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Foreword

The study of turbulent flows continues to represent a core requirement for many
disciplines in the natural sciences and engineering. The lack of a first principle
approach to “upscale” turbulence is well known. That is to say, we do not know
how to bridge between first principles Navier—Stokes equations-based descriptions
of viscous flows and prediction of statistical and structural properties of turbulence.
And yet, since turbulence is crucial to many important natural phenomena and
engineering processes, the challenges continue to spur research efforts along vari-
ous directions. And, turbulence must be taught to graduate students, while research
scientists and engineers require appropriate introductory texts on the subject.

Since the field is not the result of a cleanly put together set of notions and
axioms, the turbulence literature consists of a plethora of concepts, terms, and
approaches. This state of the art presents a particularly difficult challenge for stu-
dents who are at the beginning of their studies in turbulence. They need a textbook
that focuses on the fundamentals, on what is established and agreed-upon by the
community, without diminishing the wonder about things still unknown. Students
require the relevant subjects to be covered with a judicious mix of rigor, physical
intuition, and description of empirical facts. Moreover, the topic must be presented
in an accessible format that does not diminish the complexities involved.

This second edition of “Turbulence,” by Christophe Bailly and Genevicve
Comte-Bellot, successfully addresses the desired qualities listed above and thus
provides the community with a valuable new textbook. The first edition was
published in French in 2003. This edition, now translated into English, expands on
the original text. First, updates covering areas of computer simulations and
experimental techniques have been made. And, much of the material has been
streamlined allowing the text to flow naturally from one subject to another.

The book starts with two introductory chapters overviewing the most important
and familiar turbulence phenomena and providing a basic introduction to statistical
descriptions of turbulence based on averaging. Then the coverage pivots to wall-
bounded turbulent flows, a most important topic. Students are likely to remember
elements of this subject from an undergraduate fluid dynamics course, e.g., they
may recall using the Moody diagram. This chapter thus provides a natural,
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conceptual gateway to the layered intricacies of wall turbulence and to the prop-
erties of free shear flows covered in the next chapter. At this point, the coverage
moves to more fundamental turbulence physics, with sections on vortex dynamics
and homogeneous isotropic turbulence. On the latter topic, the presentation is done
both in spectral and physical space. Importantly, it provides sufficient depth to
enable students to learn how to perform actual calculations. These sections covering
classical topics are then followed by presentations of more recent material, on direct
and large eddy simulations, common closures used in the context of Reynolds
averaged formulations of turbulence, and the most important experimental tech-
niques. These last three topics can be covered in any desired order.

Many of the chapters contain their own appendices, i.e., materials that may be
omitted but may be of interest to more specialized readers. Placing these materials
close to the main chapters to which they are most naturally related is quite helpful.
Instead of relegating these items to the very end of a book where they could be
easily overlooked, the placement in each chapter gently challenges the reader to
also examine these more advanced topics.

As notation throughout the book, judiciously the authors use the most commonly
used symbols, such as capital letters and over-bars for averaged quantities, “U” for
velocity, and so on. They alternate between Gibbs (bold-face vectors and tensors),
index or individual component notations, depending on the context as most
appropriate. The choice to favor global, mainstream notation greatly facilitates
reading the book and should also help with access to the wider research literature.

As a team, Professors Genevieve Comte-Bellot and Christophe Bailly bring to
bear the insights from their very distinguished research careers and sustained
teaching excellence in the field of turbulence. These qualities come across clearly in
this book. The textbook “Turbulence” thus provides a valuable and solid foundation
for graduate students and beginning researchers in this important and active field of
science and engineering.

December 2014 Charles Meneveau
L.M. Sardella Professor of Mechanical Engineering
Johns Hopkins University



Preface

The motivation for the second edition stemmed in large part from the rapid pace of
change in the fields of numerical simulation and experimental techniques. Despite
the changes, our goal remains the same: to provide a reference textbook for
graduate students, engineers, and research scientists. English is chosen to permit
easy communication between workers in the field.

The contents of the present text book is based on the graduate level course taught
at Ecole Centrale de Lyon. Over the years, the high standard students who attended
the course largely contributed to improve its content and presentation. For students,
it contains the essential results as well as details and demonstrations whose oral
transmission is often tedious. At a more advanced level, the text provides numerous
references which allow the reader to focus on his specific topics of interest. Some
sections and appendices, containing developments on more specific subjects, may
be skipped during a first reading, but might appear useful at a second one! We have
endeavored to provide a wide array of illustrations throughout the book.

The general structure of the book is as follows. After an introduction in Chap. 1
illustrating the interest of turbulent flows, averaged equations and kinetic energy
budgets are provided in Chap. 2. The concept of turbulent viscosity as a closure
of the Reynolds stress is also introduced. Wall-bounded flows are presented in
Chap. 3, and features specific to boundary layers and channel or pipe flows are
pointed out. Free shear flows, namely free jets and wakes, are considered in Chap. 4.
Chapter 5 deals with vortex dynamics, vorticity being a key element in turbulent
flows. Homogeneous turbulence, isotropy, and dynamics of isotropic turbulence are
presented in Chaps. 6 and 7. Turbulence is described both in the physical space and
in the wavenumber space. Time-dependent numerical simulations are presented in
Chap. 8, where an introduction to large eddy simulation is offered. Statistical models
of turbulence are examined in Chap. 9. Major experimental techniques, including hot
wire anemometry, laser Doppler anemometry, and particle image velocimetry, are
finally introduced in Chap. 10. Numerous additional topics are developed in addi-
tional sections marked by a star, such as linear stability, the formulation of different
models for compressible flow or the refinement of Kolmogorov theory, to name a
few, and references are sorted by topics at the end of the book.
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viii Preface

We are indebted to many colleagues in the Laboratoire de Mécanique des
Fluides et d’Acoustique (LMFA), who helped us by providing materials and by
spending time discussing technical points. We would like to warmly acknowledge
Christophe Bogey, Thomas Castelain, Philippe Eyraud, Nathalie Grosjean, Faouzi
Laadhari, and Julien Weiss. We also would like to express our sincere gratitude to
Olivier Marsden, assistant professor at Ecole Centrale de Lyon, and to Antony
Coleman, senior researcher (CNRS) at University of Lyon 1, who accepted to read
the almost final version of the text, and helped us to provide a polished English
manuscript. The remaining errors are, of course, our own.

Ecole Centrale de Lyon, December 2014 Christophe Bailly
Geneviéve Comte-Bellot
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Summary of Main Notations

The same notation is sometimes used with different meanings, but it makes sense
within the context. For example, the notation f is used for frequency as well as for
the coefficient of the longitudinal velocity correlation f(r).

a
a;

Coo
G
Ck

Thermal diffusivity @ = 1/ (pc))

Turbulent thermal diffusivity

Speed of sound

Skin—friction coefficient, see Eq. (1.9)

Kolmogorov constant Cx =~ 1.5

Constant of the Smagorinsky model

Constant of the dynamic Smagorinsky model

Drag coefficient

Constant of the k, — € model

Dilatation d =V - u

Dissipation spectrum, D, (k) = 2vk*E(k)

Specific energy de = c,dT

Total specific energy e, = e + uu;/2

Coefficient of longitudinal velocity correlation Ry (r,0,0)
Coefficient of transverse velocity correlation Ry;(0,7,0)
Specific enthalpy dh = c,dT

Wavenumber vector

Kolmogorov wavenumber k, = v~3/4¢!/4

Turbulent kinetic energy, k, = m/ 2 (incompressible flow)
Subgrid-scale energy

Longitudinal integral length scale L; = Ly for isotropic turbulence
Transverse integral length scale L, = L, for isotropic turbulence
Kolmogorov length scale 1, = v3/4e~1/4
Viscous length scale /, = v/u,
Pressure

Mean rate of turbulent kinetic energy production P = — puju; U,/ Ox;
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Prandtl number Pr = uc, / A

Turbulent Prandtl number Pr, = v, /q,

Wall pressure

Specific gas constant

Reynolds number Rep = p U;D/pw = UyD/v

Space second-order velocity correlation Rj(x, r,t) = uj(x, t)u;(x + r,1)
Second-order velocity correlation coefficient

Mean shear magnitude § = (25;5;)"/>

Skewness factor of signal &, S¢ = ?/ (5_2)3/ 2

Shear magnitude of the filtered velocity field 5 = \/TJEU
Rate-of-strain tensor e; = (Ou;/0x; + Ou;/dx;) /2, see Eq. (2.10)
Deviatoric (trace free) part of e, see Eq. (2.11)

Temperature

Flatness coefficient of signal &, Ty = £*/(€%)

Subgrid-scale stress tensor, #; = pit;i; — pu;u; (incompressible flow)
Bulk velocity

Mean free stream velocity of boundary layer

Velocity vector

Wall friction velocity u; = +/7,,/p

Kolmogorov velocity scale u, = v'/*e!/4

Root-mean-square velocity fluctuation in isotropic turbulence

W =/2k/3

Velocity normalized by the friction velocity u™ = u/u,

Unit vector in the direction i, x, = (0, 1,0) in Cartesian coordinates

Greek letters

Y
1)
1
o
)
€

"

i

€ijk
i

K

A

A1y As
A2y hg

Ratio of specific heats at constant pressure and volume y = ¢, / cy
Boundary layer thickness

Displacement thickness of boundary layer

Momentum thickness of boundary layer

Kronecker delta 8;; = 1 if i = j and 8;; =0 if i # j

Dissipation rate of turbulent kinetic energy k;, see expression (2.22)
Dissipation rate for a homogeneous flow, see Sect. 6.5
Alternating tensor € = (i —j)(j — k)(k —1)/2

Velocity spectrum tensor

von Karmén constant

Thermal conductivity

Longitudinal Taylor length scale, A; = Ay for isotropic turbulence
Transverse Taylor length scale, A, = A, for isotropic turbulence
Molecular dynamic viscosity @ = pv
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Mt

%
Vi
Uy
2
w
wij
e
o

Ty
Tij

Subgrid-scale or turbulent dynamic viscosity (see Chap. 8)
Molecular kinematic viscosity

Subgrid-scale or turbulent kinetic viscosity (see Chap. 8)
Spectral subgrid-scale or turbulent viscosity

Mean vorticity magnitude 2 = (282;82;)"/>

Vorticity vector @ =V X u

Rate of rotation tensor w; = (Ou;/0x; — Ou;/dx;) /2

Life time of turbulence

Density

Wall shear stress

Viscous stress tensor 7;; = 2us;;, see Eqs. (2.6) & (2.12)

Operators and usual decompositions

Material derivative along the mean flow, dF/dt = OF /0t + O(FU;)/0x;,
see Eq. (2.17)

Reynolds average of u;, u; = U+ u'

Favre average of u;, U; = pu;/p and u; = U; + ul

Space filtering of u; in large eddy simulation, #; = G * u; and u; = i; + u;
Favre space filtering in large eddy simulation pit; = G * (pu;) and

u; = ljli + M;,

Fourier transform of the velocity component u;, see Exp. (6.8)


http://dx.doi.org/10.1007/978-3-319-16160-0_8
http://dx.doi.org/10.1007/978-3-319-16160-0_8
http://dx.doi.org/10.1007/978-3-319-16160-0_2
http://dx.doi.org/10.1007/978-3-319-16160-0_2
http://dx.doi.org/10.1007/978-3-319-16160-0_2
http://dx.doi.org/10.1007/978-3-319-16160-0_6

About the Authors

Christophe Bailly is a Professor of Fluid Dynamics and Acoustics at the Ecole
Centrale de Lyon (ECL) in France. He graduated from ECL (1990), received his Ph.D.
in Aeroacoustics from the Ecole Centrale Paris in 1994. After one year spent at the
Centre National des Etudes Spatiales (CNES), he joined the Laboratoire de Mécanique
des Fluides et d’ Acoustique (Centre National de la Recherche Scientifique, UMR 5509)
atECL1in 1995. As lecturer, he has served in Turbulence at the Ecole Centrale Paris from
1995 to 2006, and serves in aeroacoustics at the Ecole Nationale Supérieure des
Techniques Avancées (ENSTA) since 2001. He is also with the Institut Universitaire de
France (junior member 2007). His research activities lie in the area of turbulence and
aeroacoustics. His is co-author, with Geneviéve Comte-Bellot, of one textbook in
turbulence, has authored or co-authored more than 90 papers in refereed journals and
co-supervised over 24 Ph.D. He is also the recipient of the Yves Rocard Prize from the
French Acoustical Society (1996) and of the Alexandre Joannidés Prize from the French
Academy of Sciences (Paris, 2001). He is currently an Associate Editor of the American
Institute of Aeronautics and Astronautics Journal and an Advisory-Editor for Flow,
Turbulence and Combustion.

Geneviéve Comte-Bellot obtained her under-graduate diploma in 1953 at the
University of Grenoble and her Master degree in Paris in 1954, at the Ecole Nor-
male Supérieure. She chose to obtain the Agrégation which opens the road towards
teaching physics and chemistry in high schools. She obtained her Ph Degree in
1963 at the University of Grenoble in the Department of fluid dynamics. Her
dissertation was entitled Turbulent Flow between two parallel walls. The wind
tunnel she specially built permitted to obtain very high Reynolds numbers, an
exceptional feature which was never reproduced. Just after having completed her
Ph.D., Geneviéeve Comte-Bellot obtained a post-doc position at the Johns Hopkins
University in the team of Professor Stanley Corrsin in Fluid Mechanics. For two
years she was in charge of the large Velvet Windtunnel, still in operation, where
turbulence very close to isotropy could be realized. She studied the decay laws and
the Eulerian space-time correlation. Two papers were written and they are today
still used as reference. Coming back to France, Geneviéve Comte-Bellot, became a

XiX



XX About the Authors

professor at the Ecole Centrale de Lyon, which is connected to the University of
Lyon. There, she launched research into aeroacoustics. Many papers were accepted
by specialized journals or presented at international meetings. During the same
time, Genevieve Comte-Bellot improved and used the constant voltage anemom-
eter. Genevieve Comte-Bellot is corresponding member of the Académie des sci-
ences in Paris, member of the French Académie des technologies and associate
member of the American National Academy of Engineering. She is the recipient
of the 2014 Fluid Dynamics Prize of the APS (American Physical Society).



Chapter 1
Introduction to Turbulence

1.1 Turbulent Flows

Turbulent flows are characterized by irregular patterns, unpredictable behaviour and
the existence of numerous space and time scales. They appear when the source of
kinetic energy which drives the fluid in motion is intense and able to overcome the
viscosity effects that slow down the fluid. When viscosity predominates, the flow
is said to be laminar, and hence regular and predictable. The pioneering work of
Boussinesq [592] and Reynolds [663] have defined the first concepts in the study of
the turbulent regime. The energy source in a flow can be of various natures: pressure
gradients in a pipe flow, initial impulsion for jets, or temperature differences in heated
flows where buoyancy takes place.

At the scale of the Earth, solar radiation as well as long range attractive gravita-
tional forces are involved. Oceanic currents such as the Gulfstream in the Atlantic
Ocean or the Humboldt stream in the Pacific Ocean have a mean regular motion.
Intensity and position fluctuations are, however, observed. The same is true for
atmospheric winds. Figure 1.1 displays a map of the winds over the Atlantic Ocean.
These maps are used to improve our understanding of weather abnormalities. At high
altitudes, the jet streams, with speeds up to 100 km/h, are exploited by plane pilots to
optimize their itinerary. Images taken by satellites for weather forecasting are another
good daily illustration of the existing irregularities in geophysical flows. Turbulence
is therefore encountered everywhere in our terrestrial environment. In astrophysics,
the ionized gaseous atmospheres of stars and nebulas are also turbulent, induced by
powerful nuclear reactions occurring in their core and leading to an electromagnetic
forcing of the flow. Solar winds and Jupiter’s red spot are other fascinating examples.

In most industrial applications, substantial energy input or loss often occurs as
well. In aeronautics, the high speed and high temperature jet of engines or the rela-
tively low speed wakes generated by the compressor and turbine blades are turbulent.
In chemical engineering, turbulence appears in complex confined geometries, espe-
cially in the combustion chambers of cars, planes and space launchers. Turbulence,
indeed, plays an efficient role in mixing reactants. We use turbulent mixing daily

© Springer International Publishing Switzerland 2015 1
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Fig. 1.1 Near-surface wind speeds 10 m above the Atlantic Ocean on August 1, 1999. Data
collected by the SeaWinds scatterometer onboard NASA’s QuikSCAT satellite. Courtesy of
NASA’s Jet Propulsion Laboratory

when adding cream to our coffee or tea. A key contribution is played by the spoon
that is turned to achieve a homogeneous beverage. In nuclear engineering, turbulence
increases thermal exchange in cooling systems. In acoustics, turbulence disturbs the
propagation of sound waves in the atmosphere or in the ocean. Turbulence itself is
also an important noise source, the so-called mixing noise in aeroacoustics. It may
also induce vibration of structures and fatigue. Noise induced by wall pressure fluc-
tuations is regularly encountered in mechanical engineering including sonar domes
in underwater applications, aircraft and car cabin noise, or the protection of payloads
during space launcher lift-off, among many other examples.

Turbulent flows can be directly observed, sometimes in a quite spectacular way,
as during a volcanic eruption for instance. Intermittent bursts deforming the free
plume boundaries are shown in Fig. 1.2. In laboratories, various flow visualization
techniques have been developed. For example, emission lines captured in a subsonic
round jet are shown in Fig. 1.3. An electrically heated thin wire is placed near the
nozzle and oil droplets along the wire produce lines of oil vapor which allow flow
visualization for a sufficiently small jet velocity. The picture is taken when the first
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Fig. 1.2 Eruption of the
subglacial Grimsvotn
volcano, Iceland, on May 21,
2011. An initial large plume
of smoke and ash rose up to
about 17 km height. Until
May 25 the eruption scale
was larger than that of the
2010 eruption of the
Eyjafjallajokull volcano, but
did not lead to the air travel
chaos caused in April 2010.
Courtesy of Thordis
Hognadéttir, Institute of
Earth Sciences, University of
Iceland

Fig. 1.3 Visualization of
emission lines in a round air
jet. The nozzle diameter is
D = 15 cm, the jet velocity
isuj ~5m - s~ and the
Reynolds number is

Rep = u;D/v =54 x 10*,
The hot wire heating the oil
droplets is placed 0.5D
downstream of the nozzle. In
addition, 6 hot-wire probes
are located downstream at
4D. Courtesy of Henry
Fiedler

particles reach the downstream side, while others are still on the wire. Large fluctu-
ations are visible near the free edges of the flow, and the vanishing of emission lines
downstream corresponds to tridimensional motions out of the visualization plane.
Figure4.2 in Chap. 4 also displays a direct view of a free subsonic jet through a laser
sheet. Irregularities on the boundaries of the jet can be described by invoking fractal
properties, but the first step is to characterize and analyse the mean flow field.
Turbulent flows are not only characterized by random fluctuations, but also by
the presence of coherent structures. This coexistence has been noted in the literature
since the 1950s, but it has been dramatically highlighted by the experiments of Crow
and Champagne [522] and Laufer [545] in jets, and those of Brown and Roshko
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Fig. 1.4 Ombroscopy of a mixing layer between an helium flow at 10m - s~! (above) and a nitrogen
flow at 3.8 m-s~! (below). The Reynolds number of the upper flow is ten times higher than that of
the lower flow. This variation is obtained by increasing the pressure, and consequently the density
of the fluid. An increase in the Reynolds number produces more small structures within the large
scales arising from Kelvin-Helmholtz instability waves during the initial laminar mixing at the
trailing edge. From Brown and Roshko [474]

[473, 474, 491] and Winant and Browand [497] in mixing layers. The appearance of
coherent structures in the first diameters of a jet , as shown in Fig.4.2 in Chap. 4, is
linked to the laminar transition occurring at the nozzle exit. They are also present in
mixing layers as illustrated in Fig. 1.4. These large vortical structures are fairly well
described by the inviscid stability theory and by the so-called Kelvin-Helmholtz
waves, at least during their linear growth. A brief introduction to stability theory
is provided in Sect. 1.5. The fully developed turbulent flow appears further down-
stream, once these coherent structures have vanished. The statistical description then
becomes totally relevant and it is possible to determine a mean solution of the flow
based on a hypothesis of self-similarity, as presented in Chap.4. For completeness,
coherent structures are also found in wakes generated behind obstacles [28], as well as
in wall-bounded turbulent flows. This topic is discussed in Chap. 3, see also Fig. 1.5.

Experimental findings may also be supplemented by numerical simulation of tur-
bulent flows, especially for quantities which are difficult or impossible to directly
measure. These numerical experiments are however limited to moderate Reynolds
numbers. Nevertheless, they can assess hypotheses used in models, provide a whole
picture of turbulent flow in space and in time and guide us to improve experimental
set-up where appropriate, and vice-versa. Figure 1.5 is another recent example of a
simulation of a detached boundary layer in the presence of an adverse pressure gra-
dient. Numerical predictions are continuously improved, and this topic is discussed
in Chap. 8.
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http://dx.doi.org/10.1007/978-3-319-16160-0_8
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Fig. 1.5 Direct numerical simulation (2304 x 385 x 576 grid points) of a channel flow with one
curved surface inducing an adverse pressure gradient after the bump. The Reynolds number is
Re™ = hu,/v = 617 where h is the half-height of the channel, u, the friction velocity and v the
kinematic molecular viscosity. Vortical structures of the separating boundary layer induced by the
adverse pressure gradient are represented in dark grey while low speed streaks are represented in
light grey, see Chap. 3. Courtesy of Mathieu Marquillie and Jean-Philippe Laval, refer to Marquillie
et al. [643]

1.2 Control Parameters

Turbulence appears when inertial forces prevail over viscosity forces in a flow, which
implies that the Reynolds number measuring the relative strength of these two forces
must exceed a certain threshold. Determining this value is in general not an easy
task, as turbulence takes some time to appear and needs some space to develop. Fur-
thermore, there is no universal transition scenario, even for a given class of flows.
The sketch in Fig. 1.6 sums up a classical view of what happens during the transition
of a boundary layer developing on a flat plate and without pressure gradient, from a
regular flow in the laminar regime to a fully random flow in the turbulent regime. A
picture of a turbulent burst taken in a boundary layer of water flow [595] and corre-
sponding to step (e) in Fig. 1.6 is also shown in Fig. 1.7. Transition experimentally
starts when the Reynolds number based on the external speed U,; and on the distance
x; from the leading edge, is of the order of Re{, >~ U,jx1 /v >~ 3.2 x 10, where v is
the kinematic molecular viscosity. This threshold corresponds to the appearance of
Tollmien-Schlichting waves associated with the Blasius velocity profile, this topic
is briefly described in Sect. 1.6. The Reynolds number still increases with the dis-
tance x1, and a fully turbulent flow is then reached with a thicker boundary layer, as
sketched in Fig. 1.13.


http://dx.doi.org/10.1007/978-3-319-16160-0_3
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Ueot boundary layer) _-
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Fig. 1.6 Sketch of the transition of a laminar boundary layer developing over a flat plate with
zero pressure gradient. (a) Stable laminar flow, (b) appearance of Tollmien-Schlichting instability
waves, (¢) nonlinear effects and tridimensional evolution, (d) large scale structures such as hairpin
vortices, (e) growth of bursts and (f) fully turbulent boundary layer for Re,, > 3 x 106

Fig. 1.7 Image of a E ¥ |
turbulent burst in a boundary %

layer of a water flow. The
Reynolds number at the
center of the burst based on
the distance to the leading
edge of the flat plane is
Rey, =2 x 10°. See
Cantwell et al. [595]

In the seminal experiment of Reynolds [662] regarding the onset of turbulence in
a circular pipe flow, the control parameter is again the Reynolds number based on
the diameter D and the bulk velocity Uy,

_pUsD  UgD
==,

ReD

where p is the density, © the molecular dynamic viscosity and v = u/p. The bulk
velocity is the average velocity over a cross section of the pipe. In practice, turbulence
occurs for a value of the Reynolds number above around Rep > 3000, but this
threshold depends on the quality of the facility. Indeed, the laminar pipe flow, also
known as the Hagen-Poiseuille flow, is found to be stable for all Reynolds numbers
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according to the classical linear stability theory. A laminar circular pipe flow has
thus been observed up to a Reynolds number of 10° by controlling background noise
in order to obtain infinitesimal perturbations [620]. The scenario of the transition to
turbulence for one of the most famous flows in fluid dynamics remains only partially
understood [647].

