy
simulations that can be considered as hybrid methods between modeling and
simulation. All these methods must be considered as more complementary than
competitive and the choice of a particular method will be mainly guided by the type
of problem to be solved and by the type of answers that are expected.
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Introduction

We shall consider, among the numerous approaches of turbulence in fluids, only
those which lead to effective prediction methods of turbulent shear flows by
numerical calculation, methods which allow the study of real flow situations. In the
absence of general predictive theory of turbulent phenomena, practical approaches
resort to modeling and simulation methods. These various approaches have different
levels of complexity, ranging from statistical modeling based on a hypothesis of
turbulence viscosity, then more advanced modeling involving numerous transport
equations, up to turbulent large eddy numerical simulations. These various methods
are complementary rather than competitive, they correspond to different levels of
description, each of them having its own performances and limitations. Thus, among
the large variety of turbulence models and possible approaches, the practical user
will often be led to make a choice which will be generally dictated by the type of
physical problem to be solved and by the type of answers expected (the
characteristics of the flow which are looked for). From this perspective, we shall try,
in the present introduction, to point out some guiding lines, which will be like an
Ariadne’s thread through a varied and multiform landscape.

The full description of a random field with probability densities is very complex,
therefore the usual methods only consider the first moments on single or several
points. The statistical method, using mean value operators, leads to the closure
problem of the system equations. This system of equations is closed by introducing
modeling hypotheses. Generally, two approaches can be distinguished in the
statistical method. They are the one point closures based on a single point moment
hierarchy and the two point closures or spectral models based on a two point
moment hierarchy or their Fourier transforms which are spectral tensors. The first
method has been largely used for the calculation of non-homogenous turbulent shear
flows encountered in real situations, the second method is usually limited to
homogenous isotropic or anisotropic turbulence.
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With the passing years, many turbulence models have been proposed and
developed, allowing us to predict in each case the mean velocity distributions, mean
temperature or concentration in a turbulent flow. The early empirical theories with
very simple formulations are generally based on a turbulence viscosity coefficient or
on a mixing length scheme. These types of models and their various improved forms
have been widely used and have allowed us, in spite of their theoretical limitations,
to reproduce fairly well the measurements obtained by the experimental approach, in
particular in the turbulent boundary layers. However, each of these empirical
theories has its own formulation which is valid only inside a very limited domain
and therefore different schemes must be used for the calculation of confined
turbulent flows in pipes and channels, in jets, in wakes and in boundary layers, etc.

Bringing into play more and more elaborate hypotheses describing the behavior
of the turbulent fluid has then led to the development of more complex schemes
allowing us, in addition to the prediction of mean flow, also to predict the
characteristics of the turbulent field. These are the transport equation models, the
most popular of which was the energy-dissipation model, the so-called “k-£” model.
The following step, in the direction of increasing complexity, is the development of
second order models. The aim of this research on advanced turbulence models
composed of an increasing number of transport equations is the development of
more universal schemes that would be able to solve a varied group of practical flows
in different configurations without having to revise the calibration of numerical
constants. We should point out, however, that the domain of application of a
particular turbulence model always remains limited and that every progress towards
universality is sometimes gained to the detriment of accuracy if we consider a
particular flow application. If transport equation models are now widely used in
industrial practice, in particular the energy-dissipation model, second order
advanced closures still remain under development and progress is being achieved
every day.

Transport equation models allow us to deal with the turbulent interaction
phenomena more explicitly by assigning a physical interpretation to each unknown
statistical correlation to be modeled. They are thus the privileged framework for
introducing extra phenomena in interaction with turbulence such as the influence of
gravity forces, rotation effects, thermal effects, etc.

The basis of this statistical approach has been codified in the invariant modeling
method of J. Lumley. This methodology is presented in the first chapters.

These basic models, with or without transport equations, were generally initially
introduced for incompressible fluid and fully developed turbulence. Extensions were
then made to account for the effect of the turbulence Reynolds number, in particular
close to a wall, often after empirical additions. The methods used for compressible
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flows are still very often mere adaptations of models developed for incompressible
flows.

Traditional one point closures are based on an implicit hypothesis of single scale
description. This hypothesis can be incorrect in turbulent flows with high departures
from equilibrium. This is the case when the turbulent flow is subjected to a force
varying strongly in space or in time or when energy is fed at particular wavenumbers
or frequencies in the spectrum. In these types of flow, multiscale models have been
developed in order to account for some spectral information in a simplified way.