The Reynolds number is not the only control parameter encountered to char-
acterize the transition to turbulence. In Rayleigh-Bénard experiment for instance,
instabilities appear in a fluid confined between two plates that are maintained at two
different temperatures 7o + AT and Tj, as shown in Fig. 1.8. The control parameter
is then the Rayleigh number, defined as

_ gBATH?

va

Ra

where g is the gravitational acceleration, (3 the thermal expansion coefficient of the
fluid, AT the temperature difference between the two plates, & the height between
the two plates and a the thermal diffusivity, based on the specific heat at constant
pressure ¢, and on the thermal conductivity ) in Fourier’s law a = \/(pc)). In this
experiment, a fluid particle is heated by the lower plate and rises due to the buoyancy
or Archimede force while the viscous drag force and heat loss by conduction are
opposed to this motion. Similarly, the cooler denser fluid near the upper plate tends
to go down. A chaotic fluid motion is therefore expected if the temperature difference
AT is high enough.

The Rayleigh number represents the relative strength of these forces, and regu-
lar convection cells are observed for a Rayleigh number around of 1700 [67]. By
increasing the Rayleigh number, or equivalently the temperature difference AT, the
rotation direction and the size of the cells randomly change. In order to model the
experimental chaotic behaviour of this flow, Lorenz [75] developed the following
dynamic system,

Ty
-
T2
= X1
To + AT

Fig. 1.8 Rayleigh-Bénard cells in a fluid confined between two flat plates at different temperatures.
The convective cells are not circular, as there is a /2 factor between the vertical wavenumber k»
and the horizontal wavenumber k| [67]
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Fig. 1.9 Time history of the 20
X variable in the Lorenz
strange attractor [75] for the
following values of the 10
parameters Pr = 10, b = 8/3
and r = 28
<0
-10
=20 ‘
0 10 20 30 40 50 60
t
ax
Z_PrY - X)
dt
ay
— =-XZ+rX-Y (1.1)
dt
az
— =XY—-bZ
dt

where Pr = ¢,/ is the Prandtl number, also defined as the ratio v/a where v
is the kinematic viscosity and a the thermal diffusivity. The control parameter r of
the system is proportional to the Rayleigh number, and b represents a shape factor
associated with the cell sizes. The X component is roughly proportional to the magni-
tude 11 (¢) involved in the stream function ¥ (x1, x3, t) = 11 (¢) cos(kax2) sin(kixy).
The time history of X () is shown in Fig. 1.9 for illustration. It may be observed
that there are fluctuations in the rotation amplitude and direction of the fluid since
w, = —V?4¢. This chaotic behaviour, which requires at least three degrees of free-
dom and a nonlinear autonomous system, is extremely sensitive to initial conditions.
Lorenz’s work is famous for offering the first strange attractor in the literature. At a
high Rayleigh number, the solution becomes completely chaotic and the flow reaches
a fully turbulent state.

1.3 Nonlinearity of the Navier-Stokes Equations

The unpredictable feature of turbulence and the existence of a large range of scales
interacting with themselves have their origin in the nonlinear behaviour of the Navier-
Stokes equations. For an incompressible flow, the Navier-Stokes equations can be
written as

ou 2
p E+u~Vu =—-Vp+uVu (1.2)
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where u is the velocity vector, p the density, p the pressure and p the dynamic
molecular viscosity of the fluid. These equations display two nonlinear terms, the
convective acceleration term # - Vu and the pressure term. We will first show how the
convection term u - Vu causes the numerous scales observed in any turbulent flow.

1.3.1 Generation of Harmonics

Consider the one-dimensional convection problem to simplify algebra,

with the initial condition u (x, #9) = A cos(kyx) at = ty. A Taylor expansion yields
the flow velocity at time 1 = ty + Af,

Mxﬂ—u@nﬁ+0—m) unﬂ+0mﬂ)

= Acos (kyx) — (t — tg) Ma (x,10) + -

= Acos (kex) + (t — 1g) A? kx cos (kyx) sin (kyx) 4+ - - -
A%k
= Acos (kyx) + (t — 1) ——

sin 2kyx) + - - -

higher harmonic

Note the appearance of a higher harmonic, which is directly linked to the nonlinear
convective term u - Vu. The two-dimensional problem is even more complex. We
have

Ou ou Ou

B + uo + va—y =0 . u(x,y, to) = Acos(kyx) cos(kyy)
v v o with e ,
L u—4+v—=0 v (x,y, ) = A cos(k,x) cos(k,y)
ot Ox 0 ’

asinitial conditions. By introducing a Taylor expansion similar to the one-dimensional
problem, the solution for u(x, y, t) becomes

w(x,y, 1) = u(x, y,10) + (t — to) (x y.10) + O(Ar)
= Acos (kyx) cos ( yy) + (t —1y) X {k A? cos(kyx) sin(kyx) cos2(kyy)}
+ {kyAA’ cos(kyx) cos(k,x) sin(kyy) cos(kyy)}
= Acos(kyx) cos(kyy) + (t — to) kxA2/4 sin(2k, x) [cos(Zkyy) + 1]
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+ (1 = 10) ky AA'/4 {eos [(ex — K)x] + cos (ks +k})x])
x {sin[(ky — k;)y] + Sin[(ky + k;.)y]} to

There is thus generation at the same time of both higher harmonics, that is higher
wavenumbers or smaller structures, with the terms cos[(k, + k)x] and sin[(k, +
k’y)y], and lower harmonics, or larger structures, with the terms cos[(ky — k. )x]
and sin[(ky — k’y) y]. In other words, energy transfers occur between large and small
structures. Given the recurrence of this phenomenon, a rather broadband spectrum
is expected for velocity fluctuations. As may be seen, energy transfer is limited
for large structures by geometrical constraints. What about small structures or high
wavenumbers?

For small structures, energy transfer is stopped by the molecular viscosity. Indeed,
velocity difference between two neighboring fluid particles is reduced by viscous
diffusion, in the same way their temperature would coincide due to conduction in
a thermal problem. In order to estimate the dissipation scale /;; associated with the
viscous molecular dissipation, the time variation of the velocity must balance the
viscous term in the Navier-Stokes Equation (1.2). The former term gives,

by taking for the time scale ¢ ~ [;,/u,), and the latter gives

5%u 7
Y~y
2 2

Ox I

where u,, is the velocity scale associated with /,,. We thus obtain for the corresponding

Reynolds number,

Lyu,
Re, = 21

~1 (1.3)

The [, scale plays a fundamental role in experiments as well as in numerical
simulations, and is known as the Kolmogorov length scale. We will learn to estimate
its value later, but its existence should be noted now.

The broadband nature of turbulence spectra can be directly observed in experi-
mental signals. The time history of the longitudinal fluctuating velocity 1| measured
in a round subsonic jet by hot-wire anemometry is shown in Fig. 1.10a, and displays
a rich spectral content. The Kolmogorov scale is about /;, >~ 0.2 mm, compared to
the jet diameter D = 8 cm for a jet Reynolds number Rep ~ 1.06 x 10°. The
turbulence intensity can be characterized by the ratio o, = u/lrm /U between the
root mean square (rms) value of «} and the local mean velocity U >~ 11.7 m- s7L
In the present case, we have o,,; > 21.2 %. The probability density function (pdf) is
another insightful way of looking into a turbulent signal. For a Gaussian signal, the
pdf is given by
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(@ * (b) ©

0.0 0.1 0.2

Fig. 1.10 An example of velocity signal measured by hot-wire anemometer in a subsonic round
jet at a Reynolds number Rep ~ 1.06 x 103, with D = 8 cm and U;j =198 m- s~!. The probe
is located at x;/D =~ 11.9 on the jet centerline. a Time history of the fluctuating axial velocity
normalized by its rms value, { = u/(t)/u},,,. b Same representation for the time derivative,
(= 8,14/1 (t)/(&,u/l)rms. Probability density functions (pdf) of £ and ( are shown in (¢) and (d) in
solid lines, and are compared to a Gaussian distribution in dashed line. The skewness and flatness
factors are respectively S¢ ~ —0.06 and 7¢ =~ 3.40 for u}, and S¢ ~ —0.38 and T;; ~ 5.15 for
0O;u. Data provided courtesy of Olivier Marsden (LMFA)
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p§) =

1
o 2T
where ¢ is the standard deviation. This function is compared to that found for u/ (r)
in Fig. 1.10c, and clearly the velocity signal does not follow a normal distribution.
This is a general result for turbulent signals [172] The skewness and flatness factors
are respectively S¢ ~ —0.06 and Ty =~ 3.40, to compare to the values S¢ = 0 and

Tz = 3 obtained for a Gaussian signal. The definition of these two coefficients is
given below for a centered variable &,

g

= —— and T£
@3F2

Se (1.4)
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The discrepancy with regard to a Gaussian distribution increases for the time
derivative, as displayed in Figs. 1.10c, d. This can be explained by the internal inter-
mittency, which is still the subject of numerous studies, as discussed by Sreenivasan
and Antonia [195].

1.3.2 Turbulence and Continuum Mechanics

The dissipation length scale /;, is small, but in general remains larger than the mean
free path )\, of fluid molecules. The continuum model can therefore be applied. The
ratio between the free mean path and the length of interest, in the present case the
Kolmogorov scale, is known as the Knudsen number, Kn = ),/ [;;, and the medium
is considered to be continuous when Kn < 0.01. For an ideal gas, it is useful to note
that the kinematic viscosity is well estimated by v ~ ¢ X A, Where ¢ is the
speed of sound [76]. The exact expression for the free mean path is

v o[y
Ap = —., | —
" CooV 2

where v = ¢, /cy is the ratio of specific heat, v = 1.4 for a diatomic gas. As a result,
the Knudsen number can be estimated as follows by using Eq. (1.3),

Am |V Uy Uy

Kn:l—m <1
7

Coo V Coo

As an illustration, for the turbulent signal examined in Fig. 1.10, the dissipation
velocity scale is u; >~ 7.3 x 1072 m-s~!, which must be compared to the speed of
sound coo = /Y Too =~ 343.2 m-s—L.

1.3.3 Sensitivity to Initial Conditions

The nonlinearity of the Navier-Stokes equations does not allow the time evolution of
turbulent fields to be predicted over a long period. The reason for this is that a small
difference in the initial conditions introduces significant differences as time goes by.
This sensitivity to initial conditions has been studied for chaotic systems and implies
a positive value for the largest Lyapunov exponent. An example in meteorology is
that weather forecasts over a period of more than a few days are often risky. Indeed,
an initial separation of 1cm between two fluid particles in the atmosphere results in
a 10km separation within just a day.

The blinking vortices of Aref [64] is a good example to illustrate the unpre-
dictable behaviour of chaotic systems and also to show the benefit in stirring fluids.
In this experiment, the plane incompressible and inviscid flow is created by two
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point vortices of the same strength and located at (—a, 0) and at (a, 0) respectively.
In practice, this can be realized by two rods or agitators animated by motors. During
the time interval 2nT < t < (2n + 1)T, the first vortex is on while the second
is off, and during the interval 2n + 1)T <t < 2(n + 1)T, the first vortex is off
while the second is on. The two vortices thus blink on and off with a period T.
The time dependence imposed on the vortices is essential for adding a dimension to
the two-dimensional flow because chaotic behaviour is observed with at least three
dimensional systems, either all three spatial as in the Lorenz attractor (1.1) or two
spatial with one in time as in the present case. One point of interest here is the position
of particles that are originally located in a single spot, in grey in Fig. 1.11, and then
advected by the flow. Aref has shown that the control parameter is § = I'T /(2wa?),
and we recall that the velocity field around a vortex of strength I is u, = 0 and
ug = I'/ (27r) in polar coordinates (r, #). Each particle thus follows a circular rota-
tion Af = [a?/r? during time T. For a small 3, all particles circle more or less
round the first vortex. For a given configuration, a very small value of 3 corresponds
to a small switching time 7 for the blinking vortices, and the integration of particle
motion can be interpreted as a simple numerical algorithm corresponding to vortices
which act simultaneously. For this steady flow, pathlines and streamlines coincide
and no chaotic advection is observed. For a large [3, particles can be carried along
by the velocity field of the second vortex at its current location when it starts to be
active. Particles that are initially concentrated in the single spot, are thereby advected
almost everywhere. This chaotic stirring is an efficient way to produce homogeneous
solutions in industrial applications [80].

1.3.4 A Remark About Pressure

The second nonlinear term in the Navier-Stokes equation is the pressure term. It may
be explicitly written by taking the divergence of Eq.(1.2). For an incompressible
flow, this leads to a Poisson equation,

0 Ou; Ouj Ou j
Vip=—p—~I(Nuj—)=—p—-— 1.5
P p@xi (u'l ax]') pax]‘ ox; (15

whose Green’s function is known for an infinite medium,

p Ou; 8u;) dy
X)—poo=— | (=== 1.6
px)—p 4%/‘/(8yj8yi (62 Xl (1.6)

assuming that p — po as x — oo. Every region of the volume V occupied by the
fluid thus contributes to the estimation of the pressure field at point x. The fact that
this contribution is instantaneous comes from the hypothesis of incompressibility,
with perturbations traveling at infinite speed, as expected for an elliptic equation.
Of course for a compressible medium, there is a time delay to transfer information
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Fig. 1.11 Aref’s blinking vortex system [64] for three values of the control parameter 3 =
0.01, 0.25, 0.40. The vortex positions are indicated by crosses. The particles are initially con-
centrated within the grey spot. For all plots, the time of stirring is r = 4000 T

from a fluid particle located at y to the observer located at x, as briefly presented
in Sect. 1.4.2. Substituting the expression of p in the Navier-Stokes Equation (1.2)
yields an equation that only depends on the velocity u. Nevertheless, this obviously
does not make the equation easier to solve. A similar equation links the vorticity field
to the velocity field, it is discussed in Chap. 5.
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1.4 Some Practical Consequences of Turbulence

On the whole, transport is very efficient in a turbulent flow, be it for momentum, mass
or heat. Nonetheless, with this efficiency comes an increase in wall friction which is
rarely sought. In what follows, a few examples of the advantages and drawbacks of
the turbulent regime are given.

1.4.1 Transport Efficiency

Increase of Diffusion in a Given Geometry

Let us consider the example of the momentum transport over a given distance L, and
compare the time of molecular diffusion to the time offered by turbulent diffusion.
If only viscous diffusion imposes the motion of the fluid molecules, the time length
T, is determined from the balance between the time derivative of the velocity and
the viscosity forces in the Navier-Stoke equation,

ou L?
— ~vV%u  andhence, T, ~
14

ot

For L = 5 m, with v = 1.5 x 107> m?.s~! in air, this leads to 7, ~ 500h. If
turbulence is present, there is a balance between the time derivative of the velocity
and inertial forces,

u
— ~u-Vu hence, T, ~ —
ot u’

Turbulent diffusion therefore results from velocity fluctuations. By choosing u’ ~
5 cm-s~! as an example, one obtains 7; ~ 2 m, demonstrating the efficiency of
turbulent transport. Note that the Reynolds number based on the travel distance L
actually compares the two characteristic times,

T, u'L

_—~

T;

~ Rey,

A similar result can be easily derived for heat transport which is governed in an
incompressible flow by

9
a—+u~V9=aV29
ot

where a is the thermal diffusion coefficient. Now, with T\, ~ L%/a and T; ~ L/u/,
we have for the ratio of the two time scales
T, L uLv

—_~ — — =Pr xReg
T; a v oa
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where the Prandtl number appears. In air, at atmospheric pressure and at 7 = 273K,
Pr ~ 0.73. In practice, ascending velocities resulting from the work of the buoyancy
force near a radiator are sufficient to create such fluctuations in velocity within a
room and to ensure a homogeneous temperature.

The efficiency of mixing by turbulent transport is important for the dilution of
pollutant waste discharged in rivers, oceans or in the atmosphere. Nonetheless, spe-
cific meteorological conditions can hamper rapid dispersion. Figure 1.12 shows a
smoke plume released from a chimney in an atmosphere where the mean tempera-
ture increases with height above the ground, a situation called temperature inversion
in meteorology. The plume no longer benefits from buoyancy to rise and only moves
away due to the wind.

Expansion of the Free Boundaries of a Flow

A sketch representing the growth of a boundary layer on a flat plate is displayed
in Fig. 1.13. This flow has already been introduced in connection with Fig. 1.6. The
boundary layer thickens downstream, first slowly because of viscous diffusion in the
laminar zone and then quickly due to transverse velocity fluctuations in the turbulent
zone. More precisely, the boundary layer thickness & grows as 8% ~ vt in the laminar
zone, and as 0 ~ wu)t in the turbulent zone. The time ¢ offered to either process is
imposed by the external velocity ¢ ~ x1/U,1. Assuming that the turbulent boundary
layer also starts at the leading edge of the plate, by a tripping device for example,
and that the velocity fluctuation normal to the wall is proportional to the free speed
U,1, then in the turbulent part, 6 ~ (u’2 /U.1)x1. More specifically, the following
relations can be respectively derived, based on the self-similar solution of Blasius in

Fig. 1.12 Smoke plume in the presence of a near surface temperature inversion, which hinders
vertical turbulent motion and drives the plume horizontally. The Quays Shopping Centre, near to
An Tiur and Cloghoge, Ireland. Courtesy of Eric Jones
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x2

laminar transition turbulent

Fig. 1.13 Growth of a boundary layer on a flat plane without external pressure gradient. Transition
appears for Rey, = x U, /v = 3.2 x 10°, or equivalently for Re; = dU,; /v =~ 2800

the laminar regime [22],

X
0~ 4.92—1/2 (1.7)
Re,)

and based on a 1/7th power law velocity profile [22] in the turbulent regime,

X1
0~ 0.37T (1.8)
Rey)

Reduction of Flow Separation Regions

Turbulence is able to bring a high velocity fluid to regions where the fluid motion
would naturally be slowed down. This is the case of the aft part of a cylinder where
expanding cross-section of the flow requires a deceleration of the fluid and a cor-
responding increase in pressure, i.e. dp/dx; is positive. In practice, it is said that
the boundary layer meets an adverse pressure gradient. Naturally the boundary layer
will separate from the cylinder, but turbulence can shift the separation point down-
stream. The location of the separation point S is shown in Fig.1.14 as a function
of the Reynolds number Rep = Uy, D /v based on the incoming velocity upstream
U and the diameter D of the cylinder. At least three regimes can be identified:
the subcritical one corresponding to a laminar boundary layer separation, the critical
regime for 3 x 10° < Re p < 15x 108 for which a separation bubble followed
by a turbulent reattachment occurs, and the super-critical one for which the attached
boundary layer is turbulent.

In diffusers, important separation also occurs when the divergence angle becomes
too wide, see for instance picture 175 in Van Dyke [28], and hence inhibits the
normal functioning of energy recovery. Current studies in active flow control aim
to master separation, small pulsed jets are used in experiments on aircraft flaps
[579] for instance. An example of control allowing flow reattachment downstream
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Fig. 1.14 Separation of a boundary layer on a cylinder. The separation point S is located around
¢s = 90° for a laminar boundary layer, and around ¢, >~ 135° for a turbulent boundary layer. The
origin of angles is taken at the stagnation point. Experimental data (A ¥ ¢ e) from different sources
[567, 581]

of the circular cylinder using a pulsed jet [569] is shown in Chap. 10. The velocity
field in Fig. 10.24 measured by particle image velocimetry, clearly demonstrates the
influence of this pulsed jet.

Decrease of Form or Pressure Drag

Since turbulence transports high velocity fluid into the slow wake of a body, the wake
width becomes narrow and the pressure distribution is modified over the surface of
the body, thus decreasing its form drag coefficient Cp. In the critical regime, Cp can
decrease down to 0.60 whereas it remains at 1.201in the subcritical or laminar regime.
Golf balls make a clever use of this phenomenon. Dimples promote transition of the
boundary layer from the laminar to the turbulent regime. In the case of a sphere, drag
crisis appears for Rep >~ 3 x 103 with a drop in the drag coefficient, from 0.5 to 0.2.
The experiments mentioned in the previous paragraph are also used to deflect flows
and modify drag and lift of airfoils.

Increase in Thermal Exchanges

Turbulence can bring cold fluid towards a heated wall or conversely hot fluid towards
a cold wall, hence increasing heat transfer substantially. Thermal exchangers based
on tube bundles, plates or fins use this property. For a flat plate maintained at a
constant temperature within a flow parallel to it, the local Nusselt number comparing
the convective heat flux at the wall to a pure conductive transfer is given by the two
following semi-empirical expressions,

Nu,, >~ 0.324 Re}c{ 2prl/3 in the laminar regime,

Nuy, =~ 0.0292 Rei{ SPrl/3  in the turbulent regime,
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where we recall that Rey, = U,jx;/v is based on the distance from the leading
edge and Pr = fic, /A the Prandtl number of the fluid. The Nusselt number rapidly
varies with the Reynolds number for a turbulent flow, hence indicating an increase
in thermal exchanges.

1.4.2 A Few Undesirable Effects

Increase in Wall Friction
Wall friction is greatly increased by turbulence. Indeed transverse velocity fluctu-
ations can bring a high velocity fluid close to the wall resulting in a stiffer mean
velocity profile and a higher wall shear-stress 7, . For a pipe flow the skin-friction
coefficient C is defined by

Cr=-— with 7y =p O

—_— 1.9
T i (1.9)

wall

where U, (r) is the mean longitudinal velocity. Figure 1.15 illustrates the correlation
between the friction coefficient C s and the Reynolds number Rep = Uy D /v, where
D is the pipe diameter and U, the bulk velocity. In the laminar regime, one has
Cy = 16/Rep which directly issues from the well-known parabolic velocity profile
of the Hagen-Poiseuille flow. In the turbulent regime, numerous laws have been
suggested over the years, such as the explicitrelation C y ~ 0.0791 ReBl/ 4 by Blasius
and valid for 4000 < Rep < 10°, and the implicit relationship [22, 30]

1 1/2
i = 4log,o(Rep cf/ ) — 0.40 (1.10)
f

Fig. 1.15 Skin-friction
coefficient C y for a circular 10
pipe as a function of the
Reynolds number Rep.
Laminar regime: — 1|

Cy = 16/Rep. Turbulent ) 10
regime: ——— Blasius’ G
relationship

—1/4 2L
Cs~0.0791Re, ", - -~ 10

Eq.(1.11). Data from
McKeon et al. [645]

o Oregon facility and 3
¢ Princeton superpipe
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Recent experimental data have been obtained in Princeton’s superpipe [689] at
high Reynolds numbers, by increasing the pressure of the air flow up to about 200 bars,
and thus by increasing the Reynolds number Rep = pUyD/p up to 3.5 x 107 due
to an increase in the fluid density p at a constant temperature, noting that . = (7).
The following expression of Cf is proposed by McKeon et al. [645]

1

~ 3.86010g,o(Rep cj/z) —0.088 (1.11)
C

/2 —
f
In Chap. 3, it will be seen that relation 1.11 provides accurate results for the friction

velocity u; = /7y /p-

Turbulence and Acoustics

Turbulence generates broadband acoustic radiation, especially the so-called mixing
noise for subsonic flows [511], and its intensity increases with the velocity to the
power eight, which is certainly the most famous result derived from the aerody-
namic noise theory of Lighthill [546]. Lighthill’s wave equation can be seen as the
generalisation of the Poisson Equation (1.6) for a compressible medium,

%' 0T )
= AV = s with Ty = pugn + (p = ep)oy — 7y
L J

where p’ and p’ are respectively the fluctuations in density and in pressure, coo being
a speed of sound and 7;; the viscous stress tensor. The solution in free space can be

written as,
1 O*T; r\ dy
f(x, 1) = — cl - — )=
prx. 1) 43, Jy Oyidy; ‘ Coo) T

and the time delay 7 = r/c related to the propagation of acoustic waves from a
fluid particle located at y to the observer located at x is now present.

Broadband shock-associated noise and Mach waves are also present in supersonic
jets, and the sound pressure levels of the radiated sound field outside of the jet flow
are high enough to be directly visualized, as shown in Fig. 1.16. Acoustic propagation
is also affected, the sound field is refracted and scattered by turbulent flows through
velocity and temperature fluctuations. Source localizations by antenna or sonars for
offshore exploration must taken into account the presence of a non homogeneous
flow field. This phenomenon also exists in optics, where telescopes have to handle
perturbations caused by the fluctuations of the refractive index of air.

1.5 Introduction to the Inviscid Linear Stability*

We consider the linear growth of small perturbations around a base flow, which should
be in principle the laminar solution, and we want to know under what conditions the
disturbance will be able to grow. Such analysis enables a better understanding of the
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Fig. 1.16 Underexpanded supersonic round jet at Mach number 1.53 and Reynolds number Rep =
1.1 x 10°. The nozzle pressure ratio is NPR ~ 3.83, the velocity is u; = 443 m- s~ the total
temperature is 7; = 32.2 °C and the diameter D = 38 mm. For a convergent nozzle, shock-cells are
generated to adapt the exit pressure p, of the jet to the ambient pressure p~.. Small-scale turbulence
inside the jet is also visible. The intense radiated acoustic field can additionally be observed outside
of the flow. Courtesy of Benoit André and Thomas Castelain (LMFA)

Fig. 1.17 Kelvin-Helmholtz
instability occurring in the
formation of clouds.
Courtesy of Thomas
Castelain, during a flight
between Catania and Milan
(LMFA)

first phase of the boundary layer transition from the laminar to the turbulent regime
[54, 55]. These results are also used in numerical simulations of turbulent flows,
where specific frequencies are used in order to seed turbulence development [541]
at the inflow of the computational domain for instance. Kelvin-Helmholtz waves are
certainly the most famous instability waves observed in free shear flows, and it is
possible to see them in everyday life with some luck, see Fig. 1.17. These waves can
also generate noise in supersonic jets for instance, as shown in Fig. 1.16.
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1.5.1 Rayleigh Equation*

The considered base flow is a parallel two-dimensional flow with Uy = Uj(x3),
U, = U3z = 0, whereas the pressure po, and the density p, are supposed to be
constant. The time-dependent solution for the perturbed field is sought in the form
of normal modes

i(kx)—wt) i(kx1—wt) i(kx1—wt)

P = p(xz)e u; = di(xp)e P = p(xa)e
The physical quantities are obtained by taking the real part of the previous expres-
sions. The decomposition p = poo + o, 4 = U + 4’ and p = ps + p’ is then

introduced into Euler’s equations,

o w-Vu)=-v
P\or TH M) =P

and only linear terms are retained by assuming that the perturbations p’, u’ and p’
are small compared to the base flow variables. For the present two-dimensional case,
it may be more convenient to express the velocity perturbation using the stream
function 1,

”/1 — a_w — (b/ (x2) ei(kxlfwt)
_ iy —wt) s Ox2
Y =¢(x2)e with o
uhy = ——— = —ik¢ (x2) ¢! kx1—wt)
8)C1

and the perturbation of vorticity is then given by,

ou,  Ou )
= < —— =_-Y
aX1 (3')(2 w

/

Only two-dimensional perturbations are considered here, as they are known to be
the most unstable for the given base flow. Indeed, Squires [37] showed that any invis-
cid three-dimensional unstable perturbation corresponds to a more two-dimensional
unstable one. The perturbation field satisfies the linearized Euler’s equations,

V-u=0

ou ouy ,dU; op’
p""(a o1 d_)+8x1_0
) (8142 8142 op’
o ot 8x1 8x2

and the Fourier transform with respect to x; and ¢ gives,
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iy + 412 _ o
KU _—=
! dx;
. .~ dU 1 ..
—ikcuy +ikU u; —l—uz—l 4+ —ikp=0
dx; Poo
1 dp
—ikefiy + ikUrin + — P — 9
| Poo dx2

where the complex c¢ is defined so that w = kc. It is possible to write an equation
on the transverse velocity i, for instance, by differentiating the second equation
with respect to x; and by substituting the remaining unknowns using the two other
equations. This yields,

d>is . d*U,
U - — —Fip |- —in = (1.12)
dx; dx;

whichis Rayleigh’s equation (1880). This equation is the starting point for the inviscid
stability study of free shear flows. In the spatial theory, which is often the most relevant
using a local approach by comparison with experiments, the complex wavenumber
k = kr + ik; is sought for a given real angular frequency w in order to obtain
non trivial solutions of (1.12) satisfying the boundary conditions > (x) — 0 as
x3 — =Zo00. The sign of the imaginary part k; of the wavenumber thus determines
the flow stability,

”/2 — 122 (XZ) e—k,—xl et(erl—wt)

Perturbation is spatially amplified if k; < 0, damped ifk; > 0, and the marginal or
neutral stability is obtained for k; = 0. Hence k; represents the spatial amplification
or growth rate, and the phase velocity of the perturbation is given by ¢, = w/k;.

A similar discussion arises in the temporal approach. The angular frequency w =
wy + iwj is then sought as a complex value for a given real wavenumber k. One of
the most famous result of the inviscid stability theory was pioneered by Rayleigh.
A necessary condition for observing instability waves is that the velocity profile U
of the base flow has at least one inflection point. To demonstrate this result, the
Rayleigh Equation (1.12) is multiplied by #3, the conjugate of it>, and similarly, the
conjugate of the Rayleigh equation is multiplied by 5. This yields,

2 1 d2U1

Ax AL 2 A A |2
Uy r — k“ |la|” — u|" =0
242 2 2
Uy —c dx% | |
2
A AN 21A 12 1 a“Uy ,. »
iy iy —k u2| - — ‘uzy =0
Uy —c¢ dx2

where iy = d*ii;/dx3, and by subtraction,
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2ic; d*U;

Ax Al A Ak A (2
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Hence, by integrating along the transverse direction x» and taking into account
the boundary conditions for 5, the equation becomes

A 12

ci +00—|u2| dZUldx =0

1 . 2 2 2=
—oo U —c|” dxj

A necessary condition for the growth of instability waves is the vanishing of the
integral, thus requiring that U] has at least one inflection point, but nothing ensures
that ¢; > 0. A stronger necessary condition was later obtained by Fjgrtoft (1950).
The following criterion

d*U 1
dx%

(U —Uy) <0

must be satisfied somewhere on the velocity profile, where Uy is the velocity at the
inflection point. For a monotonic velocity profile, it also means that the spanwise
vorticity §2; = dUs/dx; at the inflection point has to be a maximum rather than
a minimum [37, 55]. These two criteria given by Rayleigh and Fjgrtoft are often
sufficient in practice for free shear flows, such as mixing layers and jets, and can be
extended for compressible flows, see Sect. 1.5.4. A last useful result to mention is
Howard’s semi-circle theorem (1961), which states that ¢ must lie in the semi-circle,

1 2 1 2
[Cr - E (Uimin + Ulmax)] + Ciz = |:§ (Utmax — Ulmin):|

Some stability results dealing with classical base profiles are discussed hereafter.

1.5.2 Plane Mixing Layer*

Two-dimensional mixing layer is usually well described analytically by a hyperbolic
tangent profile, see Fig. 1.18, which can be written in the following general form,

U+ U —U X2 X2
= h{—)=u,|1+ R,tanh { — 1.1
Uy (x2) T tan (259) u [ + R, tan (269)] (1.13)

where u,, is the mean velocity in the mixing layer, R, a parameter associated with
the velocity difference AU = U; — U, in the shear zone, and Jy is the momentum
thickness of the shear layer,

U + U AU
At AV

tm 2 “=
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|
g = i /_OO [U1(x2) = U] U1 — Ui (x2)1dx2

The length scale dy can also be expressed in terms of the vorticity thickness d,,

defined as,
1 +00
0w = 2dx;

Qmax —00

and for the hyperbolic tangent profile (1.13), §,, = 49y. This profile has an inflection
point at xp = 0, which also corresponds to a maximum of the spanwise vorticity, two
necessary conditions for the development of Kelvin-Helmholtz instability waves.
The evolution of the spatial wavenumber and of the amplification rate as a function
of frequency are shown in Fig. 1.19 for several values of the parameter R,. For the
value R, = 1, that is U, = 0, the most amplified mode is obtained for wdy/u,, =~
0.2067, corresponding to the frequency,
Um Um
fo >~ 0.033 5y 0.132 3

w

and the perturbation amplification over one wavelength A = 27/k, is

2
exp (—kik—ﬂ) ~exp (27 x 0.1142/0.2016) ~ 35

r

In other words, the amplitude of the wave is multiplied by 35 each time it travels
a distance of one wavelength. The most amplified mode fj is usually known as the
fundamental mode of the mixing layer. The phase velocity ¢, = w/k, and the group
velocity vy,
dk,/dw

~ (dky Jdw)? + (dkijdw)?

Vg

Fig. 1.18 Spatial growth of o
instability waves in a plane

mixing layer. For a

hyperbolic tangent profile,

the vorticity thickness is

0 = 499
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Fig. 1.19 Spatial amplification for the hyperbolic tangent velocity profile (1.13). On the left side,
the amplification rate normalized by the parameter R, —k;dp/R, and on the right, the real part of
the wavenumber &, dg in terms of the adimensional frequency wdg /u,,. Computations for R, = 0.5
to R, = 1 with a step of 0.1; the values calculated by Michalke [48] for R, = 1 corresponds to e
symbols
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Fig. 1.20 Stability of the hyperbolic tangent velocity profile (1.13) for R, = 1. Amplification
—k;dg of the spatial growing mode in solid line, and of the temporal growing mode w;dg/v, in
dashdot line, as a function of the adimensional frequency wdg/u,,. Points calculated by Michalke
[47, 48] are in @ symbols, the vortex sheet solution valid as w — 0, is plotted in dashed lines

that is the velocity at the point corresponding to the maximum amplitude of a wave
packet, are functions of the frequency, thus highlighting the dispersive nature of these
waves. For the most amplified frequency fo, ¢, >~ u;, and vy = (dk, /dw)_l ~
0.66u,,. The value of the phase velocity can be estimated by measuring the dis-
placement of local maxima of vortices at frequency fy. The value predicted by the
linear stability theory is in good agreement with numerical simulations [470]. An
illustration is given later in Sect.5.4.

Finally, stability analysis based on spatial and temporal growing modes is dis-
played in Fig. 1.20 by using Gaster’s transformation [38], which only holds true for
small amplification rates, that is in the neighbourhood of neutral points.
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1.5.3 Plane Jet*

The initial development of a plane jet can also be described by a hyperbolic tangent

velocity profile,
Ui

1 o () lal
7, =2 [1 +tanh|:250 (1 e )“ (1.14)

where U is the jet exit velocity, i the jet half-width and J5 the momentum thickness
of the shear layer. This symmetrical velocity profile has two inflection points, and
thus two oscillation modes; namely a symmetrical or varicose mode, and an antisym-
metrical or sinuous mode. The symmetrical mode is obtained by imposing u5 = 0 on
the axis of symmetry, or equivalently zip = 0 at x, = 0. The antisymmetrical mode is
obtained by imposing u = 0 on the axis of symmetry, or equivalently dii;/dx; = 0
at xp = 0 according to the continuity equation.

An important parameter in the present case is the ratio i /dy between the jet half-
width and the characteristic length scale of the shear layer. For large values of h¢/dg,
the two mixing layers are generally considered as quasi-independent, and behave as
in the basic hyperbolic tangent shear profile (1.13) with U; = 2u,, and R, = 1.

1.5.4 Generalisation of the Rayleigh Equation*

In this last paragraph, the generalisation of the Rayleigh equation to compressible
perturbations is briefly introduced for a axisymmetrical base flow, U, = Uy = 0
and U, = U(r) in cylindrical coordinates. Mean pressure p, is supposed to be
constant in the flow but a mean density profile o(r) is now considered in the decom-
position of the density, p = o(r) + p’. A solution for compressible perturbations
(0, uy, uy, ul, p') is still sought as normal modes, e.g. one has for the pressure,

p=p@r)e*tn=«D  with neN

In a similar manner to what was undertaken in Sect. 1.5.2, the variable decompo-
sition is introduced in Euler’s equation and the energy conservation equation, and
only linear terms are retained. Hence,
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L Ot 0z

+ 9PV U =0

By taking their Fourier transform with respect to z, 6 and ¢, these equations
become,

' d
—iwﬁ+ikuﬁ+ﬁ,d—g+gm.ﬁ=0
r
1dp
—iwiy + kU, + - L =0
odr

1
—iwiig + ikUfig +i-—p =0
r

.o, duo o 1
—iwuz—i—urﬂ—i—lkUuz—l—Elkp:O

| —iwp +ikUp +vpocV -t =0

From this system, the density p and the three velocity components i, iig and i,
can be expressed in terms of the pressure perturbation p,

n Ldo 1 dp p
_ _ldo _drp 1.15
P odr (kU — w)?* dr +02 (1.15)
. 1 dp
=i — 1.16
eur lkU—u) dr ( )
. nop
= —— 1.17
oo rkU—uw ( )

1 dUu dp kp
(kU —w)?> dr dr  kU—w

ol, = (1.18)
where ¢ = ¢(r) is the mean speed of sound defined by ¢> = 7 pso/ 0. The equation
governing the pressure p may then be obtained through the energy conservation
equation,

i (kU—-w)p+7ypocVL-0=0

that is, by replacing the term V - & by its definition,
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_ . ld . T
i (kU —-w)p+vpso ——(ru,)+z—u9+lkuz =0
rdr r

The velocity components can then be eliminated according to the previous expres-
sions (1.16)—(1.18), which yields

d*p 1 1dpo 2k dU0dp , n? (kU —w)?
r odr kU—wdr

—_— k — ———|p=0 (1.1
dr? dr +r2 c? ]p (1.19)

This equation is a generalisation of Rayleigh’s Equation (1.12) to include com-
pressibility effects for free shear flows [36, 50]. Equation (1.19) describes not only
spatial growing instability waves within the flow, but also propagation of acoustic
perturbations through the base flow. Without going into details here, Equation (1.15)
is reduced to p = p/c? by neglecting the mean density gradient term, a relation
which governs acoustic fluctuations. A generalized inflection point theorem based
on this equation can also be stated as follows [34],

d p au
—_ B ——— T — = 0
dr \ n? +k%p? dr

in the framework of temporal stability.
Evolution of the wavenumber as function of the frequency for the two first modes
n = 0 and n = 1, is shown in Fig. 1.21. The base profile of the axisymmetric jet is

taken as follows,
U 1
— = — 1 +tanh r—o(l—L)
Uj 2 28y 1o
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Fig. 1.21 Axisymmetric compressible jet with ro/dg = 20 and 7, = T, where T; is the jet
stagnation or total temperature and 7, the temperature of the ambient medium at rest. Evolution
of the amplification rate —k; dy for the plane mode n = 0 (left) and the first azimuthal mode n = 1
(right). The Mach number of the jet varies from M; = 0.9 up to M; = 2.1 with a step of 0.3; The
frequency is also given in terms of Strouhal number St = 2rq f/u
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where U is the jet exit velocity and ry the radius of the jet. The density profile is
provided by the Crocco-Busemann relation. Stability theory predicts the domination
of the first azimuthal mode n = 1 as the Mach number M increases for cold jets.

The reader may continue on this topic by reading Huerre et al.[41-43] for the
distinction between convective and absolute instabilities, and the work of Tam et al.
[57, 59, 60] for compressibility effects in jets and mixing layers.

1.6 Orr-Sommerfeld Equation*

The stability study of wall flows, but also that of wakes or jets at low Reynolds
number, requires the inclusion of viscous effects. Under the same hypothesis of
linearization as in Sect. 1.5, the incompressible perturbations are now governed by
the Orr (1907) and Sommerfeld (1908) equation,

2
d’us 2 aur 1 d’u;
U* — ¢* 2 A 1 0r = : 2 _k*2u* (120)
(v )(dxgz 2) dx3> 7 ik* Res, \ dxs? ?

written using dimensionless variables, denoted by a superscript ». The displacement
thickness d; of the boundary layer is the reference length scale, and the free stream
velocity of the base flow U, is the reference velocity scale, and Res, = U,1d1/v.
Stability analysis is often more tricky than for inviscid flows and is beyond the scope
of the present course [37, 39, 55].

As an illustration, we consider the temporal stability analysis of a laminar bound-
ary layer growing on a flat plate without pressure gradient, the corresponding base
flow is thus the Blasius velocity profile. The Orr-Sommerfeld Equation (1.20) can
be recast in the following form,

= (c3a3)” + UF 3 UL s Wi (1.21)
_ u Uy — ——Ur =C u .

where £} = d? /d)c;2 — k*2. The numerical approach consists in solving an eigen-
value problem, where ¢* = ¢} + i c} is the desired eigenvalue. Therefore, for each
value of the Reynolds number Res, and of the axial wavenumber k* = k9, the
stability is determined by the sign of ¢} = Im(c*). Iso-contours of the amplification
or growth rate ¢ = c¢;/ U, are represented as functions of the pair (Res,, kd1)
in Fig.1.22. The critical Reynolds number Regl ~ 519.4 is obtained for k°§; =~
0.303, which yields a wavelength of A =~ 7.3 at the start of transition for the
Tollmien-Schlichting instability waves, by using (1.7) to compute the boundary
layer thickness d. The critical phase velocity is ¢/ U,1 =~ 0.3965 and the criti-
cal angular frequency is w*01/U,; =~ 0.12. This frequency is also often expressed
as F' = w/Res;, = wy/Uezl. The largest possible wavenumber is k.91 >~ 0.36,
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Fig. 1.22 Temporal stability of a laminar boundary layer growing on a flat plate without pres-
sure gradient. The Orr-Sommerfeld Equation (1.21) is solved by a Chebyshev matrix collo-
cation method. The closed curves represent contours of constant growth rate at ¢;/U,1 =
[0.005, 0.01, 0.015, 0.020, 0.023], as a function of the Reynolds number Res, = U,16; /v and of the
dimensionless wavenumber kd;. The neutral curve is in black, and the critical value of the Reynolds
number is Regl ~ 519.4, associated with a critical value of the wavenumber k€0;. Isocontours of
the phase velocity in the x direction are also plotted for ¢, /U,; = [0.15, 0.20, 0.25, 0.30, 0.35]

which corresponds to the smallest wavelength A\ >~ 6.2 for instabilities. Tollmien-
Schlichting waves have thus a rather large wavelength compared to J.

A good agreement is obtained if the wavenumber k of the perturbation is well
controlled in experiments, and if nonparallel effects are included in the theory [37],
yielding a lower value of the critical Reynolds number Res; =~ 400. In practice,
the transition from the laminar regime to the turbulent regime is found near Re,, ~
3 — 5 x 10° or equivalently near Res, > 1000, and the transition is completed for
Rey, >~ 3 x 10°. The reader may refer to the comprehensive reviews by Wazzan
[62], Arnal [31] and Reed et al. [54] to continue with this topic.



Chapter 2
Statistical Description of Turbulent Flows

This chapter focuses on the statistical approach to turbulence. On the one hand, it
seeks to describe the evolution of mean and turbulent fields, and on the other, to
highlight the transfer terms between these two fields. This splitting, introduced in
1883 by Reynolds, is not unique, nor the most satisfactory. Other flow decompositions
are given in Chaps. 8 and 9. Nevertheless, the Reynolds approach is still to this date
the only one allowing simple statistical assessments of fluid dynamic equations.

2.1 Method of Taking Averages

Any variable occurring in a turbulent field, such as velocity, pressure or temperature,
is a random function of position x and time ¢. The first method to define an average
is thus based on a probabilist approach. This means that the same experiment is
repeated a larger number of times providing independent realizations of the field.
The statistical mean F (x, 1) of a variable f(x, 1) is then defined as

N

F(x,t) = Jlim iZf“) (x,1)

i=1

where £ is the ith realization. This average will be the one employed throughout
this chapter because of convenience when manipulating equations. It is however
difficult to be implemented in concrete experiments. Two other methods are therefore
involved in special cases. When the turbulent field is stationary, i.e. when time ¢ does
not enter into F, a temporal average is possible, leading to

_ 1 to+T
Fr(x) = lim —/ f(x.t")dr

T—oo T
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where T is the observation time over only one realization. As an example, a sensor is
placed atlocation x in a jet operated by a constant power supply. The duration 7 has to
be large to permit F7 to approach F. The exact demonstration relies on the hypothesis
of ergodicity, which is developed at large by Lumley in his book on stochastic tools
in turbulence [77]. Practically, a tangible requirement is that points at sufficiently
large separation be uncorrelated. As a result, time 7" has to be much greater than the
largest turbulent time scale encountered in the turbulent field. Moreover this time
T depends on the nature of the considered variable f. Even simply for velocity, T
differs for measurements dealing with u(x, t) and measurements involving u” 2(x, 1)
or u*(x, ).