One point models require the introduction of hypotheses, often numerous,
linking unknown correlations to known quantities. The modeler is guided for this by
his physical intuition of the acting turbulent mechanisms, dimensional analysis,
fundamental theoretical concepts, comparing experimental results, etc. These
hypotheses involve numerical constants that are determined against key experiments
that are relatively simple and well known experimentally (grid turbulence, wall
boundary layer turbulence, pure strain, homogenous shear, etc.). A turbulence model
can then be viewed as a quantified summary of our present knowledge on turbulence
that is synthesized as an equation set. The validity of these schemes is subsequently
validated or invalidated after confrontation between numerical predictions and
experimental results for various turbulent flows. It is thus through its consequences
that a turbulence model finds its ultimate justification. The domain of application of
the model will be, of course, more or less limited depending on the generality level
of the hypotheses that have been retained.

The increase of memory size and speed of scientific computers has more recently
allowed the development of simulation methods. If direct numerical solution of the
Navier-Stokes equations for turbulent regimes, due to the extent of computational
means that are necessary, remains limited to fundamental problems in turbulence at
relatively low Reynolds numbers, the numerical simulation of turbulent large eddies
now allows us to tackle real situations. This method allows the simulation by a
three-dimensional and unsteady calculation of the motion of the larger turbulent
eddies whereas fine grained structures of a size smaller than the calculation grid step
size and whose characteristics are more universal, are modeled. The aim is thus to
simulate realizations of turbulent flows that provide a detailed picture and
description of the turbulent structures generated by the calculation and their
evolution. In large eddy simulations, these eddies are not exactly real turbulence
because of the use of small scale modeling but its statistical properties are expected
to be preserved. The various methods of simulation are useful for deeper insights
into the study turbulent flows because they allow us to generate large-scale
fluctuating fields that can be analyzed using statistical post-processing exactly in the
same way as the experimentalist proceeds with laboratory measurements. Numerical
simulations can thus provide statistical correlations that would not be attainable by
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measurement and thus give the possibility of direct testing of the closure hypotheses.
Also, numerical simulations allow us to tackle types of flows or to consider physical
parameter values that would not be possible experimentally. The drawback of direct
numerical simulations or refined large eddy simulations is their Reynolds number
limitations. Another application of simulation is the study of flows in which one
point statistical models do not work or are not able to give the desired information,
this is the case for complex or pathological flows with unsteady or irregular large-
scale evolutions. Numerical simulations may also be useful for the production of
databases used to tune simpler models, in particular for turbulent quantities that
cannot be measured. We will note, however, that in some sense, numerical
simulation methods by calculating more and modeling less, bypass the turbulence
problem rather than solving it, the true original turbulence problem remaining
statistical in essence.
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Chapter 1

Fundamentals in Statistical Modeling:
Basic Physical Concepts

1.1. The nature of turbulence

Turbulence is a property of the flow and not a property of the fluid itself. In
flows that are originally laminar, the turbulent regime arises from instabilities that
develop as the Reynolds number increases. There is no precise definition of
turbulence in fluids, nor does there exist any general theory of turbulence.
Turbulence is thus characterized by several observable properties that we shall make
clear in the following. If we accept the usually retained hypothesis that the detailed
motion of the turbulent fluid is governed by the Navier-Stokes equations, then the
fundamental equations of turbulence can be considered as known and thus they can
form the basis of any tentative statistical theory to describe the turbulence field.

1.1.1. Observable properties of turbulent flows

The chaotic character of turbulent fluctuations appears as a direct consequence of
non-linear terms present in the Navier-Stokes equations. These non-linearities are
apparent through several important consequences which, considering the absence of
any precise definition of turbulence, will serve as characteristic properties.

1.1.1.1. Irregular signal in space and time

Physical quantities such as velocity and pressure vary in an apparently random
way (cf. Figure 1.1). Let us note that organized or periodic fluctuations are not part
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of the turbulent agitation, that is the case for example for pulsed flows in which we
have to remove the periodic component in order to get the true turbulent signal.

1.1.1.2. Rotational flow

The presence of countless swirling eddies conveys the fact that a turbulent flow
is highly rotational. The turbulent motion thus presents strong fluctuations in the
curl of velocity. The non-linearities control the interactions between theses eddies of
differing size. Let us note, in this connection, that an acoustic field, even random, is
not turbulent at all because it is irrotational.