When the turbulent field is homogeneous, i.e. when position x does not enter into
F, a spatial average is possible leading to

_ 1
Fy(t) = vli_r)noo V/V f(x',t)dx’'

As above, the volume V has to be large relative to the turbulent spatial scales
involved in the variable f which is considered. The spatial average is generally
employed when running computations which generally provide a knowledge of the
turbulent field f at all points x, and moreover at all times ¢ in the volume V. An
example is the turbulence decay in a large box after the initial excitation is turned off.

In the Reynolds decomposition, any physical variable f can be split into its mean
part F and its fluctuation part f',ie. f = F + f’ with f = 0. As a convention
for what follows, capital letters are employed as often as possible when designating
mean physical quantities, in addition to the bar related to the mean operator. It is
important to note that in this context, the mean part represents what is reasonably
calculable, or at least the deterministic part, as opposed to the random or incoherent
fluctuations which will be either modelled or measured.

Some important properties of the averaging operator are now listed. For two ran-
dom variables f = f (x,t) and g = g (x, t) and a constant «, one easily establishes,

(i) f+9=F+G

(ii) af =aF

(iii) Fg=FG

_ of OF 90f OF
@iv) =— =

o o Ox _Ox

v) / fdt = / Fdt / fdx; = / Fdx;

Moreover, an important practical rule which will often be employed later on,
concerns the product of two variables f and g,

fg=FG+fg 2.1)
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The alert reader may have noticed that the presence of a nonlinear term in the
equations does not allow expression of the product as a function of F and G only,
but introduces a new second-moment term f'g’.

2.2 Reynolds Averaged Navier-Stokes Equations

Prior to considering the implications for turbulence of the Reynolds decomposition
in a mean part and a fluctuating part, the fluid dynamics equations must be clearly
stated. The reader can refer to classical textbooks in order to review the different
local forms of these equations.

2.2.1 The Fluid Dynamics Equations

The fluid dynamics equations take the following forms whether they concern mass,
momentum or energy conservation [5],

dp
V(o) — 22
o T (pu) =0 22)
W0 4V (uow =-Vp+V 7 2
h
—a(a’;)+v-(phu)=—V~q+g—f+u'VP+V”:T 24)

where p, u, p and h designate density, velocity, pressure and enthalpy, respectively.
No volume force such as gravity is considered here. The viscous stress tensor T is
expressed for a Newtonian fluid as,

T=p[Vu+ (V)] + 0V u

=p [Vu + (Vu)' — %(V - u) 1} +up(Vu) I 2.5)

where p, A2 and pp = Ay + 2u/3 designate the dynamic viscosity, the second
viscosity and the bulk viscosity, respectively. To make clear the compact tensorial
notations, let us explicit the convective term in (2.3) and the dissipation term in (2.4),

8 .
[V (pu®@u)];, = aTj(,ouiuj) Vu: 1= S Tij

By substituting expression (2.5) into the Navier-Stokes equation (2.3), the ther-
modynamic pressure is now distinct from the effective or mechanical pressure given
by p — upV - u. The classical approach consists in taking pp = 0, according to the
Stokes hypothesis, and the viscous stress tensor is then simply expressed as,
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; 2
T:u[Vqu(Vu)]—gu(v.u)I (2.6)

However, except for a monoatomic gas [71], this assumption is experimentally
not satisfied [72, 74] when the determination of 1 is carried out by measuring sound
absorption. It should be noted that this discussion only occurs for compressible flows.
Expression (2.5) directly provides the expression of 7 for an incompressible flow,
thus satisfying V - u = 0. In addition, if the fluid is not Newtonian, in such case
as water flows containing polymers or bubbles for drag reduction, other constitutive
equations have to be used.

The fluid is presumed to act as an ideal gas, i.e. p = prT, and the conductive
heat flux is supposedly described by the Fourier law ¢ = —AVT. In these relations,
r is the ideal gas constant of the studied fluid and A its thermal conductivity. The use
of the enthalpy variable / to write the conservation of energy enables to obtain the
temperature 7' directly by using the relation dh = c,dT, where c), is the specific heat
for a constant pressure. The energy conservation equation can be written in many
other forms such as [5],

a(aptg)+v.(peu)=—V-q—pV~u+W¢T @7
0
(gtet) +V-(petu)=V'[_‘1_p”+T'”] (2.8)

where ¢ = ¢,T and ¢; = e + u*/2 are the internal energy and the total energy
respectively, with pe; = p/ (v — 1) + pu?/2 for an ideal gas.

In addition, the following rule obtained by using Eq. (2.2) for any variable f, will
also be frequently employed,

d(pf)
ot

0
+V'(,0fu)=p(8—{+u~vf) (2.9)

In order to simplify algebra in this statistical study, the flow is assumed incom-
pressible,i.e. V-u = 0. Compressible flows, which are more complex, will be briefly
described in Chap.9 as applied to statistical modelling, see Sect.9.3.1. Therefore,
the following will now focus essentially on the Navier-Stokes equation. The case of
a dilatable fluid including buoyancy effects, that is to say for which p = p(T), can
be treated as an exercise in order to practice the course.

Some results of continuum mechanics concerning the viscous stress tensor are
briefly recalled as to conclude this section. The velocity gradient tensor can be decom-
posed in the sum of a symmetrical part, the deformation or rate-of-strain tensor e;;,
and an anti-symmetrical part, the vorticity tensor wjj,

Ou; 1 (Ou; Ou;j 1 [ Ou; 8u;)
_ = = _ + — + — _—
Oxj 2\0x; Ox; 2\0x; Ox;

e,-j w,'j
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A physical interpretation of the velocity gradient tensor is given in Sect.5.3.
The vorticity tensor is linked to the vorticity vector w = V x u through the two

relations below,
1 1
Wwij = Eeijkwk Wk = Ee,-jkwij
Moreover, it is convenient to split the deformation tensor e;; into its isotropic and
deviatoric parts by writing,

1 1
ejj = eg + eg = gekk(sij + (e,-j — §ekk(5ij) (2.10)

The isotropic or spherical part eg expresses the volume change since

1 Ou
tr(ef)=e§5,-j=gekk(1+1+1)=a—m’:=v-u

whereas the deviatoric part e? is such as tr(eD) = 0, and is also symmetric. From
now on, the deviatoric part of the velocity gradient tensor will be denoted s;;,

1 (Ou; Ou; 1
D l J
i=ei ==——+—)—=(V-u)d; 2.11
Sij = €j > (8)6]' + aXi) 3( u)0jj ( )
As is clear from the constitutive relation (2.6), the viscous stress tensor is linearly
linked to this tensor s;; by,
Tij = 248 (2.12)

for a Newtonian fluid satisfying Stokes’s hypothesis. At last, the dissipation term
Vu : T appearing in the energy conservation equation (2.4) is always positive, and
this result is straightforward by noting that the viscous tensor is symmetric

8u,~ 314]
Vu:t= ST = S Tji = €ijTij = SijTij

8x,~ axi

and thus Vu : 7 = 2us5- > 0. This dissipation term represents the quantity of
mechanical energy transformed into thermal energy by viscous effects, and it is
necessarily positive because of the second thermodynamic principle. By developing
this expression, is obtained

1 1
Vu:1=2u (el-zj — §e/%k) =2u |:ei2j — E(V . u)2:|

A final remark is to observe that there is no distinction between ¢;; and e? = 5j;
for an incompressible flow of a Newtonian fluid.
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2.2.2 Averaged Equations

To derive averaged equations, the Reynolds decomposition is applied to Ve1001ty U =
U; + u; and pressure p = P + p’, as well as to the viscous tensor 7;; = 7;; + T . The
flow is cons1dered incompressible and density is supposed to be constant. However,
we will try to keep general expressions as far as possible in the development. Firstly,
from the incompressibility condition,

0

8x, (U —|—u) 0

one obtains by averaging the equation,

8l7,~ Bu’.
— =0 andthen, —- =0
i and then B

by substraction of the two first equations. Therefore, the instantaneous fluctuating
velocity field is incompressible. This property will be employed very often later on.
In the same way, from the mass conservation equation (2.2)

35 (@] =0

and from the momentum conservation equation (2.3)

5 [0+ )]+ S0+ ) (0 +16)] = -

oP +p) | O+ 1)
8)6,' an
(2.13)

the averaging operation leads to the Reynolds averaged equations,

gj (pU;) =0 (2.14)
0(pUi)  0(pUiU;) 0P 0 [
o o, om @ ox [ = ouar] @15

The new unknown — pu;u’j issued from the convective nonlinear term in (2.3),
is called the Reynolds stress tensor. Generally this term is larger than the mean
viscous stress tensor except for wall-bounded flows, where viscosity effects become
preponderant close to the wall. The no-slip boundary condition indeed requires that

u' u/ — 0 at the wall.

Due to the appearance of the new unknown pu the set of equations giving

i ]’
the mean velocity field U,~ cannot be solved, and there are more unknowns than
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equations. In short, this is called a closure problem. Two strategies can then be
pursued to surmount the difficulty. The first comes from Boussinesq, and consists of
modelling the Reynolds tensor — pm Details are given in Sect.2.5. The second
one consists in writing an equation for this unknown tensor, i.e. a transport equation
for the Reynolds stress tensor — pu;u/J However, as one can guess, this new equation
will introduce third-moment terms in velocity fluctuations, as shown later with the
triple correlation term in Eq. (2.19) for instance, which still requires a closure.

The mean kinetic energy of the fluctuating field &;, also called the turbulent kinetic
energy,

7 RN
u;u; uy +uy +ujg

ki = L= 2.1
1 > > (2.16)

can be introduced through the contraction of the Reynolds stress tensor
—pugufi 0ij = —2pk;
It therefore appears instructive to continue the presentation by considering the

kinetic energy budget of the mean flow as well as the kinetic energy budget of the
fluctuating field.

2.3 Kinetic Energy Budget of the Mean Flow

The equation which describes the kinetic energy pl_/i2 /2 of the mean flow can be
obtained by multiplying the averaged Navier-Stokes equation (2.15) in the ith direc-
tion by the mean velocity U; component,

- 2 (pU;) 0 (pU;U; p -
UiX{ (v )—i- (v ])— or 0 [?ij—pugu/j]]

ai o, om ox,

From the mass conservation equation (2.14), a rule _similar to relation (2.9) can
easily be derived for an arbitrarily mean flow quantity F,

pF) 0, - - OF  _O0F d -
—(pU;F) = p— + pU;— = — (pF 2.17
ot +8x,~ (bUiF) = p ot tr Ox; dt (PF) @17

and is here used to rearrange the left-hand side of the previous equation in a
conservative form,
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Gr x a(PUi)+a(PUin) _ 59U + U0 Ui
ot ax/'

The other terms can be rewritten thanks to the incompressibility condition for the
mean flow, and as a result, the kinetic energy budget can be recast in the following
form,

9PV 9 (.PYi ) = OYi - OV 2.18
3t( 2 )+ax,»( I )TN e T T, (213)

—_— ) ——

(@) (b)
9 (Uiﬁ) 9 - 0 (- ——
ox; + a—x] (U,T,]) — 3_x] (Ulpuiuj)

(c) (d) ()

Intentionally, let us first consider the last three terms (c), (d) and (e). They respec-
tively represent the power of pressure forces, viscous forces and Reynolds stress
forces. It is important to observe that these terms are zero for a homogeneous mean
flow. Indeed, they represent pure diffusion transfers and are actually written as a flux
divergence form. As a result, the most important terms are term (a) which represent
a transfer between the mean flow and the fluctuating flow, and the term (b) which
represents the viscous dissipation of the mean flow.

In order to correctly understand the transfer term between the mean field and the
turbulent field, it is useful to write down the equation governing the turbulent kinetic
energy of the fluctuating field.

2.4 Kinetic Energy Budget of the Fluctuating Field

The turbulent kinetic energy k; is defined by relation (2.16) and its governing equation
can be obtained by writing the general equation for the Reynolds stress tensor, and

then contracting indices, the minus sign of — pu;u; being left off.
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2.4.1 Transport Equation of Reynolds Stresses

The Navier-Stokes equation governing the component u; is obtained by subtracting
to the initial equation (2.13) its averaged equation (2.15), which leads to,

a(pu:) 9 /77 7o VAN ap, 0 T /
ot o [P WU+ Uit )] = =5 =+ (P“i”k +Tik)

and this equation is denoted as (X;). The dummy summation index is now denoted
as k to avoid any confusion with the index j considered in the Reynolds stress
component —pu; u . Similarly, we can obtain the equation governing the component
u’j, denoted as (X ) The transport equation is then obtained by forming u’, 2; +u} X;
and by applying the average operator. More specifically, the three following groups
are first rearranged,

/ 0 77 / 0 r

ja_xk (P“, k) +M,6—Xk (PM, k) = Tk (Pu,”]Uk)

, 0 -, , 0 -, , , 0U; , 0U;
i o (pUiuy) N (pUjui) = U G + puiup = O
/ a a /) a /

i 9 (puul) + u:T (pujuk) = o (pu u;uﬁc)

then applying the averaging operator and using the incompressibility condition, one

gets
o) o (o

where the different terms in the right-hand side are defined as,

—— OU; oU;
Pij:—(pu/juka + pu; ;‘8)61:)

7=~ (o)

Oxg
I = (ujg—i—i- lgf])
Dy = 8?% (u]le—FulT/k)
PEij TTM; /T_M;
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An interpretation of this budget is presented in Sect.2.6 for the plane channel
flow. This equation can be numerically solved, as an alternative to the modelling of
Reynolds stress tensor —pfu/j. However, and as already mentioned in Sect.2.2.2,
this equation contains a triple correlation term 7j;, which requires a closure.

2.4.2 Budget of the Turbulent Kinetic Energy

The transport equation for k; is directly deduced from (2.19) by contracting the
indices and keeping the half-sum, namely d (pk;) /dt = (Pji+Zii+I1;i+Dji— peii) /2.
It yields,

d(pk;) — 0U; o, 19 —— ap 0 —-
—_——— —— —_———— ———

(a) (&) () (d) (e)

Moreover, the pressure term (d) can be rearranged as follows,

op’ 0 — ou’ 0 ———

and the three terms (c), (d) and (e) can then be rewritten as the divergence of a
flux vector V -J = 7 + IT + D to show that they are transport terms. The triple
velocity correlation 7 represents the diffusion of the turbulent kinetic energy by
the fluctuating velocity, and the terms 7 and D can be associated with diffusion
effects through the pressure and the viscous stresses. For homogeneous turbulence,
V -J = 0, the convection of the turbulent kinetic energy is then only balanced by,
dpk) )

7
_ - i / aui
ar ) ox;

i px;

(2.22)

namely the transfer term P between the mean field and the turbulent field on the one
hand, see comments of Eq.(2.18), and the viscous dissipation per unit of mass of
the turbulent kinetic energy on the other hand, denoted pe. This quantity is always
positive,

Uu ;2
J

A simplified expression of the dissipation €, which is often used in practice, is
briefly introduced in Eq. (2.26), and discussed later in Sect.6.5.

By comparing Egs. (2.18) and (2.20), the energy exchanged between the mean
field and the turbulent field can only be carried on through the term P. This term
is generally positive, corresponding to an energy supply from the mean field to the
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turbulent one, and is called, by abuse of language, the production term. A simple
heuristic argument shows that this is true for a sheared flow. Let us take, for example,
the case of a boundary layer where dU;/dx> > 0, and imagine that a fluid particle
gets through the grey line from bottom to top, as shown in Fig.2.1. Thus u} > 0, and
this particle finds itself in the midst of a material animated by a greater mean velocity,
thus having a deficit in longitudinal velocity, leading to u} < 0 and u|u’ < 0. The
same reasoning can be applied to a fluid particle going through to the grey line from
top to bottom, or to other flows with a negative mean velocity gradient such as jets.
Finally, the P production term appears to be rather positive.

The principal terms that have been highlighted in the analysis of the kinetic energy
budgets for the mean and the turbulent fields are resumed in Fig.2.2. The rule (2.1)
is again illustrated here with the dissipation induced by viscous effects,

81/!1 _ 80,' ou'; an

Tii— = Tjj—— + T/, —% = Tjj—— + pe

lj@x]‘ Uax]‘ Uaxj' Uaxj' P
which is split into two contributions in the budget of the kinetic energy of the mean
flow (2.18) and of the turbulent flow (2.20). These two terms are production terms
in the transport equation for the mean temperature, as shown later in Sect.9.2.3.

2.5 Turbulent Viscosity: The Boussinesq Model

The most famous and widely used closure for the Reynolds stress tensor is based
on the concept of a turbulent viscosity, introduced by Boussinesq. This hypothesis
involves expressing the Reynolds stress tensor by analogy with the viscous stress 7.

i) _
Ui

/
1

Fig. 2.1 Sketch of a fluid particle moving inside a boundary layer, and heuristic argument to
estimate the sign of the production term P
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It is therefore assumed that

S _ 2
— pu;u’] = 21, Sjj —gpktéij (2.24)
—_——
(a)

where (i, is called the dynamic turbulent viscosity or the eddy viscosity. The isotropic
term (a) is necessary to satisfy the condition —pu}u; = —2pk; by contraction of the
indices, that is for i = j and taking the summation over i.

The turbulent viscosity seems on first approach to be a function of the flow p;, =
ut(x, 1), as opposed to the molecular viscosity which is an intrinsic physical property
of the fluid. A great challenge in turbulence is to derive a comprehensive formulation
for 1, and examples will be given in the next chapters. Closure based on a turbulent
viscosity model is presented here because it is the basis of most turbulent models
used in numerical simulations of the Reynolds averaged Navier-Stokes equations.
Chapter9 treats in detail this issue, but it seems important to already note some
consequences of such modelling for the Reynolds stress tensor since the reference
to a turbulent viscosity is made throughout the textbook. Note also that approaches
following in large eddy simulation are definitively different, and will be discussed
in Chap. 8.

Replacing the six unknowns of the Reynolds stress tensor, three normal stresses

—pu'? and three shear stresses —pu:.u’j for i # j, by a unique unknown function g
induces a one-way energy transfer from the mean flow field towards the fluctuating
field. Indeed, the term P takes the form

——U; ) oU; =2
P= —pu;u’Ja—x; = (ZMtSij — §pkt(5ij) 8_)6; =248;>0

oU;
P = —pu'u
pUit; Ox ;
mean fluctuating
field . field
U, , Ouj
Tis € = T .
T o P "7 Ox
heat

(internal energy)

Fig. 2.2 Simplified diagram of energy transfers between the mean and turbulent fields, when
neglecting all diffusion terms. The term P is generally a production term for the fluctuating field
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Fig. 2.3 Subsonic round jet at Mach M = 0.16 and Reynolds number Rep = 9.5 x 10*. Radial
profiles of the mean velocity U,/Ugis and of the uul,/ U azm term against the radial distance
r/(z — zo) in the fully developed region of the jet, at a distance larger than 25D from the nozzle
exit. Data from Hussein et al. [539], see also Chap. 4

as y; > 0, which is generally assumed in turbulent models. Moreover, in the case
of a mean shear flow, with U, = U, (x2) and U, = Uz = 0, the model imposes the
Reynolds stress to be zero for an extremum of the mean velocity, as the total strain
7y seen by the fluid is given by

dU, dU; du;

d_xz + dx, = (1 + ) dxy

T = Tip — pujuy, = [ (2.25)
There is no difficulty for symmetrical mean flow fields in 2-D and for axisymmet-
rical mean fields in 3-D. Figure 2.3 reproduces for example the U, et u)u/, profiles

measured in a round jet by Hussein et al. [539]. Notice that u}.u/, is zero on the axis
and that the production term P is positive.

However, at least two famous counterexamples existregarding asymmetrical mean
flows. The first is the wall jet, the experimental profiles of which appear in Fig.2.4.
Clearly —pu'yu’, and d Uy /dx; are zero for different x, positions. The second example
concerns a channel flow with a smooth wall on one side and a rough wall on the other,
studied by Hanjali¢ and Launder [618]. In both these cases, the location of the point
where —pu/u’, = 0 is displaced further than the point where dU, /dx> = 0 by the
turbulent region which possesses the most intense velocity fluctuations, that is the
jet compared to the wall in the first example, and the rough side compared to the
smooth one in the second example.
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Fig. 2.4 Wall jet, Reynolds T2/M1 )2
number at the nozzle exit Re jet 20+
~ 1.8 x 10*. Mean velocity e — '
Uy and total shear stress _ - \
7 = pdUy [dxy — pulyuy wall \
profiles as a function of the 1571 \

distance to the wall, x3 /71 /2, —o 3 .
where 7)1 is the distance 1/°0r 1007: /pU o \\ U/Utmax
which U} = 0.5 x Ujpax, Lot \

and 7, is the wall shear \

stress. By moving away from

the wall, one first finds the 0571 \
point where 7; = 0, then the 3 \
one where dUl/dxz =0 T~ - j‘
Data from Tailland and ' t t — =
Mathieu [557]. -1.5 -1 -0.5 0 1 05 1

2.6 An Example: The Turbulent Channel Flow

In order to conclude this chapter and illustrate the turbulent kinetic energy assessment
that has been established in a general case, the following section will focus on a fully
developed stationary turbulent flow between two flat parallel walls, see Fig.2.5. This
turbulent channel flow is often used as a reference for direct numerical simulation,
such for example the calculations of Kim et al. [629], Mansour et al. [640], Moser
et al. [642] or Hoyas and Jiménez [621], because it is experimentally well docu-
mented, see Laufer [636], Comte-Bellot [604] or Johansson and Alfredsson [625].
A channel flow is found fully developed in experiments when the considered
section is far enough from the entrance, x; > 120k, where # is the half-width of the
channel. All mean quantities are then stationary and do not depend on x| except for the
mean pressure. The mean velocity has the form U, (x2) and U, = Ug = (. Moreover,
the flow is statistically independent from x3, meaning that x3 is an homogeneous

T2

2h Ui(x2)

z1

Fig. 2.5 Sketch of the geometry of a turbulent channel flow
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direction for the turbulent field. The orientation of the x3 axis has no influence, which
leads to u|u} = ubu’y = 0 and p’u’y = 0. Therefore, x3 is a principal direction for
the tensors, and the Reynolds tensor simplifies as,

n /o0
uy uyu, 0
/.7
—puu’; = —p | uju u/22 0
2
0 0 u3

Equation (2.19) which governs the velocity correlations uu’;, is written for the
i = j case, where the i indice is here replaced by the greek letter o so as to indicate
that two repeated indices are not summed,

d —
__[ (pug) = Poa + Toa + oo + Do — PEaa

The last two terms are often rearranged for incompressible flows. By noting that,

0%u2 5‘2u ul,
Doo = 1 = 4 :
Ox; Oxy, 8xk8xa
Ou’. ou’ ou ul,
PEaa = 24 e e k

Oxi Oxy H oxp07g OxO0xq

the viscous diffusion and dissipation terms are thus combined as follows,

u? Oul, O,
D _ — o 2 Dh _ h
aa  Plaa 3xk Oxj 8xk Oxj aa ~ Péaa

(2.26)

The new dissipation term ef;a is not the correct thermodynamic expression of

the dissipation, as formulated by Corrsin [68]. This term is sometimes called the
isotropic dissipation even though only homogeneity is required to have the equality
between €, and ew This approximation of the exact dissipation is classically used
in turbulence models since the transport equation of eﬁ  ismuch simpler, see Sect. 6.5.
At least for the case of the channel flow, the difference between the two expressions
remains reasonably small [593].

The transport equation for the uﬁf component can then be recast as,

i(pu_’z) = —2pul u] 8U 0 —pulu
dt Koxg  Oxk
oy ap/+ oPul? vy ul, u!,
*Oxa 8xk8xk 8xk Oxy

= Paa + Taa + Moo + Dl — pel, (2.27)
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In this equation, P, is the production, 7, is the turbulent diffusion, IT,, is
the velocity pressure-gradient correlation, Dgw is the viscous diffusion and ef’m is
the dissipation. The term I1,, can also be decomposed as the sum of a pressure
diffusion term and a pressure velocity-gradient correlation term, in a similar way as
in expression (2.21),

0 —— ou!
[0} «

to highlight the specific role of the fluctuating pressure.
Equation (2.27) is now particularized for the case of a fully developed turbulent

channel flow. For each normal stress component u;f, it thus yields

—dU, d — du? 2 o ou' ou,

0 = —2uul 2 1 v 1 ) 1 1

it dx2+dxz( u1u2+1/d +pp oxy Vaxk Oxy

d — du?  2—— 2 oul Ou’, Oul,

o= 0 S L S WL S WL S SR
+dx2 ( ugup +v dx» /)uzp + P p Oxo V@xk Oxy ( )

du? 2 Ou Ou’, Ou’,

0= 0 2, 3 = 3 _2 73 3

dz( "3 2+Vd +pp<9X3 V@xkaxk

In these equations, the terms are organized in order to have successively the
production term, the diffusion and pressure—velocity correlation terms, the pressure—
velocity gradient term and finally the viscous dissipation term. It is essential to note
that only the longitudinal component u/ receives energy from the mean flow through
the production term 7. The transverse velocity components u’ and u} can therefore
only receive energy from u} through pressure fluctuations. The latter being scalar,
there is no privileged direction, which explains why both ) and u’ can receive
energy. Pressure therefore has a redistribution role relative to the turbulent kinetic
energy between the three components of velocity.

Finally, the half-sum of all three equations (2.29) provides the turbulent kinetic
energy budget for the channel flow,

0 —dU; 1 d L d’k,  d —  Ou Ou
= —pU U,—— — = ——PUUU — — —u — U

piti 2d)cz 2dxzp T2 'udx% dxy 2P 'uaxk Oxi (2.30)
0= P + T + Dy + I - pe

Notice that pressure has an influence only through the transport term
! =11/2 = 5, /2

in (2.30). Indeed, one has IT = 19 + 1% with IT* = 1'[;/2 = 0, and so it is expected
that IT{, = p’Ou’/Ox; is negative whereas IT5, and IT3; are expected to be rather
positive terms.
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These conjectures are confirmed by experiment, and results w will be presented in in
detall in Chap. 3. It is however interesting to notice here that u/’ is greater than u’

and u3 in rms since u1 ~2.5u,, uz ~ u; and u3 ~ 13u;,, where u; is the friction
velocity defined by u, = (7,,/p)"/? and T, is the shear stress at the wall, namely
Tw = T12(x2 = 0).

Direct numerical simulations also complete these analyses, specifically for corre-
lation terms involving pressure, which in general cannot be measured. The budgets
of uf, u%, u% and uju’, computed by Hoyas and Jiménez [621, 622] are shown
in Fig.2.6. For u’f, the production term is found positive P11 > 0. At the wall, the
dissipation term is counterbalanced by the viscous diffusion. Moreover, the pressure—
velocity correlation gradient term is negative as expected T 11 < 0. The orders of

magnitude of the terms involved in the budget of u2 , u3 and uu, are smaller Con-
cerning the analy51s of the role of pressure, IT3, is found posmve as soon as x2 > 10,
3, > O and [1¢, + IT3, > 0. One also knows that IT{| = IT¢; = 0. The production
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Fig.2.6 Budgets of u?. u] s u2 s u3 w2 and uju, for the channel flow at Reynolds number Re™ = hu. /v =
2003, computed by Hoyas and Jiménez [621, 622]. See Eqs. (2.27) and (2.29) for the notations.
Profiles are plotted as a function of the wall variable x; = xour /v, where u is the friction velocity,
and all terms are made dimensionless with u., v and p
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Fig. 2.7 Turbulent kinetic
energy budget (2.30) for a
channel flow at

Reynolds number

Re™ = hu, /v = 2003,
computed by Hoyas and
Jiménez [621, 622]. Profiles
are plotted as a function of
the wall variable

xz+ = xou, /v, and all terms
are made dimensionless
using u,, v and p
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term P, in the budget of u/u) is found negative, and according to (2.19), it can be
written as, _
24U

Pio=—u
2 dx;

<0

but this matches a positive production on the Reynolds stress —uu5.

Finally, the turbulent kinetic energy budget is represented in Fig. 2.7, according to
Hoyas and Jiménez calculations [621, 622]. The role of pressure through the diffusion
term is found to be very weak, even if pressure fluctuations are at the origin of the
velocity components u/z and u% It can be also observed that for x; > 30, there is a
quasi-equilibrium between dissipation and production. However this balance cannot
extend to the center of the channel, where clearly the dissipation still exists, whereas
the turbulent kinetic energy production tends to zero. In the budget of k; shown in
Fig.2.8 as function of the distance x,// to the wall, the equilibrium subsists up to
x2/h =~ 0.5. This interval over which production and dissipation are balanced, is
characteristic of a wall flow, and this important result is developed in Chap. 3.
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Chapter 3
Wall-Bounded Turbulent Flows

Wall turbulent flows are constrained by the presence of at least one rigid wall, which
imposes a no-slip boundary condition at its surface. Boundary layers are constrained
on one side only and a free edge subsists on the external side. A typical mean velocity
profile is sketched in Fig.3.1a for a cross section far enough from the leading edge
as explained in Chap. 1, see Fig. 1.13. The complex indentation of the free edge can
however be observed on the instantaneous side view displayed in Fig. 3.14. Channel
or pipe flows are completely confined by surrounding walls and there is no place for
free edges. A mean velocity profile is shown in Fig. 3.1b for a cross section far enough
from the duct entrance. The channel case was examined in Sect.2.6 when studying
the turbulent kinetic energy budget of the flow. In this fully developed regime, the
flow velocity characteristics become independent of the longitudinal coordinate x.
The mean pressure which has to drive the flow, still depends on this longitudinal
coordinate. To complete this general view, mean velocity profiles measured in a pipe
flow are displayed in Fig.3.2. The stiffness of these profiles near the wall can be
clearly observed as the Reynolds number increases. Obviously different properties
are expected to emerge between the external zone of a boundary layer and the central
zone of a channel or a pipe. On the contrary, some similar properties may be present
in both flows near the walls.

Turbulent boundary layers are present in our environment, e.g. in the atmosphere
encompassing the Earth, and are encountered in many engineering applications such
as flows over car bodies, over wings and fuselage of planes, around the blades of fans
and turbines. Turbulent flows always prevail in ducts supplying water, petroleum or
natural gases.

3.1 Friction Velocity

The no-slip boundary condition at x; = 0 induces a frictional shear at the wall. Its
mean value, noted 7, is along the main flow direction x1, refer to Fig.3.1a, and its
dimension is the product of density by a square velocity. A friction velocity, noted
© Springer International Publishing Switzerland 2015 51
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(a) =2 (b) T2

2h U (z2)

. ] U1 (21, 2)
o(x1)

7 .
= Tl X1

Tw

Fig.3.1 Sketch of two wall-bounded turbulent flows. a Mean flow of a boundary layer on a flat plate
without mean pressure gradient, with a Reynolds number defined as Re; = U,10/v. b Mean flow
between two parallel plane walls (channel flow) with a Reynolds number defined as Re, = Ugh/v
where Uy is the bulk velocity

Fig. 3.2 Mean radial
velocity profiles in a
turbulent pipe flow of
diameter D = 2R as a
function of the Reynolds
number, Rep = UyD /v =
3.2 x 10%0,9.9 x

10* «,3.1 x 10% ¢, 1.0 x
10°0, 3.1 x 10° v, 1.0 x 107
A,3.5 x 107 >, data taken
from Zagarola and Smits
[689] (Princeton superpipe)
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u-, can therefore be defined by
Ur =+/Tw/p 3.1

and is often preferred to 7,,. The velocity u, plays a key role throughout the entire
flow, whether concerning the mean field or the most essential characteristics of tur-
bulence. Hence, U /u, will be considered rather than U, for the mean velocity, and
ulu, /u? with a = 1,2 or 3, rather than just u/,u/, for the mean square values of the
velocity fluctuations.

For boundary layers, because of their downstream evolution, 7,, as well as u,
depend on xj. A significant property of u, is that Definition (3.1) even holds for
compressible boundary layers, where p = p,, is the fluid density at the wall which
often differs from that in the free stream [608].

For the established flow in circular pipes, the friction velocity u, has a typical
order of magnitude of 4 % of the bulk velocity Uy, calculated as
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Fig. 3.3 Bulk velocity Uy 35

normalized to the friction

velocity u, plotted against

the Reynolds number 30r

Rep = Uy D/v for a circular

pipe flow. Computed v 257

—— from expression (1.11) 3

and --- from =

expression (1.10), ¢ data 20¢

from McKeon et al. [645]

(Princeton group, superpipe) 15}
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Re = UdD/V

1 [k
U; = m/{) U,(r)2mrdr

where D = 2R and U = (U,, 0, 0) in cylindrical coordinates. A more precise value
is given in Fig. 3.3 by plotting the evolution of U, /u, against the Reynolds number
Rep. The curve is obtained by noting that Uy /u, = (2/ Cf)l/2 from (1.9), and by
substituting the expression of Cy with Eq.(1.11). The skin-friction coefficient C,
also known as the Fanning friction factor [30], must not be mistaken with the Darcy
friction factor f.Indeed, f is linked to the mean pressure drop by,

dP D
dxi pU3/2

and Cy is connected to the wall shear by

Tw

NG

Cr

The relation between Cy and f is obtained by writing the equilibrium between
the action of pressure and the friction force for a dx| cross section of the pipe,

©D* ( dP 3
T (—E) dx1 = 7TDTw dx1

which leads to

T D dp dh f=4C
Ty = ———— and hence, f =
v 4 dx; 4
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3.2 Equation for the Mean Velocity Profile

The case of channels long enough for the flow to become fully developed is first
considered. Under these conditions, all longitudinal gradients of mean velocities
and of turbulent statistics are zero. In other words, there is no more longitudinal
evolution of the mean flow and the flow is perfectly homogeneous in the longitudinal
direction. This is a useful reference configuration, already introduced in Sect. 2.6,
for the understanding of induced mechanisms at the wall. The case of boundary
layer flow is then considered. This type of flow inevitably possesses a longitudinal
evolution, but this evolution is slow according to the boundary layer hypothesis,
as elaborated by Prandtl [6, 22]. All longitudinal gradients are assumed to be one
order of magnitude smaller than the gradients perpendicular to the wall, leading to a
quasi-homogeneity in the streamwise direction.

3.2.1 The Plane Channel Flow

The following equations describe the mean velocity field in a plane channel,

1P  d — T d*U,
=—— — —du,+v—s

p@x_l dx, 12 dx% (3.2)
=——————ulu

pOxy dxy 27

They are obtained from the general equations derived in Sect. 2.2.2, by considering
a stationary mean flow parallel to x1, i.e. Uy = Uj(x) and Uy = U3z =0. Integration
of the second equation from the wall at x, = 0, and up to a current point x; yields,

P (x1,x2) = Py — pubu’ ~ where Py, = P (x1,x2 =0)

is the mean wall pressure. The substitution of this result in the first equation leads to,

1dP, d ( —- dU
0= —— % il Y i 3
p dxi + dx) ( it +de2)

=T1(x2)/p

and by integration between x, = 0 and a current point x; of the transverse section,

one has _ _
de e dU]
——X) = —pU Uy + tl—— — T
dx; 2 puLl, udxz w

In order to link 7, to the longitudinal mean pressure gradient, this equation is then
particularized by taking x» = h, corresponding to the median plane of the channel,
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where the total stress 7;(x2) = —pu'ju’ + pd Uy /dx» is zero. Hence,
dP,
—h=—7y (3.3)
dx1

By combining these two last equations and by introducing the friction velocity
ur defined by (3.1), the equation governing the total mean shear stress is,

7 (x2) = —pu b + u% = pu? (1 - );1—2) (3.4)

A linear dependence is thus found between 7;(x3) and the distance to the wall
x2. The maximum of 7, occurs at the wall for x, = 0, and the minimum at the
median plane x, = h with 7, = 0. This relation reflects the global influence and
meaning of the friction velocity u, throughout the entire flow. Note that u, can
directly be expressed as a function of the longitudinal pressure gradient d P,, /dx1,
corresponding to the pressure drop in the channel. Similarly for a circular pipe flow,
one has 7, (r) = pu%(l — r/R) with (R/Z)df_’w/dxl = —Ty, Where r is the radial
distance from the axis and R the pipe radius.

The shear Reynolds stress —u}u) /u% is plotted in Fig.3.4 for a channel flow,
to underline the importance taken by this term in the total shear stress 7;(x2) as
the Reynolds number increases, by noting that 7; follows the linear law (3.4). The
Reynolds shear stress becomes preponderant for Re;, > 10%, except in the viscous
sublayer close to the wall. For smaller Reynolds numbers, —uu / u% is much smaller
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Fig. 3.4 Reynolds shear stress —uu,/ u2 in a plane channel flow. ——— from Moser et al. [642] at
Re™ = u,0/v ~ 180, 395, 590 and — from Hoyas and Jiménez [642] at Ret = 180, 550, 950,
2000. The Reynolds number based on the bulk velocity lies in the interval 2800 < Rej, < 43,600.
The curves approach the total linear shear stress 7; / (pu%) given by (3.4), when the Reynolds number
increases.
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than the straight line given by (3.4), and the viscous term (v/ u%)d U, /dx; is respon-
sible for this difference.

3.2.2 The Boundary Layer

The governing equations for boundary layer approximation are reminded in
Sect. 3.9. The two-dimensional averaged Navier-Stokes equations can be rearranged
as follows [22, 30],

7 301 i 801 1dP, (914/11/2 n 5201
i} =z _ >
! Ox1 2 Oxa pdxi Ox) 8x§ (3.5

P(x1,x2) = Po — pubully

Moreover P, = P,,, where P, designates the pressure outside the boundary layer
and P,, is the mean wall pressure. Compared to the channel flow, several differences
appear. First of all, notice the presence of a longitudinal pressure gradient which
depends on the chosen external flow. For a uniform free stream flow U, above a flat
plate, d P, /dx; = 0, and this case is now considered in what follows. The presence
of a mean pressure gradient is discussed in the last section of this chapter. Secondly,
notice the presence of the wall-normal velocity component U, which allows the
boundary layer to grow with xi.

An integral relation can classically be derived from (3.5), in following von Kér-
man. As U,; = cst, the mass conservation equation can be written as

0 - 0 -
a e a e1) =0
B, (UWU) + 8x2(U2U 1)

The Navier-Stokes equation (3.5) is also recast in order to introduce the velocity
difference U; — U,1, and is integrated in the transverse direction from the wall to
infinity. This yields,

/ooilj (U - U, )dx +|U (U —-U, ) °°: —u/u/—i—ua—[]loo
0 ox1 1 1 el 2 2 1 el o 14n Ox2 0
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Finally, the friction velocity u, is governed by

ds >y U
2 2 40¢ . 1 1
=U5H— th 0y = 1 - d 3.6
tr eldxl s ! /O Uel( Uel) 2 (-0

and thus,
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where Jg is the momentum thickness of the boundary layer. This relation is the
momentum-integral equation of von Kdrmén [22] written here for a zero-pressure-
gradient boundary layer. The friction velocity therefore appears to be in this case an
increasing function of the downstream position x| as ddp/dx is positive. The same
property applies to the local skin-friction coefficient defined by,

2
ds
Cr= =22 (3.7)
ijel dx]

As early as 1930, the dependence of u; or Cy with the local Reynolds number
Re,, = U1x1/v has been looked for. Schlichting [22] among others had to make
two assumptions. First, C s in a boundary layer where U, = cst is similar to Cy in
a channel or pipe flow, i.e.

7 Uer6)
T 20.0225( e )
v

pUel

Secondly, the mean velocity profile is described by a power law U;/ U, =
(x2/0)1/7, with n ~ 7 for Res = U,16/v ~ 10° for instance. Thus, dp(x;) =
(7/72)6(x1) and resolving the differential equation (3.7)

—1/4
T A0 0005 (Y0
72 dxy v

Schlichting obtained §(x) ~ 0.37xRey,”” and dy(x;) ~ 0.036x Rey,"”. Con-
sequently, Cf(x;) ~ 0.0576Rey,"” and finally, u, (x1)/ U, ~ 0.17Re},”"". For
example, by taking Re,, =~ 107, one gets u, =~ 0.034 U,;.

Let us now establish an equation similar to (3.4) for the mean shear stress distri-
bution across the boundary layer. Integration of Eq.(3.5) in the transverse direction

from the wall to a current point x; leads to,

2/ 801 - (9[]1 —_ (9(_/1 5
U, —— U»—— Vd = —u'ul _— 3.8
/0 ( 18x1 + 28x2> X2 uluz—i—uaxz u; (3.8)

However, the left-hand side can not be analytically evaluated in the general case,
but we know its value for x, = 0, which is zero, and more interestingly its value for
Xxp = 6, which is —u%. In a first approximation, this term may be assumed to vary
linearly with x; and be thus written as —u%xg/ 0. This leads to,

— U
—u/lu/Z—i—ua—l:u% (1—%2) for 0<xp<9§ (3.9)
X2



58 3 Wall-Bounded Turbulent Flows

A justification of this approximation can also be established [22] for a mean
velocity profile of the form U;/U,; = (x2/6)!/". The integration of the left-hand
side of (3.8) gives —u%(xg/é)(”“)/” ~ —u$x2/5 for classic values of n between 7
and 9.

As a concluding remark, the total mean shear stress is governed by Eq. (3.4) for
the channel flow and by Eq.(3.9) for the boundary layer, by noting that § = §(x)
and u, = u,(x1) in the latter case. To simplify notations, only the boundary layer
case is considered in what follows, but results for the channel flow are treated in the
same manner, in replacing § by A.

3.3 Viscous Sublayer

Very close to the wall, momentum transfers due to turbulence are nearly zero, due
to blocking of normal velocity fluctuations u’, by the wall, so that —pu}u’ ~ 0. The
viscous stress ud U1 /dx> thus dominates the total shear stress 7;(x2). This region is
called the viscous sublayer of wall-bounded flows. Of course at the wall, viscosity
ensures the no-slip boundary condition and u| = u} = 0. In the same way, the
matching of temperature between a heated flow and a wall is ultimately imposed
by thermal conduction, and not by turbulent convection and mixing. In this viscous
sublayer, Eq. (3.4) or (3.9) reduce to

dU,

- 2
_— =T, = u
dxy w = PUr

Ti(x2) =
indicating that the evolution of the mean velocity with the wall distance is linear as
in a Couette flow between two parallel walls, one of which is moving relative to the
other. After normalization by the friction velocity u ., this linear profile takes the
canonical form,

U 1 XoUr

— = or U =x3 (3.10)
Ur v

where following dimensionless wall variables are introduced,

and x; = )12 — 2tr (3.11)

v 14

-+ U
Uur = .

The viscous length scale [, = v/u, constructed on viscosity and friction velocity,
characterizes the influence of the viscous effects induced by the wall. The overall
parameters such as 9 for the boundary layer or 4 for the channel are indeed not suffi-
cient to describe the flow. Near the walls, lengths are preferably measured in viscous
lengths and velocities in friction velocity. All variables rendered dimensionless by
these wall units, /,, or u,, are denoted with a superscript +, and there are usually
called inner variables. Note that for the viscous length scale, l;‘ =1.
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Fig. 3.5 Mean velocity 30
profiles in inner scales,
measured in a channel flow
atRe™ = u,h/v =3900,
and in boundary layers at
Re™ = u,d/v = 2900 o,
3400+ and 4100 ¢. The
viscous sublayer law (3.10)
is plotted in dashed line.
Data from Khoo et al. [627]

Figure 3.5 illustrates the experimental velocity profiles obtained by Khoo et al.
[627] in several boundary layers and in a channel. The predicted law (3.10) for the
viscous sublayer is clearly observed up to surely x; 2~ 5. More details about the
experimental technique will be given in Chap. 10 because a special calibration rig is
required for the sensor, in that case a hot-wire, in order to take into account only the
heat taken away by the flow regardless the heat lost to the wall. Figure 3.5 has also
the advantage of revealing the four main regions into which a wall-bounded flow can
be divided: (1) the viscous sublayer we have just considered, (2) a region beyond the
viscous sublayer and called the buffer layer, (3) a region where a logarithmic law
appears and (4) a region of adjustment with the outer flow. In what follow, we shall
examine these regions, firstly, the logarithmic one.

3.4 The Logarithmic Region

3.4.1 Dimensional Analysis

A dimensional analysis often provides a quick description of a physical law. Here we
consider the mean velocity profile U; (m - s~!), which is expected to be a function
of the following variables, xo (m), u, (m -s~1), v (m?% - s~ and § (m). Only two
physical dimensions are involved and the Vaschy-Buckingham I7 theorem leads to
a relation involving 3 dimensionless parameters,
Oy (2e2)
v 90

Ur

Two asymptotic forms of this relation can be derived, according to the distance
to the wall. Near the wall, that is for xo/§ < 1 with x;' >> 1, the mean velocity is
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depicted with respect to the wall velocity, which is zero there. In contrast near the
edge of the boundary layer, for x, /6 — 1, the mean velocity is rather compared with
the free stream velocity U, and thus takes the form of a velocity defect law, also
called a wake law, so that

U

L fi (usz) in the inner layer,

Ur _\ v

Ut —U

2l P (E) in the outer layer.
Ur 1)

The two variables u x> /v = x;’ and x, /§ are independent, even though x; appears
in each. For example, the value of xpu, /v can clearly be modified without affecting
x2/8. Moreover, the link between the two length scales can be made through the
dimensionless number Re™ based on the friction velocity and the boundary layer

thickness,

1
4tz _ 40 X 2 Re™ x 2 (3.12)
v v ) )

The parameter Re™ = u,6/v = §* represents the thickness of the boundary
layer normalized by the viscous length /,. It is known as the Kdrmadn number or
the friction Reynolds number, even if it does not display a ratio between inertial and
viscous forces here, but rather is an indicator of the disparity between inner and outer
scales [614] since Re™ = §/1,,. If this Reynolds number is increased, the separation
between the inner and the outer scales is increased accordingly. In other words, the
same x can insure x /0 < 1 and belongs to the outer region, and xou /v > 1, and
belongs to the inner region.