1.1.1.3. High diffusivity

A turbulent field diffuses any transportable quantity, such as temperature or a
dye, but also momentum, rapidly. In reality, turbulent diffusion is due to convective
terms at the fluctuating level. A traced fluid particle marked by a dye is then
distorting, branching out and progressively fraying (cf. Figure 1.2). Diffusive shapes
are described by fractal dimension ensembles ([VIL 99]).

N/\wﬂ\v/\/m <

Figure 1.1. Turbulent signal

1.1.1.4. A three-dimensional phenomenon

Fluctuating turbulent motions are always three-dimensional and unsteady. Let us
mention here and now that a so-called “two-dimensional” turbulence also exists and
can be found in very special situations. Its mechanisms are very different from those
prevailing in three-dimensional turbulence.

1.1.1.5. Unpredictable character of trajectories

The detailed properties of a turbulent flow present an extreme sensitivity to
initial and boundary conditions. This behavior is apparent if we consider a tiny
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deviation in the initial conditions, we then observe that the two flows become
rapidly very different from each other if we look at its instantaneous detailed
description. This unpredictable character of the detailed fluid particle trajectories on
sufficiently long time intervals corresponds to a loss of the memory of initial
conditions. This is the unpredictability phenomenon. It explains, for example, the
difficulties encountered in long term weather prediction. The unpredictability
problem has been studied numerically by Chollet J.P. and Métais O. [CHO 89B].

Some properties of turbulence however remain reproducible, such as statistical
properties, mean values and spectral distributions.

The progressive loss of memory of a turbulent flow which forgets, after some
elapsed time, the detail of fluctuations in the initial conditions some way justifies the
statistical approach to turbulence since, to some extent, the detail of initial
conditions can be ignored. In this connection, it is possible to distinguish newly
created turbulence which still retain the memory of the conditions in which it was
created (much more difficult to study) from fully developed turbulence which has
lost the memory of initial conditions (and which can be studied relatively more
easily because it is subject to universal laws).

1.1.1.6. Coexistence of eddies of very different scales

There exists a whole cascade of eddies of smaller and smaller scales, created by
non-linear processes due to inertial terms in the equations of motion.

1.1.1.7. Dissipation

Turbulence cannot be sustained by itself, it needs an energy supply. This source
of energy can have various origins, the most usual is shear or strain of the mean
flow, but the origin can also come from external forces such as Archimedean forces.
If turbulence is deprived of any generation process, it decays progressively.
Turbulence is dissipative. The mechanism of viscous dissipation of turbulence is
related to the existence of strong gradients of the instantaneous velocity field. The
instantaneous strain rates indeed become very high inside the smallest eddies and the
degradation of the turbulent kinetic energy into heat is thus very strong.

Although there is “turbulence” in plasmas, we shall consider here only the
macroscopic approach which supposes that the molecular scales are largely smaller
than the scales of the smallest turbulent eddies, which justifies the method of
continuous media and the Navier-Stokes equations in particular.
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Figure 1.2. Evolution of a volume marked by a dye under the effect
of turbulent diffusion (after Monin and Yaglom, 1971)

1.1.2. Traditional point of view on turbulence

Turbulence is an eddying motion which, at high Reynolds numbers usually
reached in practical flows, shows a wide spectrum spreading over a significant range
of eddy scales and a corresponding spectrum in frequency. The turbulent motion,
always rotational, can be perceived as a muddle of swirling eddies whose rotational
curl vectors are directed randomly in space and strongly unsteady.

The largest eddies, which are associated with the low frequency range of the
energy spectrum, are determined by the boundary conditions of the flow. Their
length scale is comparable to the order of magnitude of the whole domain occupied
by the flow itself. The smallest eddies, associated with high frequencies in the
spectrum, are determined by viscous forces. The energy spectrum width, i.e. the
scale difference between the largest and the smallest eddies, increases with the
Reynolds number. Momentum and heat transfer are mainly due to large-scale

motions which contribute to statistical correlations uu, and uy where u;

represents the velocity components and y a transported scalar.

Thus, it is mainly these large eddies that must be considered for determining

uu, and uy in turbulence models: the velocity and length scales introduced in the
usual turbulence models are basically macroscales.
The large eddies interact with the mean flow (because their characteristic scales

have the same order of magnitude), they extract kinetic energy from the mean flow
and supply this energy to the large-scale agitations.