At a sufficiently high Reynolds number, both laws can be simultaneously verified
in the same region, called an overlap region, as shown in Fig.3.6. By imposing
the continuity of the velocity U; and of its derivative dU /dxa, the two following
relations must be satisfied,

Uei Urxa\ X2 _ur dfy _ 1 dp
_T_fl( v )_f2<5) and vdu:x2/v)  6d(x2)0)

In order to make explicit the two independent variables u,x; /v and x; /4, the last
relation is multiplied by x,, which yields

MTXZL f— _Qﬂ — Cst— l
v d@u:x2/v)  §d(x/d) K

where « is the von Karman constant. This leads by integration to

Uty (”Tyxz) +B (3.13)
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viscous sublayer 0< a:;r <5
buffer layer 5 < m;’ <30
log-law z3 > 30

== inner layer ) Tous [V
overlap layer

outer layer === x2/6
log-law z2/6 < 0.2

wake region 0.2 < z2/6 <1

Fig. 3.6 The mean flow regions in a boundary layer

Table 3.1 Values of the constants of the log-law (3.13), see also relation (3.15) for the constant A

Wall-bounded flow K B
Zero-pressure-gradient turbulent boundary layer 0.384 4.17
Turbulent pipe flow 0.41 5.0

in the inner layer, where the additive constant B is the velocity at x;r =1, and

Uet — Ui 1 X2
————-_—Em(7)+A (3.14)

Ur

in the outer layer. Values of the constants «, B and A are experimentally evaluated

from canonical flows, see Table3.1 and examples provided in the next paragraph.
Lastly, two additional remarks can be made. The first one is that the compatibility

relation induced by the continuity of the two velocity profiles in the overlap region,

Uei

Ur

1
=—In(Re") +A+B (3.15)
K

and the second one is to note that the mean velocity gradient in this log-law is given by

@ _ M (3.16)
dxy  kx '

without the contribution of v nor 4.

The log-law of the wall is a remarkable simple form for the mean velocity pro-
file, and has been used successfully in engineering. This presentation has however
been simplified in order to only highlight key features. Some other effects of the
Reynolds number in a fully developed wall flow [614] or alternative dimensional laws
[591, 594, 615, 656] are among topics currently discussed in the literature, but out
of the scope of this textbook. In addition, experimental uncertainties and restricted
Reynolds number range of most experiments and numerical simulations are entering
into the discussion. To continue on this topic, the reader may refer to the reviews
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by Gad-el-Hak and Bandyopadhyay [614], Marusic et al. [644] or Smits et al. [675]
among others.

3.4.2 Some Examples

The mean velocity profiles measured by Osterliind [654, 655] in a zero-pressure-
gradient boundary layer on a flat plate are shown in Fig.3.7. The log-law (3.13)
approximately starts at x;r 2~ 30 in the inner layer, this value being rather independent
of the flow Reynolds number. More interestingly and as expected, the x, range
covered by the log-law extends when the Reynolds number increases. The semi-
empirical limit usually adopted is x» /6 < 0.2. This means that the Reynolds number
must be high enough to distinguish a log-law, at least Ret ~ 103, and typically
Ret ~ 10 to see a logarithmic velocity profile over one decade [387, 644].

The log-law can be used to determine u, from the mean velocity profile. By
plotting x> OU /x5 as a function of the distance from the wall x5, the local minimum
is indeed u, /K. Also remember that u, is connected to the skin-friction coefficient
Crbyur, = Ua(Cy /2)1/ 2. As an illustration, values of C r obtained by different
authors are shown in Fig. 3.8 as a function of the Reynolds number Res, . For example,
with Reg, = 103, one obtains u, /U1 > 0.04. At this point, and for an engineering
purpose, it is interesting to connect Reg, to Rey , which was previously undertaken

in Sect.3.2.2. Assuming that dy ~ 0.03»6)C1Re;11/5 for most boundary layer flows,

one gets Re,, >~ 64 Regf, and therefore Rey, = 3.6 x 10° for Res, = 103.

Experiments by Zagarola and Smits [689], in a pipe with compressed air, already
introduced in Sect. 1.4.2, cover a remarkable range of Reynolds numbers with three
orders of magnitude 3.2 x 10* < Rep < 3.5 x 107. Mean velocity profiles are
represented in inner variables in Fig.3.9. The extension of the log-law towards the
pipe axis when the Reynolds number increases is again well illustrated. Note that the
drop in the central region of the pipe is associated with the crossing of the pipe axis
by the probes.

The determination of all the constants in the log-law requires a measurement of the
friction velocity independently of the velocity profile. For boundary layers, the fric-
tion velocity is usually estimated from the measurement of the friction coefficient C ¢
by using a hot film measuring device, a Preston tube or miniature weight-measuring
wall devices. For confined flows, this can be carried out more accurately through
the pressure drop, see for instance expression (3.3) established for the channel flow.
By compiling many recent experiments at high Reynolds number [651], it appears
that the von Karman constant x does not seem to be a universal constant, even for
canonical flows. For a zero-pressure-gradient boundary layer, the two coefficients of
the log-law (3.13) are taken to be x ~ 0.384 and B ~ 4.17, as shown in Fig.3.7.
The classical value recommended in many textbooks for the von Karman constant,
Kk =~ 0.41, is a value found for pipe flows, as illustrated in Fig.3.9.
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Fig. 3.7 Mean velocities profiles in a zero-pressure-gradient boundary layer on a flat plate. Top,
velocity profile in inner scales, ==~ viscous sublayer law (3.10), —=—- log-law (3.13) with k =~
0.384 and B >~ 4.17, and insert for the range x; > 30 and x,/d < 0.2. Bottom, velocity profile in
outer scales, ——— wake law (3.14) with k >~ 0.384 and A =~ 3.54. Reynolds numbers are defined
by Reg, o5 = Ue160.95/v, Res, = Ue1dg/v and Reg0 b = Ut 00.95/V, 00.95 is the wall distance where
the velocity is 95 % of the free-stream velocity U, . Data from Osterliind [654, 655]

3.4.3 The Balance Between Production and Dissipation

In Chap.2, the approximate local balance between production and dissipation has
already been mentioned regarding the turbulent kinetic energy budget computed
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Fig. 3.8 Local skin-friction coefficient C s as a function of the Reynolds number Res, for a zero-
pressure-gradient boundary layer over a flate plate. Experimental data, x Osterliind [654], o De
Graaff and Eaton [605], O Andreopoulos et al. [587], ¢ Coles [601] and === C fitted Coles-

Fernholtz relation [650, 654] Cy = 2 [(l/n) In(Rey,) + C]72 with k = 0.384 and C =~ 4.08
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Fig. 3.9 Mean radial velocity profiles in a turbulent pipe flow of diameter D = 2R using inner
scaling variables, as a function of the Reynolds number Rep = Uy D/v = 3.2 x 10%0; 9.9 x 10*<;
3.1 x 10303 1.0 x 10° 0; 3.1 x 105 v; 1.0 x 1074; 3.5 x 107>. Insert for the range x> 30
and xp/6 < 0.2 is also shown, and the log-law (3.13) is plotted in dashed line, with k = 0.41 and
B =5.0. Data from Zagarola and Smits [689] (Princeton superpipe)

for a channel flow, and reported in Figs.2.7 and 2.8. This balance is observed for
x; > 30 and xo/h < 0.2, that is in the log-law region of the mean velocity profile.
In Fig. 3.10, the ratio of production to homogeneous dissipation obtained for several
Reynolds numbers, is plotted as a function of the distance to the wall in inner scale
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Fig. 3.10 Ratio of 2.0

production to homogeneous 2

dissipation as a function of 7\

the distance to the wall in 15}
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using the database of Hoyas and Jiménez [621, 622]. On can easily observe that
the interval over which production balances dissipation, i.e. P/(pe”) ~ 1, increases
with the Reynolds number, corresponding to the extension of the log-law region.
This balance between production and dissipation holds also for pipe flows, as shown
numerically by Eggels et al. [609], for instance, with a systematic comparison of their
simulations with those of a plane channel flow at Re™ = 180. No major difference
was observed.

This result is also confirmed by experiments, even though they are difficult to
realize. Historically, the turbulent kinetic energy budget in a pipe turbulent flow
established by Laufer [637] is one of the first insightful experimental studies, and is
redrawn in Fig.3.11, where the notations of Sect.2.4.2 have been used. The pro-
duction term P and the dissipation term ¢ are obtained with a relatively good
accuracy. Near the pipe axis, one can clearly observe that the turbulent activity is
reduced, but the dissipation subsists, eh # 0, even if P = 0. The transfer term T
is difficult to measure and has usually an important error bar. Finally, the pressure

Fig. 3.11 Turbulent kinetic 30
energy budget in the central
region of a pipe flow at
Reynolds number

Rep =5 x 10* or

Ret = 1050, r is the
distance to the wall. Symbols
are measurements by Laufer
[637]. All terms are made
dimensionless using the
radius R and u,, and the
corresponding values in wall
units are indicated in

. 30 ! ! ! !
brackets at right. 0.0 0.2 0.4 0.6 0.8 1.0

[+0.02]

[~0.02]
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term, I7¢ = 0, u ; P’ in Eq.(2.20) can not directly be measured and is estimated by
imposing the budget closure.

The simplification of the turbulent kinetic energy to the balance between produc-
tion and dissipation implies the existence of a local equilibrium in space. The log-law
region appears therefore somewhat isolated from the influence of the wall as well
as of the central zone for a channel or pipe flow, or of the edge of a boundary layer,
since all the transfer terms are negligible.

Finally, when wall function methods are used to solve averaged Navier-Stokes
equations in engineering problems, see Chap. 9, the first mesh point normal to the wall
is chosen inside the log-law region. The value of the mean velocity which must be
imposed at this point as a boundary condition is then determined using the expression
of the log-law combined with the balance between production and dissipation. By
this way, grid points are saved since the viscous sublayer is not meshed. An example
is provided in Chap. 9 for the k;—¢ turbulence model.

3.4.4 Kolmogorov Length Scale

Variation of the Kolmogorov length scale /,; defined as the smallest possible scale
related to nonlinear effects, see Sect. 1.3.1, can be estimated in the log-law region. The
estimation of /) is obtained by writing that the order of magnitude of the dissipation is

1 8u ( uy )2
€= ~v|—
” ox; | Iy
and by noting that the Reynolds number associated with Kolmogorov’s scales is of

order unity, that is lu,/v ~ 1. The combination of these two relations leads to
L, = = (13 /e)//*. Moreover, an expression of € can be derived by writing the balance

between production and dissipation in the log-law. Approximating —u/ u’, by u and
dU, /dx> by ur/kx> in the production term yields to

—— 9U; ) Ur

123 P“TXK_XZ

pe =P~ —
from which it follows that € ~ ui /kx2. The evolution of the Kolmogorov length
scale ;| is thus given by,

I = (rah)* (3.17)
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3.5 The Buffer Layer

One can clearly see in Fig. 3.10 that P > ¢" over the range 6 < x; < 20. This region
is located between the viscous sublayer x; < 5, and the log-law region x;r > 30, and
is termed the buffer layer. The same observation can be made in Fig. 2.7 which deals
with the turbulent kinetic energy budget computed for a channel flow. This result can
be easily interpreted if one remembers that the production term is —pu u/zc‘?l? 1/0x3.
Indeed some distance from the wall must be introduced so that the Reynolds stress
—pu'ju’y can be generated—it is zero at the wall—but not too much so that the mean
velocity gradient OU| /Ox; can stay high—it is the highest at the wall.

Note that the intersection point between the viscous sublayer and the log-law
region must satisfy,

1
xj:;lnx;r—l—B

which leads to x;r 2~ 10.2 with the values of x and B associated with a zero-pressure-
gradient boundary layer, see Table 3.1. This value corresponds to the production peak
observed in Fig.3.10. Moreover, roughly half of the turbulence production occurs
between the wall and the beginning of the log-law region. This can be verified by
integrating the cumulative production term P from the wall using numerical data
available for the channel flow, refer to Fig. 3.10 for instance. As already mentioned,
this region represents a very small part of the boundary layer at high Reynolds
numbers. Since a large part of the turbulence production takes place very close to
the wall, it is interesting to investigate this region in more detail.

It is now well established both experimentally and numerically that the vis-
cous sublayer is dominated by quasi-streamwise vortices, associated with alternat-
ing low and high speed streaks. Streaks are sinuous and narrow regions elongated
in the streamwise direction, in which the longitudinal velocity is lower or higher
than the local mean velocity U} (x2). They have been experimentally identified by
Kline et al. [633] and Kim et al. [630] among others [664]. The typical length of
streaks is A\ >~ 156 — 204, and the mean spacing between low speed streaks is about
A;“ ~ 100 at x;r =~ 10, with a lognormal distribution and is found independent of
the Reynolds number [664, 674]. A general view obtained by numerical simulation
is shown in Fig. 1.5. Low speed streaks slightly lift away from the wall in the buffer
region and finally break up in a so-called bursting process. Bursts consist of violent
intermittent events such as ejections and sweeps, corresponding respectively to out-
flow of low-speed fluid from the wall and inflow of high-speed fluid toward the wall.
A typical joint probability density function P, 4 of the shear Reynolds stress

!
U

A a / ’
—ujuy = —//uluzPu/lu/zdulduz

is drawn in Fig.3.12b. Ejection events of low-speed fluid correspond to the Q»
quadrant, for which u} < 0 and u5 > 0, and similarly sweep events of high-speed
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Fig. 3.12 a Sketch of low and high speed streaks (not to scale) generated by counter-rotating
flows, the streamwise vorticity in gray is associated with successive hairpin vortices attached to the

wall. b Joint probability density function P,

uju
events in the second and fourth quadrants of the ”/1 — u/z plane [585]

, of the Reynolds stress —uju illustrating privileged

fluid are associated with the Q4 quadrant [686]. In these two quadrants Q> and Qy,
the production term P is positive, but ejection events dominate in the region x; > 12
and are mainly responsible of the turbulent kinetic energy production.

Generation of streaks by two consecutive counter-rotating vortices can be reason-
ably explained by the advection of fluid from a sheared mean flow, as illustrated in
Fig.3.12a. Formation of streamwise vortices, which have a longitudinal spacing of
order / 1* 2~ 400, by streaks is currently much less well understood. Self-sustaining
mechanisms of wall turbulence have nevertheless been proposed as a possible sce-
nario [624, 658], and would provide new concepts of flow control to achieve drag
reduction.

The presence of hairpin-shaped or horseshoe vortices is also another characteristic
of wall-bounded flows [586, 619]. A general conceptual view has been offered by
Adrian [585], and is reproduced in Fig. 3.13, the reader should refer to Robinson [664]
for a review on conceptual models. Birth of these structures is found in the buffer
region, and they are observed in the logarithmic region with an inclination angle of
about 45° to the wall, corresponding to the principal direction of stretching in a shear
flow. These structures are strongly elongated at high Reynolds number since the size
of the vortex core scales with the viscous length /,, while its length scales with §. The
whole evolution of such a structure requires a longitudinal distance of approximately
44. A new vortex however appears before and a direct instantaneous view therefore
reveals more than one structure. Their spacing is about A)ci|r =~ 200 near the wall and
Axfr ~~ 140 in the logarithmic region, in agreement with the local convection velocity
and leading to hairpin vortex packets [585, 599] and an inclination angle . Hairpin
vortices are called coherent structures because they possess a sufficiently long life
time to define an organised motion [585]. An important topic is the identification
of such structures through the localization of vortices, see Sect.5.9, or by using a
proper orthogonal decomposition, see Sect.6.7.
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Fig. 3.13 Schematic view of hairpin vortices attached to the wall and growing up, from Adrian
et al. [586]. See also Fig.3.14 for angle § ~ 18°

3.6 Free Edges

Far from the walls, the main difference between boundary layers and core regions
of pipes or channels comes from the edges exhibited by the first ones. Figure3.14
illustrates the main feature of a turbulent boundary layer with bulges connected to the
hairpins issued from the main energetic part of the boundary layer, namely the buffer
layer. Bandyopadhyay [590] has developed a simple model to explain the value of
the inclination angle >~ 18° of the interface slope displayed in Figs.3.13 and 3.14.

An instantaneous view of the vorticity field through isosurfaces of Q-criterion
colored by the wall distance is shown in Fig.3.15. The turbulent field has been
obtained by a compressible direct numerical simulation, and gives an opportunity to
mention the importance of numerical simulations in the investigation of near wall
turbulence. In this figure, streamwise vortices associated with streaks are visible very
close to the wall (dark gray) and the head of some hairpin vortices (light gray) can
also be distinguished.

3.6.1 Turbulence Near the Free Edge of Boundary Layers

The outer region of a boundary layer approximately spreads from x,/6 = 0.5 to
x2/8 = 1.2. It matches the deep notches of the boundary layer edge, as observed
in Fig. 3.14. The signal recorded by a sensor is then alternatively turbulent and non
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Fig. 3.14 Instantaneous side view of a boundary layer on a flat plate, the external velocity is U,| =
2.1m - s7!, the thickness is = 7 cm, the resulting Reynolds number is Res = U,16/v ~ 10%,
and the friction velocity is u, = 0.1 m - s~! The visualization is obtained by seeding the air flow
with incense particles and by illuminating the flow with a laser sheet. The free boundary is marked
by large indentations. Note that three-dimensional structures can be folded and cut by the laser
sheet. In this experiment, the transition to turbulence is triggered by a thin wire located upstream.
Courtesy of Faouzi Laadhari (LMFA)

Fig. 3.15 Direct numerical simulation of a boundary layer over a flate plate. The Reynolds number
is Reg, ~ 1200 and the Mach number is M = 0.9. The size of the displayed domain is 67y in the
streamwise direction and 100y in the spanwise direction. Instantaneous iso-surfaces of Q-criterion
field (see Sect.5.9) colored by wall distance. Courtesy of Olivier Marsden (LMFA)

turbulent, due to passage of notches and bulges over the probe. Figure 3.16 offers an
example of such a signal provided by a hot wire anemometer.

The main characteristic to be introduced is the intermittency factor, usually
denoted ~. It is defined as the averaged fraction of time during which the sensor
receives a turbulent signal, and therefore 0 < v < 1. The lower value v = 0 matches
a non turbulent signal, while v = 1 matches a fully turbulent one. As an illustration,
the intermittency factor corresponding to the signal plotted in Fig.3.16 is v =~ 0.06
for a sensor located at xo/§ = 0.9.

Precise measurement of ~ requires a spy sensor fit for turbulence detection.
Kovasznay et al. [634] used two parallel and close hot wires in order to obtain


http://dx.doi.org/10.1007/978-3-319-16160-0_5

3.6 Free Edges 71

-1.5
0

0.02 0.04 0.06 0.08

t(s)

Fig. 3.16 Time signal recorded by a hot wire anemometer located at x»/0 = 0.9 of a boundary
layer in air. The thickness is § = 2.07 x 1072 m and the free stream velocity is U,; = 8§ m - s~ !,
which results in a Reynolds number Res = 1.1 x 10*. Two strong bursts coming from inside the
boundary layer are visible, with u} < 0. The skewness factor is therefore negative Su'l ~ —1.6and

the flattening factor is quite high T, = 6.3. More regular fluctuations induced by the free boundary
are also visible. The intermittency factor is v ~ 0.06. Data provided courtesy of Faouzi Laadhari
(LMFA)

an estimate of du’/0x,, a part of the fluctuation component of the velocity rota-
tional wj along x3. Other authors employed a slight thermal marking of the fluid
particle belonging to the boundary layer by heating the underlaying wall [545, 589],
a technique already developed by Sunyach [495], for the free boundary of a jet. This
technique is particularly useful if the boundary layer develops itself in an outer flow
which is already turbulent. In any case, a threshold criteria must be set after having
examined signal levels to calculate the intermittency factor.

The spy sensor provides a temporal signal 7 (¢) which changes its value from 0
to 1 when a turbulent burst begins to pass, and from 1 to O when the end of the
burst is achieved. The average of the intermittency function /(¢), of course, is 7. A
trigger window can be generated by the signal / (¢) in order to separate turbulent and
non turbulent contributions, and therefore to perform conditional averaging. Various

examples can be found in Kovasznay et al. [634] for Uy, Us, u’lz, ujuy, as well as
the velocity of the free edge of the boundary layer, estimated around 0.97U,, and
the privileged locations for entrainment from the free stream, localised in between
bursts.

As an illustration, the transverse component of the mean velocity Us is here
considered, as shown in Fig.3.17. Inside turbulent bursts, the transverse velocity
Uém is positive, which corresponds to strong fluid ejections coming from the wall
region. The transverse velocity Us*' is however negative in the potential flow outside
of the boundary layer edge, which corresponds to entrainment of external fluid. As
a conclusion, let us remember that U, is always slightly positive, even far from the
edge of a boundary layer. By once again assuming that the free stream velocity U,
is constant, the integration of the continuity equation leads to
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Fig. 3.17 Conditional averaging in the external zone of a boundary layer at Res =~ 2.9 x 10*. By
denoting l_]zim (e) and l_lzm (e) the fluid velocity in the internal and external edge of a boundary
layer, one has ([.72““ — l_]z)/Uel > 0 inside bursts, and ([._/26"t - (.72)/ U,1 < 0in the potential outside
flow. The intermittent factor «y (v) is about unity inside the turbulent boundary layer and decreases
near its edge. Data from Kovasznay et al. [634]
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where d; is the boundary layer displacement thickness, which increases with x;.

Finally, viscosity is expected to be negligible in the outer layer, and the log-law
velocity profile is then rather expressed as a defect or wake law (3.14) in the overlap
region, as also shown in Fig.3.7. From various experimental data, Clauser [600] and
Coles [602] have proposed to describe the end of the wake law as,

u 1 211
R —ln(usz) +B+—w (x_z)
U, K v K )

where w is a universal function associated with normalization conditions, and I7 a
parameter. This discussion has been recently revisited and extended by Chauhan et al.
[596] who provide a full composite profile fitted to recent experimental data.
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3.6.2 Turbulence in the Core Region of Channels or Pipes

An important issue regarding long pipe or channel flows is to define the fully devel-
oped turbulent state. One of the best indicator to identify this state is the skewness
coefficient Su/] of the longitudinal fluctuating velocity,

Sy = /()

already introduced in Chap. 1, see expression 1.4. This physical quantity seems com-
plex but has the advantage of varying with x|, much more rapidly than other classical
quantities such as mean velocities or turbulence intensities. This results of the alter-
nation between turbulent bursts bringing high contributions #} < 0 and laminar and
more rapid fluid bringing small contributions u} > 0, just before the junction of the
boundary layers associated with each wall of a plane channel, or with the peripheral
walls of a circular duct. An odd order momentum of the probability distribution of the
u; velocity fluctuation such as S,/ , equal to zero for a Gaussian process, will thus take
anegative value of about Su/l o~ —1.8. After the junction, the flow reorganizes and the
existence of initial boundary layers is lost by the turbulent flow. During this process,
the absolute value of Su’l appreciably decreases but the value along the axis remains
negative with S,/l ~ —0.40. More data on this topic can be found in Comte-Bellot
[603]. In addition, the skewness coefficient Su’2 of the transverse velocity fluctua-

tions ), remains positive, revealing the diffusion of the inetic energy term u5 by u
fluctuations, from the wall towards the central zone. The maximum Su’z = 40.401is
reached for x/h =~ 0.70, illustrating once more how turbulence has non Gaussian
statistics. Of course, S,; = 0 on the channel or duct axis by symmetry.

Even for a fully turbulent flow, there are two production zones of turbulent kinetic
energy, near each wall for a plane channel or all around the circumferential wall for
a pipe. As a result, an alternating of structures appears in the central zone. Some
experiments offer the possibility to label the origin of structures, for example by
locating events u5 > 0 and u} < 0 associated with each wall. It can then be inferred
that structures coming from a given wall go beyond the symmetry plane, or the axis
for a pipe, see Sabot and Comte-Bellot [667] and Antonia et al. [589].

3.6.3 Other Results

Many turbulence statistics have been studied in the wall region in order to determine
the velocity fluctuation intensity, the spectral distribution of the kinetic energy or
the spatio-temporal coherence of the turbulent field for example. For vibroacoustical
problems, pressure fluctuations at the wall are also of interest. In what follows, some
physical quantities are considered with the velocity fluctuation intensity u/ u/, / u%
and the integral length scales.



http://dx.doi.org/10.1007/978-3-319-16160-0_1

74 3 Wall-Bounded Turbulent Flows

Figure 3.18 provides for usual practical Reynolds numbers, that is Re;, > 10°,

the velocity fluctuation intensities denoted u,, for « = 1,2,3 and defined as
the square root of u/,u/, /u>. Note firstly that all values of u. . are approximately

between 1 and 3, reflecting that the friction velocity u is the suitable scale for the
Reynolds tensor. There is a quasi-independence of the Reynolds number using this
scale. Secondly, one has uf“rms > u;rrms > uzrrms and ufrrms reaches its maximum
around 2.8 for x;r ~~ 12. This anisotropy is expected since only the longitudinal
fluctuating velocity is fed by the mean flow, as explained in Chap.2. For smaller
Reynolds numbers such as 3 x 103 < Re, <4 x 104, turbulence intensity profiles
are independent of Re;, for x;r > 50. This issue is thoroughly illustrated by the
experiments of Wei and Willmarth [687] and of De Graaff and Eaton [605].

Large spatial scales of turbulence have already been mentioned, notably in
Sect. 1.4 in order to highlight the efficiency of turbulent transport for momentum,
heat or concentration as well as for the definition of a turbulent viscosity in Chap. 2
through a mixing length. A more explicit definition is now introduced and some orders
of magnitude are then provided for wall turbulence. A large length scale refers to
the notion of spatial coherence of velocity components at two points defined by a
correlation coefficient,
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Fig. 3.18 Velocity fluctuation intensity u/, * in a plane channel of width 2/ at m Rej, = 57,000,
¢ Re, = 120,000 and e Rej, = 230,000, measured at x; = 1184 by Comte-Bellot [604]
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RO — ul, (xp)ul, (xp)
V2 )y u2(x)

where o = 1, 2 or 3 indicates the considered velocity component, there is no implicit
summation over repeated Greek indices, and k = 1, 2 or 3 indicates the selected
direction for the separation between the two measurement points x and x’. Moreover,
the choice of x ,’{ > xi is most often retained, which for k = 2 indicates that the second
point is further from the wall than the first one. This information is important, as the
turbulent field is non-homogeneous along the normal direction to the wall. For a
given point x, moving closer or further from the wall through x’ is therefore not
equivalent. Expression (3.18) leads to the definition of a correlation length relative
to the o component and in the direction k, that is

(3.18)

o
L® = /0 RE d(x; — xx) (3.19)

ao e7e%

There are 9 possible integral length scales L(Qk& but this complexity has been well

explored, both for boundary layers [616, 685], channel [604] and pipe flows [609].

For the plane channel, some results are now summarized below. For the longi-
tudinal components and in the wall zone for x;/h =~ 0.1, the longitudinal length
scale L!) ~ 0.80h is clearly larger than the transverse scales, L) ~ 0.15h and
L) ~ 0.05h, where h is still the half-width of the channel. The longitudinal expan-
sion of the R\ correlation is imposed by the shear induced by the mean velocity
gradient 9U /Ox,. An important negative loop induced by the conservation of mass,
is necessarily present for R} . As a result, a smaller value of the integral length scale
is then found.

Further from the wall, L|} increases up to around x,// ~ 0.3, and then decreases
down to L} ~ 0.60h on the median plane for x/h ~ 1. Therefore, the largest
structures are not in the central region of the channel. This can be explained by the
interaction of structures issuing from different parts of the wall as described in the
previous section.

Finally, regarding components normal to the wall, integral length scales are found
to be smaller, with for example LY} ~ 0.10h, L) ~ 0.12h, and LS} ~ 0.03h
at xo/h = 0.1. An instructive result is, for instance, revealed by comparing the
mixing length /,, and LY, the most pertinent scale for a transverse transfer ensured
by u), fluctuations. With the simplest expression of I,, = rx2, one has 1, /LY, ~
k/1.2 = 0.33, at xo/h =~ 0.1. The mixing length /,, is thus always smaller than the
integral length scale LY, but of the same order of magnitude, which is expected.
The u/, velocity component must indeed be conserved over the entire mixing length,
corresponding to a near unity correlation coefficient. This is possible only on a length
shorter than an integral scale, where the entire correlation curve from 1 down to 0 is
taken into account.

Other correlations involving different velocity components and even time delays
between the two measurement points x and x’ are of interest to better understand wall
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turbulence [612, 667]. All these results should also be examined in the simpler case
of an homogeneous and isotropic turbulence, without any mean velocity gradient
effect, refer to Chap. 6.

3.7 Modeling for a Numerical Simulation

3.7.1 Mixing Length Model

This section is an introduction to turbulence modelling with the aim of numerically
calculating the mean velocity profile of a channel flow. Equation (3.4) is used as a
starting point in wall variables,

x_2_1_”/1”/2 d01+:0
h uz o dxf

In order to solve this equation, a closure for the velocity correlation term —u/ u} is
required, which is usually performed through a turbulent viscosity v;, this approach
has already been presented in Sect.2.5. This yields,

! +

uu au vy
- 122 =y }F where v = —

uz dx2 v

Of course, the expression of 4 is yet to be determined, and this can be carried out
by observing that v, ~ u’ x [,,,, e.g. the product of a characteristic velocity scale by a
mixing or correlation length. Mixing length models are the simplest in this context,
since they require no additional equation to solve. They are also known as algebraic
or zero equation models, and have been introduced by Prandtl. A first assumption
consists of supposing that the mixing length varies linearly with the distance to the
wall, that is

+

+ ~
Ly >~ kX,

m
where k is the von Kdrman constant, according to expression (3.16) of the mean
velocity gradient. For the characteristic velocity scale u', it is assumed that the two
time scales /,, /u’ and (dU} /dx;)~! are equals, which yields

dU; u’ du;t

/ +
u =1l,— or — =
dxy ur " odxS

The turbulent viscosity is thus expressed as,
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dau;

Vz-’—z(l;t_)z AT
2

and finally, the shear Reynolds stress component is given by

du;
dx;_

wlu
- ;22 = (l;g)z

T

du;
dx;_

To keep the algebra as simple as possible, only the region over which the total
stress 7y is constant is considered here, that is xp/h < 1. The Reynolds number
must be however high enough to include the log-law since x; = (xo/h)Ret > 1.
Hence, the equation governing the mean velocity profile near the wall is

_ 2 _
2 dUY duf
(/@x; ) _1‘_ + —lr —1=0
dxy dx,
and the positive root of this quadratic equation is given by

Y —1+ /144 (rx)?

dxy N 2 (kx))?

(3.20)

In general, this equation is numerically solved by taking U 1+ =0at x2+ =0 as
initial condition. However, a tedious calculation can be performed in this simple case
to obtain the analytical solution [8, 13],

) 11— J1+4®x0)2
Uy = - 2 [2/”; + 144 (m;)Z] 3.21)

K 2 fix; K

Expression (3.20) can also be simplified in the two following limit cases x;' —0

and x;' — 00. For x;' — 0, a Taylor expansion of the radical in the numerator yields

du;t
dxzr

and therefore, U 1+ = x; as x;' — 0. This is the velocity law (3.10) found in the

viscous sublayer, where molecular viscous effects are preponderant over turbulence.
For x;” — oo, the limit of (3.20) yields

du; 1

—_— % —
+ +
dx, KX,
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Table 3.2 Behaviour of wall dUF 1
variables in the logarithmic Uf =—Inxf +B j_ =—F Pt~et
region when using a mixing " ax KXy
length model Ih=rxy vt=rxf PT= —
)

which corresponds to the mean velocity gradient (3.16) found in the log-law. Table 3.2
sums up the behaviour of wall variables in the logarithmic region when using a mixing
length model.

3.7.2 The van Driest Model

The model developed in the previous section is not quite satisfactory in practice.
Indeed, even though the slope of the log-law is correctly predicted, the additive
constant B in (3.13) is underestimated and does not match experimental values.
Various modifications have been described in the literature [8]. They aim to reduce
the turbulent stresses near the wall, and thus improve the connection with the viscous
sublayer. The model proposed by van Driest [442] is one of the most efficient and
also holds for compressible wall-bounded flows [441]. The mixing length is modified
as follows,

I =kxf(1—e™9/A)  with A ~26 (3.22)

m

The mixing length /, then decreases as (mc;r )2, and therefore faster than Hx;

as x;“ — 0. The shear Reynolds stress —u/ u’2+ varies as (/ix;' )*, indicating its
artificial damping near the wall, and the factor 1 — % /AT s usually called a
damping function. Indeed, the shear Reynolds stress should vary as x;r 3 at the wall,
as explained in the next section. The log-law is well reproduced with a correct value
of the additive constant B, which is not possible by taking [} = nx; . Figure3.19
illustrates these results. Velocity profiles are obtained by numerically integrating a

generalisation of Eq. (3.20) to an arbitrary expression of mixing length /;},

AU —14+V1+4 ()2 o

dx 2 (1,2 -

(3.23)

3.7.3 Asymptotic Behaviour Very Near the Wall

The knowledge of the asymptotic behaviour of turbulent statistical quantities near the
wall, provides useful information for validating numerical simulations or for assess-
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Fig. 3.19 Numerical 25
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ing turbulence models [8, 387]. From a Taylor series of the fluctuating velocity field,
uy = Zanxg uh = Zb,,xf uy = chxg
n n n

as x» tends to zero, the following expressions can straightforwardly be derived for
an incompressible flow near the wall,

uy =aixp+ - 1 /8 5

. ag Cl
L= byx2 4 --- th by=— —+ — 3.24
4 = b + wi 2 2(ax1+6x3) (3.24)
Uy =cyxp+---

where all the coefficients are functions of x1, x3 and 7. As an illustration, this yields

for the Reynolds stress components u;u’/,

al2 x% a by xg aicy x%
.7 —_— ") T
wiu'y ~ | ayby x3 b3 x5 bacy x3 (3.25)

aicy x% bacy x%’ c% x%

For the dissipation, the so-called Hanjali¢ and Launder [387] equality can be
demonstrated,

2
t

0k -
e:yaxg =V(a%+c%)=21/(

2
Wk_’) at x =0 (3.26)

Oxo

as well as that € = € — 20(Ok; /Ox2)? ~ x% as xp — 0. These results are
intensively used in turbulence modelling, see Sect.9.2.6. They also can be checked
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by direct numerical simulation of Navier-Stokes equations, as in the well documented
case of the channel flow for instance [621, 622, 640, 642].

3.8 More Complex Boundary Layers

Various complex situations are encountered in practice, as rough walls, asymmetrical
geometries, divergent or convergent pipes in the case of confined flows. For boundary
layers, wall fluid injection used for the cooling of turbine blades or combustion
chambers or wall curvatures effects for wing profiles in aeronautics can be mentioned.
Furthermore, the external flow can also be turbulent.

In the following section, the case of a turbulent boundary layer developing on a
flate plate in presence of a positive or adverse pressure gradient since a flow detach-
ment can occur, is considered. In contrast with this case, a relaminarisation can
occur when the flow is strongly accelerated. The momentum integral equation of
von Kédrman [22] links the different involved parameters of the boundary layer. It
can be derived by integrating (3.5), which leads after some algebra to

d 1dP,

2 2 e
= — (U%6)) — —

“r dxl( el 9) p dxi

1 (3.27)

Thus, a positive pressure gradient induces a decrease of the friction velocity. It
is even possible to maintain u, = 0 by correctly adjusting the external pressure
gradient, as shown by Stratford [679, 680]. Numerical simulations can also com-
plete the picture by providing the instantaneous friction coefficient along the wall
[649, 673].

Regarding attached boundary layers, various configurations [602, 670] have been
also studied, in particular when an equilibrium is reached not only for the near wall
region but also for the external zone [646, 672, 684] when the velocity defect law
becomes self-similar. An equilibrium boundary layer requires a pressure gradient
such that the so-called Rotta-Clauser [600, 666] parameter 3

o1 dP, oc dU, * U,y —U
gl OedlUel _ o with 5c=/ Yo =Yy,
puz dxi ur dxi 0 Ur

is constant. In its second form, 5 matches the ratio of two time scales, one specific to
the boundary layer . /u-, and the other provided by the external flow (dU, /dx 1)’1 .

By taking a simplified expression [610, 646, 684] of the freestream velocity U,; ~
x; " ensuring an equilibrium boundary layer, the following results can be established.
First, the logarithmic law with reference to the wall as well as the standard values
of constants are still observed. However, the interval over which this law holds as
a function of x;r diminishes as the pressure gradient increases. The wake region is
more important and its equilibrium is difficult to reach. Secondly, there is another
peak of turbulent kinetic energy production at xp/d =~ 0.45, with energy transfers
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towards the wall and the outer region. Thirdly, turbulence intensities normalized by
the friction velocity clearly increase compared to the case where there is no pressure
gradient. This is expected since according to von Kdrman’s equation (3.27), the
friction velocity u, can only decrease when d P,/dx; > 0. As an illustration, for
B =~ 20 or equivalently m = 0.22, and near the second peak of kinetic energy
production, the following values are observed [672]

u/lz/u ~ 55 u/22/u ~24 ul /u ~ 36 uz/u ~ 16

Fourthly, the ratios of turbulence intensity between the various components keep
values close to those obtained without any pressure gradient. For xp/0 =~ 0.45,
one has

W2 % = 044 W2~ 065 — P ub? ~0.44

This result tends to show that the turbulent kinetic energy redistribution mecha-
nism between velocity components caused by the pressure fluctuations is preserved.
A similar result is observed for the shear Reynolds stress, which can be useful for
turbulence modelling.

3.9 Boundary Layer Equations*

Consider a two-dimensional incompressible mean flow with velocity components
Ui (x1,x2) and U; (x1, x2). By assuming that turbulence is homogeneous in the
spanwide direction x3, the Reynolds averaged Navier-Stokes equations are given by

oU; 802

— =0 3.28
3x1 8)62 ( )

o0, - 80U, 10P Oul oy,
U— +Up— = ——— — — vVU 3.29
Vox X1 0xp p Oxq ox| 8x2 + ! ( )

- QU - U, 10P 8u/lu/2 E)u2 9~
U—+Uh—=———— vaU 3.30
! x| +o2 O0xp p Oxp x| Oxo T 2 ( )

The evolution of the mean flow field is assumed to be slow in the streamwise
direction x; with respect to its evolution in the transverse direction, in agreement
with experimental observations. To obtain the boundary layer approximations, the
following scales are then introduced,

Furthermore the boundary layer thickening is small, which means that §/L < 1.
To satisfy the conservation of mass (3.28), it is required that
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U mean longitudinal velocity scale,
L longitudinal length scale,
V' mean transverse velocity scale,
6  transverse length scale,
u  fluctuating velocity scale
Vv U valentl )
5 ~ A or equivalently, V ~ ZU

Governing equations can then be simplified as follows. Regarding Eq. (3.29), the
order of magnitude is shown below each corresponding term

_ 00, - 00y  10P oul? ould (32 82)0
_gmy 9 Vg,

U—+U—=——— — +
! Ox1 2 Ox3 pOx;  Oxy Ox) 8x12 0x; (3.31)
U? u? u? U U
L L 5 L2’ 52

To actually observe the development of a turbulent boundary layer, and not only
a laminar one, the dominant term associated with the Reynolds stress tensor must be
of the same order as the convection terms

>  U? 5\ /2
—~— o u~|— U
0 L L

By taking into account this result, a similar analysis can be carried out for
Eq. (3.30) to yield

Ui5—+U +—

_ 00, - 0U,  10P Ouldy, ouf (32 82)-
_— v Uy

Oxy 28_x2  pox oxy B 0xo 8_x12 8x%
5 U? sU* §U? § (U U
LL LT L T\ 9

The term 8@/ Oxy overwhelms all others. Therefore, it can only be balanced by
the pressure term, and the simplified equation reads

1oP  oup
pOxa  0Oxp

Then, by integrating along x, from the wall, where P = P, and uy =0, up to
the outer zone where P = P, and u’, = 0, one gets
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By comparison to the free shear flow case in Chap.4, the pressure P, imposed
by the external flow is not necessarily uniform here. The pressure term in Eq. (3.31)
thus needs to be kept. Moreover, the dominant viscous term must also be conserved
in Eq.(3.31) to ensure the no-slip condition at the wall. By retaining the dominant
terms in ~ U2 /L, the boundary layer approximation of Eq. (3.29) is then

0 oU, 0 oU, 1dpP, oulu,  0*U,
ox T Pom T pdn om 08

and corresponds to Eq. (3.5).
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Chapter 4
Free Turbulent Flows: Jets and Wakes

In this chapter, self-similar solutions of free subsonic jets and wakes are established.
These solutions can be used to characterize some properties of the mean turbulent
flow itself, to assess turbulence models, and also to provide an analytical solution for
the mean flow field under some assumptions. The development of a round jet flow is
first described, results for a plane jet are then briefly reported, round and plane wake
flows are then examined in the two last sections.

4.1 Natural Development of a Free Turbulent Round Jet

Free jet flows have been the subject of numerous experimental as well as numerical
studies, particularly in the fields of aeronautics and aeroacoustics where they are
produced by the exhaust flow of an aircraft engine for instance. A sketch of the
mean velocity field is shown in Fig.4.1 for a round jet. Three main regions are
usually distinguished in the flow development. The first one is the initial region
near the nozzle exit, where an annular turbulent mixing layer encloses the potential
core of the jet. Inside this core, the flow is quasi-laminar with a constant velocity
equal to the jet exit velocity U, and its mean position is shown by dotted lines in
Fig.4.1. Turbulence totally penetrates to the jet axis at a distance z, between 4D and
5D, where D is the nozzle diameter. The merging of the annular shear layer marks
the beginning of the transition region, and far downstream, the jet is finally fully
developed, at a distance of approximately 15D. In this region, a constant turbulent
intensity is reached on the jet axis, that is ”/1 /U, = cst, where U, is the local mean
axial velocity, and the mean flow is self-similar.

The two Reynolds numbers Rep = U;D/v and Res, = U;dy/v, where dg is the
momentum thickness of the exit boundary layer, and the peak fluctuation intensity
u'/U; at the nozzle exit are among the most important parameters to be consid-
ered to characterize the initial development of a subsonic jet [537, 538, 566]. For
moderate Reynolds numbers Rep < 10°, the exit boundary layer is laminar and

© Springer International Publishing Switzerland 2015 85
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potential core

Fig. 4.1 Sketch of the mean velocity field of a round jet in the initial development, and in the region

where the flow has reached a self-similar state

(a)
K|

Fig. 4.2 a Visualization of a water jet by fluorescent dye injection, Rep = 5570 with D = 40 mm
and U; >~ 13cm- s~1. Courtesy of Junji Kurima (Kurima, Kasagi and Hirata, Tokyo University,
1983). b Schlieren visualization of an air jet at Rep = 8.7 x 10° with D = 38 mm, U; = 293m-s~!
and T; = T, exposure time 3 s, courtesy of Benoit André and Thomas Castelain (LMFA)

the development of the flow is dominated by vortex pairings occurring in the initial
laminar shear layer, as illustrated by Fig.4.2a. A view of a higher Reynolds number
is shown in Fig. 4.2b, for which the incoming boundary layer is turbulent. The overall
flow characteristics are then not dependent on the Reynolds number. Between these
two asymptotic states, that is for 10° < Rep < 2.5 x 107, the initial shear-layer is
transitional. The mean velocity profile is still close to the Blasius laminar solution,
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Fig. 4.3 Mean velocity profile U, and fluctuating velocity profile u’, measured at z = 0.01.D for
two Reynolds numbers @ Rep = 6.7 x 10* and v Rep = 1.3 x 10° by Fleury [526]. The Blasius
profile is also plotted in solid line and ro = D /2 is the nozzle radius

as shown in Fig.4.3, but streamwise velocity fluctuations grow as Rep increases.
It is not always easy to study the influence of each parameter in experiments, by
changing Regs, in keeping the same value for Rep = U;D/v for instance, since
dg/D =~ Rel_)l/ 2 at the nozzle exit [526, 537]. More generally, all the parameters
are inherently linked and numerical simulations are then an insightful way to pro-
long experimental studies in carefully controlling the initial conditions [513-515]
for instance.

The laminar—turbulent transition in the mixing layer is well described by the
linear spatial stability theory introduced in Sect.1.5. To illustrate this point, the
laminar mean velocity profile at the nozzle exit of the jet shown in Fig.4.2a can be
approximated by the following hyperbolic tangent function

U(z)/U; = 0.5{1 + tanh [(ro — )/ (2691}

with Jg/rp =~ 0.05. For an incompressible flow, the most amplified axisymmetric
disturbance corresponds to a Strouhal number Sts, = fdy/U; =~ 0.018, and is
directly associated with the first ring vortex [50]. Viscous effects are found very small
for Reynolds numbers Reg, < 300 according to the work by Morris [53]. Morever,
it is essential to include compressible effects for high speed jets by considering
the compressible Rayleigh equation (1.19), as shown with the results displayed in
Fig. 1.21. The first helicoidal mode n = 1 is usually found to be the most amplified
disturbance, and amplification rates are reduced. A well-known consequence is the
lengthening of the potential core as the Mach number of the jet is increased, thus
ze/D >~ 4.2 4+ 1.1MJZ for isothermal jets [544]. Note that a shock-cell structure is
generated inside the supersonic jet core to adapt the pressure at the nozzle exit P, to
the ambient pressure Po, for supersonic Mach numbers [550, 558].
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4.2 Self-similarity for a Round Jet

A solution for the mean velocity and for the Reynolds shear stress can be determined
in the self-similar region, where the jet flow is fully developed. The turbulent flow
is assumed incompressible and stationary. As a starting point, the Reynolds aver-
aged Navier-Stokes equations are written for an axisymmetric mean flow, and are
simplified through dimensional arguments. A self-similar solution is then sought by
introducing a turbulent viscosity to close the governing equations.

4.2.1 Averaged Equations

For a homogeneous and incompressible flow, the mass conservation is simply given
by V - u = 0, that is in cylindrical coordinates (r, 8, z) where z is aligned along the
jet axis

l 0 (ruy) l Oug %

r Or r o0 0z =0

The following material derivative operator is introduced to simplify the writing
of equations,

Df _df _ Of  udf _ of

=+ + ==+
Dr o or Ty a0 oz
and it is recalled below that thanks to the incompressibility condition,

Df _0f 10Gru)  10(fup) 0(fu)
Do v o i e ez

Using the D/Dt operator, the Navier-Stokes equations can then be written as
follows,

Du, u% 10p . (V2u 2 Jug u,)
- r

Dt r p or r2 00  r?
Dug  u,uy 110p 2 2 Ou, ug
T At \V4 ind -
Dt + r pr5'9+1/ Ho+ 290 r?

DMZ lap 2
__ 19y
Dt p 0z vy

where the Laplacian operator in cylindrical coordinates is given by

10 (of 1 0%f 0%f
2,0 _ =Y ZJ ) zJ
Vif= r or (r ar) r2 062 072
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The Reynolds decomposition is now introduced into these equations adopting the
usual notations for the mean and fluctuating part, thatis u, = U, +u/,ug = Up+ ué,
u; = U; +u and p = P + p’. For a round jet, one has Uy = 0 but uj, # 0, and
furthermore for any mean quantity F', OF /00 = 0. Owning to the symmetry of the
mean turbulent flow, the turbulence must be homogeneous in the azimuthal direction
and thus, ujuy = u/up = 0. With these assumptions, the averaged mass conservation
equation is

18 (rUr) n U,
r Or 0z

Following the approach presented in Chap.?2, the averaged Navier-Stokes equa-
tions can be written in the form,

=0

DU, 19P 19¢up) Ouul up (

= + L +v VZU—@ (4.1)
Dt por r o 0z r "oy
110P
0= —--— 4.2
pr 00 42)
DU, 19P 100ul) ouZ -
=————- vV-U, 4.3
Dt p Oz r o oz + 4-3)
where the operator D/ Dt is defined as,
DF 10(UF) 0(U.F) _oF . oF
-— = + =U—+U,
Dt r  Or 0z or 0z

It is straightforward to observe from Eq. (4.2) that the mean pressure can only be
a function of 7 and z, thatis P = P(r, z), which is of course expected for symmetry
reasons.

4.2.2 Thin Shear Layer Approximation

The divergence of the thin shear flow flow is quite slow, and boundary-layer approx-
imations, see Sect.3.9, can be applied to simplify the previous equations. Length
(L, &) and velocity (U, V) scales in the axial and radial direction respectively, are
introduced to examine the relative amplitude of each term. Only one velocity scale
u is chosen for the fluctuating velocity vector #’. The boundary-layer approximation
requires that ¢;/L < 1, which is in agreement with experimental observations. Vari-
ations of the mean flow are smaller in the axial direction than in the radial one. The
equation of mass conservation implies that

l@ (rUr) L U,

or V.~
r Or 0z

&<

U 51
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Considering the averaged Navier-Stokes equation in the axial direction, one has

DU, 10P  19(ruLul) au_/;+ [13(6112) 3202}
14

Dt p0z r or 0z ror \\ Or 072

U? u? u? u u (4.4)
L 5 L o2 12

(H (2) (3) 4)

The term (3) is negligible with respect to the term (2). Similarly, only the first
viscous term in (4) could be retained,

@ U U? v U?L 1
~ oL v _Z =2
512 o Ud; L 4; Re

and viscous effects are very small for usual Reynolds numbers. As an illustration and
as already mentioned in the first section, viscous effects are identified for Res, < 300,
which corresponds to a Reynolds number Rep ~ 10 with §g/r9 = 0.05. Viscous
terms will be ignored in what follows. This is a reasonable assumption which can be
applied to developing free shear flows far from any wall. The averaged Navier-Stokes
equation along z is thus simplified as

DU, 10P  10(rulul)

Dt~ pdz r or

Moreover, to derive a solution corresponding to a turbulent jet, it is necessary that
the terms (1) and (2) have the same order of magnitude. If (2) <« (1), the laminar
solution is recovered and the case (2) > (1) is not physically acceptable. Therefore,

vt u? 6\ /2
—~— o u~|\|-— U
L 4 (L)

A similar analysis can be conducted for the averaged Navier-Stokes equation in
the radial direction. In terms of order of magnitude, one has

Dt p Or or 0z r
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Viscous terms are again negligible, and the term (2) is also discarded. The order
of magnitude of the term (1) is larger than all of the other terms, and it can be only
balanced by the pressure term. Hence,

10P  ou?

el -0
p Or or

and by integration in the radial direction from the jet axis to the ambient medium,
one obtains P + pu/2 = Puo. This relation can then be used to estimate the order of
magnitude of the longitudinal pressure gradient in Eq. (4.4),

_1OP _owp a1 _aU?

p oz 0z LL L L

With respect to terms in U?/L, the pressure term is found to be negligible in
Eq. (4.4). Finally, the governing equations for the mean flow of a round jet are given
by

10(rU,) 0U,
- —X=0 4.5
r Or 0z (4.5)
10U U,) a(UZUZ) 1 a(ru D)
r or + 0z ror (4.6)

Conservation of the Momentum Flux
A consequence of the simplified Eq. (4.6) is the conservation of the momentum flux
I, in a cross section of the jet, that is

o0
I, =2x / pUZrdr = cst (4.7)
0

Starting from Eq. (4.6) rewritten as

DIUAY 10 - - —
% == (rU,UZ —i—ru’,u’z)

one can shown that d1,/dz is zero. Indeed,
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4.2.3 Similarity Solution

The self-similar solution is sought by assuming the following expressions for the
mean axial velocity and the Reynolds shear stress,

[ U, =Uy () f () ; d (4.8)

with =
—nujul, = U2 () h (1) =50

and where U,, is the mean centerline velocity and §; the half-width of the jet, defined
usually as the radial distance for which the mean axial velocity is equal to half of the
velocity on the axis, see also Fig.4.1. Thus, one has f(0) = 1 and f(1) = 1/2 by
definition.

The Reynolds shear stress —u ’ is first expressed as a function of U, only. By
integrating Eq. (4.6) in the radial dlrectlon from the jet axis,

r 772 -
“r'dr’ = —rulu! 4.9)

rUrUz+ FU
o 0z

Moreover, an expression of the mean radial velocity U, can be derived from the
mass conservation equation (4.5),
/ aUZ /d /!

and can be introduced in Eq. (4.9). Hence,

’8 oU
—ru;;:o / Z/d/

To simplify the algebra, it is also convenient to permute the integration over r and
the derivative operator along z, that is

— rujul, a/ UZr'dr' — U 8/Ur’dr (4.10)

The right-hand side of this equation can now be developed by introducing the
self-similar profiles defined in (4.8). This yields

—rujul, 8/Uzz’dr Ufa/Ufr/dr

The similarity variable 7 is also introduced in the integrals through the change of
variable r' = &7/,
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Using Leibniz’s rule since the upper bound 7 of the two integrals is a function of
z, it follows that

—  d " d
il = S GUR [ ol + G0 ]

2d77
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n
= @b [ Potan - ST [ i
dz 0 dz 0
Thanks to the momentum conservation (4.7)
o0
I, = 27er31512/ f2ndn = cst
0

it is required that U,,,d; = cst, and the first term is thus zero on the right-hand side
of the previous equation. The similarity function 4 (n) for the Reynolds shear stress
profile defined by (4.8) is also introduced on the left-hand side,

h(n) =

5Um '(51U )f/ fn'dy (4.11)

A self-similarity solution is only obtained if the following factor in (4.11) is

independent of z,
1 d ( S2U ) = cst
— =cs
SUndz ! Un

Recalling that U,,d; = cst, the growth of the jet half-width is found to be linear,
8 ~ z,and U, ~ z~!. The length scale ¢; and the mean axial velocity U, of a
self-similar round jet are thus given in dimensionless forms by

5 — U D
1(2) _ iT% m(2) _b 4.12)
D D Uj Z—20

where a is the spreading rate and b is the decay constant. The third constant z( repre-
sents the virtual origin of a self-similar jet generated by a point source of momentum
I.. The jet being definitely not self-similar just beyond the nozzle exit, zg 7# 0. All
these constants are to be determined experimentally or numerically.
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4.2.4 Expression of the Radial Profile

The calculation of the function f describing the radial profile of the mean axial
velocity (4.8), requires to close the averaged Navier-Stokes equations. A turbulent
viscosity is introduced to express the Reynolds shear stress as a function of the mean
velocity gradient, refer to Chap. 2,

—uu. = v, aﬁz = ViUn ﬂ and — nu;u; = h(n) =7 it ﬁ
e “or 8 dn ’ U2 U0 dn

The preservation of the self-similar profile A requires that the factor U, d; /v; must
be independent of z. As U,, ~ z~! and &; ~ z, the turbulent viscosity is found to be
constant in the self-similar jet, v; = cst. This means that there is the same balance
between turbulent and viscous effects whatever the distance to the nozzle is. This
is an important result indicating that one has a complete similarity for the turbulent
round jet. The constant ¢ = U,,d; /v is thus introduced.

The turbulent closure can be introduced in expression (4.11) to provide

cdn 61Uy dz

=a

n
nar _ __—(5,2Um)f/ fr'dy
— 0

where the underlined factor is equal to the constant a. Therefore, the function f
verifies the following integral equation

n P
2 +af [ foand =0

where f’ = df/dn. To integrate this differential equation, its is convenient to intro-
duce an auxiliary function F given by,

7
F(np) = /O f(n)yn'dy

By definition, one has F' = nf and F” = f + nf’. The previous differential
equation can thus be written as

1 nF" —F' FF'
— -
ac n n

so that,

L [nF") —2F'|+ FF =0
ac
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Noting that F(0) = 0 and F’(0) = 0, a first integration gives

1 1 2nF —n*F' ac
— [pF' =2F]|+-F>=0 o —“1T—— =—
ac [ ]+2 F? 2"

The previous equation can then be integrated a second time, which yields

2
% = 2—6772 + cst
To determine this integration constant, the values of F and of its derivatives at
the origin are used again. One has F(0) = 0, F'(0) = 0 and F"(0) = f(0) = 1.
Therefore,

172 2n . 2 4772

cst = lim — = lim — = lim — =2 and F(n) = ——
n—0F n—-0F  n=0F" acn? + 8

Finally, the expression of the f function describing the radial profile of the mean
velocity has been explicitly determined, and can be written as

F' 1 ac

L R L 413
f=r=arse M 8 “.13)

Note that the condition f (1) = 1/2 associated with the definition of the jet half-
width requires that d = \/5 —1.
4.2.5 Some Other Quantities

As already mentioned just above, the different constants involved in the self-similar
solution are linked through compatibility relations. Thus, the value of the momentum
flux I, can be calculated at the nozzle exit,

and also in an arbitrary cross section of the jet using the self-similar solution for the
mean axial velocity. Hence,

x
4
I. = 2mpU2 87 / fndn = 2mpURS} —
0 3ac

and by using (4.12), ¢ = (32/3)ab?. Combining this result with the requirement on
the constant d in expression (4.13), it yields
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b=i[3(«/5—1)]1/2 o= 822D (4.14)
2a

a

The knowledge of only one constant is finally required to wholly determine the
mean axial velocity profile defined by (4.13). The spreading rate a of the jet is
generally chosen. The turbulent viscosity can also be explicitly calculated from the
value of the Reynolds number,

Vs abU;D ab 3
—_=— = —Rep = —Rep
v c v c 32b

A jet flow is also characterized by its entrainment, and the flow rate Q(z) provided
by the self-similar solution can be calculated. This volume flow rate is given by

32abz — 70
D

o0 _ (0.¢]
0 :277/0 U, rdr =27rUm(5,2/0 Sndn=Q;

where Q; = (7D?/4)U; is the nominal flow rate at the nozzle exit. This relation
can be recast in the following dimensionless form

- 32ab
L _LEiT0 i g, =2
Qj D C

(4.15)

where the constant k, is directly proportional to the spreading rate. The entrainment
and the spreading rate are directly associated with the evolution of the mean radial
velocity U,, which is not zero even far outside of the jet. This velocity can also be
determined using the mass conservation. It can be shown that

U, a( , /’7 , ,) an 1 —dn? ac
0, ~Im=_ (n f= ) frdn 2 U+ dip)y 8

This velocity is positive in the jet core, in agreement with the decrease of the
mean axial velocity along the jet axis, and is negative for n > 1.5, corresponding to
the entrainement of the surrounding ambient fluid. Note that U, tends towards zero
as —1/n when n — oo.

4.2.6 Experimental and Numerical Results

Mean Velocity and Reynolds Stress Tensor

Table4.1 provides some self-similar parameters taken from experiments. The scat-
tering of these data can be attributed to the estimate of the virtual origin of the jet zg,
to a possible influence of the Reynolds number or also to the quality of the facility
for preserving the entrainment induced by the jet. The measured radial profile of
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Table4.1 Measured self-similar parameters from stationary/flying hot-wire anemometry (s/fHWA)
or from laser-Doppler anemometry (LDA)

M Rep a b z0/D a’b? Reference

0.15 8.6 x 10* 0.086 54 3 0.22 Wygnanski et al.
[565] (sHWA)

0.12 6.7 x 10* 0.08 59 -0.5 0.22 Hinze [8]

0.08 1.1 x 10* 0.096 6.06 -2.5 0.34 Panchapakesan
et al. [549] (fHWA)

0.08 4.5 x 10* 0.093 6.09 0.67 0.32 Shiri et al. [555]
(LDA)

0.16 9.5 x 10* 0.094 5.8 4.0 0.30 Hussein et al. [539]
(LDA/fHWA)

0.16 9.5 x 10* 0.102 59 2.7 0.36 Hussein et al. [539]
(sHWA)

Additional data can be found in Lipari and Stansby for water jets [547]
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Fig. 4.4 a radial profile of the mean longitudinal velocity U,/U,, = f (1) measured by Hussein
et al. [539] (see also Table4.1), e laser-Doppler anemometry (LDA) results, v stationary hot-wire
anemometry (sHWA) results, ——— self-similar profile f = 1/ (d’r/2 +1)2, Gaussian profile
f = exp(—In27%?). b normalized turbulent viscosity v; /(U,, ;) computed from LDA results

the mean axial velocity is shown in Fig. 4.4a. The self-similar solution (4.13) is also
plotted, as well as the following Gaussian profile,

f(m) = exp(—In2 n?)

which is close to observed experimental results. Let us now verify some compati-
bility relations. From the LDA results of Hussein et al. [539], the normalized tur-
bulent viscosity can be directly computed to provide an estimate of the constant
¢ = Uy /vy =~ 32, by recalling that ¢/(ab) = (v/v;) Rep. The relation involving
the constants a and b can also be checked, namely (ab)? = 3/4) (/2 —1) ~ 0.31,
and values are reported in Table4.1. Note that this value is very close to the last
four experiments. Moreover, Ricou and Spalding [552] were able to perform a direct
measurement of the jet entrainment. They found a value of k, >~ 0.32 for the constant
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Fig. 4.5 Radial profile of Reynolds stresses measured by Hussein et al. [539] (see also Table4.1),
LDA results

involved in the expression of the volume flow rate (4.15). Note that the predicted self-
similar solution does not perfectly match experimental values. Thus, assuming that
a =~ 0.094 and according to the compatibility relations (4.14) and (4.15), one should
have b >~ 5.9, ¢ >~ 35 and k., =~ 0.51. The complementarity between experiments
and numerical simulations will be discussed in Chap. 8, but an insightfull illustration
is given in the next section regarding the turbulent kinetic energy budget.

The normalized radial profiles of the Reynolds stresses are reported in Fig.4.5
from the data provided by Hussein et al. [539]. Only results obtained by laser-
Dopler anemometry have been retained here. They are found in good agreement
with flying hot-wire anemometry measurements, but not with stationary HWA data.
Indeed, a stationary hot-wire anemometer provide unreliable results far from the
jet centerline in reverse flow regions. Turbulense intensities of u’ /U, ~ 0.28 and
u, /Uy ~ ”/9 /U == 0.22 are observed on the jet axis. On the whole, the turbulence
of a free jet is far more isotropic than in wall-bounded flows. Moreover, the shear
stress profile u)u/, is shown in Chap. 2, refer to Fig.2.3.

Turbulent Kinetic Energy Budget

The turbulent kinetic energy budget has been measured and more recently com-
puted in the self-similar region of a round jet . Using boundary-layer approximations
and assuming a high enough Reynolds number to neglect the viscous diffusion, the
transport equation for the turbulent kinetic energy k; can be written as follows,


http://dx.doi.org/10.1007/978-3-319-16160-0_8
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where €” is the homogeneous dissipation, introduced in Sect.2.6. In this equation,
the term (a) represents the convection by the mean flow, the term (b) is the produc-
tion of k;, the terms (c) and (d) are the turbulence and pressure transport, and the
term (e) is the dissipation. The experimental determination of all these contributions
remain difficult, in particular for terms such as the pressure—velocity correlations for
instance. As a result, approximations need to be made to estimate the quantities that
cannot be measured with accuracy. As an illustration, the results of Panchapakesan
and Lumley [549] and of Hussein et al. [539] for a higher Reynolds number, see
Table4.1, are reported in Fig. 4.6. In Panchapakesan and Lumley, the pressure diffu-
sion term (d) is neglected, and the dissipation (e) is obtained as the closing balance
of Equation (4.16). In Hussein et al. [539], the energy dissipation is estimated from
the assumption of a local axisymmetry of small scales, and the pressure diffusion
is then obtained to close the budget. Serious discrepancies are observed between
these two approaches. Nowadays, the role of the different terms, in particular the
pressure—velocity correlation term, can be clarified using well-resolved numerical
simulations. A comparison is shown in Fig.4.7 between the data of Panchapakesan
and Lumley and a large-eddy simulation performed by Bogey and Bailly [512] at the
same Reynolds number. The computed pressure diffusion term (d) is found rather
small, which finally supports the assumption made by Panchapakesan and Lumley.

The turbulent kinetic energy budget is characterized by an important convection
term (a) unlike in wall-bounded flows. This term is indeed equal to zero for a channel
or a pipe flow, and remains small for a boundary layer. Moreover, the convection term
(a) and the production term (b) have the same order of magnitude. Note also that

the term u;uéz involved in the turbulence transport is usually approximated by u/3,
since measurements are made in a plane containing the jet axis. The reader can refer
to the review of experimental data by Lipari and Stansby [547] and the simulation
results by Bogey and Bailly [512] for budgets of the Reynolds stresses and additional
remarks.

Integral Length Scales
The integral length scales L(lll) and L(lzl) , see the relation (6.4) in Chap. 6, are found
to grow linearly with the axial location z. In the first ten diameters along the shear
layer at r = rg, one has

[V @) o D
L] ~2b L”)_59 L(22 ~ 0y
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Fig. 4.6 Turbulent kinetic energy budget across the self-similar region of a round jet, experimental
data of Panchapakesan and Lumley [549] at left, and of Hussein et al. [539] at right. o convection
(a), A production (b), ¥ dissipation (e), O turbulence diffusion (c) and ¢ pressure diffusion (d). Note
that data in solid symbols are not directly measured. All the terms are made dimensionless using
U, and §;

0.02
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Fig. 4.7 Turbulent kinetic energy budget across the self-similar region of a round jet at Rep =
1.1 x 10* computed by large-eddy simulation, taken from Bogey and Bailly [512]. Experimental
data of Panchapakesan and Lumley [549], o convection (a), o production (b), V dissipation (e),
O turbulence diffusion (c¢). The computed pressure diffusion (d), in solid gray line, is neglected in
Panchapakesan and Lumley. All the terms are made dimensionless using U, and J;

where compressibility effects are included in the local momentum thickness dp(z),
as experimentally shown by Fleury et al. [527] for high speed subsonic jets. Thus,
no strong deviation is observed from the values expected in isotropic turbulence.
The two integral scales L(lll) and L(121) can indeed be compared to Ly and L, with
Ly = 2L, inisotropic turbulence, see relation (6.27). The calculation of these scales
is usually done in a reference point located at the middle of the separation vector to
minimize inhomogeneous effects.
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Farther downstream, complete measurements have been performed by Wygnanski
and Fiedler [565] in the self-similar region. On the jet axis at z = 90D, the axial
evolution of the integral length scales is well represented by

L) ~00385z and L ~001572

which yields a ratio L(l) / L(Z) =~ 2.4. Out of the axis, the observed scales are larger,
as illustrated by the followmg values measured at r/z = 0.1,

L) ~0062z and LY ~0.028z2

The ratio is again very close to the expected value for isotropic turbulence. Note
that the largest structures are not observed in the central zone of the jet. The production
region of the turbulent kinetic energy is located in an annular region, leading to an
intermittency on the jet axis associated with large structures generated in different
production regions, as already mentioned for pipe flows in Chap. 3.

4.3 Similarity for a Plane Jet

A plane jet is obtained from a rectangular nozzle with a high aspect ratio, that is the
length-to-width ratio, which is assumed to be infinite in the analytical modelling. In
practice, the spanwise length must be at least larger than 20/, where [ is the nozzle
width as shown in Fig.4.8. The initial development of the plane jet at the nozzle
exit is quite similar to that of a circular jet, again with the particular role played by
instability waves in the two mixing layers. The mean flow is found self-similar far
downstream, for x; /1 > 25.

Fig. 4.8 Nozzle exit of a plane jet and self-similar mean velocity profile far downstream. The
Reynolds number of the jet is defined as Re; = Ul /v where U is the exit velocity and / the nozzle
width
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In the self-similar region, the Reynolds averaged Navier-Stokes equations can
be simplified thanks to the boundary layer approximation. For a sufficiently high-
Reynolds number flow, one obtains for the longitudinal momentum conservation,

5(0101) + 8(0102) N _61/11/2

= 4.17
Oxq Oxy 0x2 ( )

whereas the integration of the averaged Navier-Stokes equation in the transverse

direction leads to P + pu’z2 = P4. Moreover, the mass conservation is reduced to
the incompressibility condition,

o0, o0y
Ox1 Ox

The solution is sought in the form of self-affine profiles for U; and i, u, u'ul

J1 = Un(x1) (1) . X
h =
[—u P e A S A o

and where Uy, is the maximal velocity on the jet axis and J; the local half-width of
the jet. The anaytical developments are quite similar to those of the circular jet. The
Reynolds shear stress can be calculated by integration of Eq. (4.17) in the transverse
direction, which yields

A 2
_%zh()_ Ua’ /fzd’—(Umél)f/ fdn (4.18)

The longitudinal momentum flux /; is also conserved for a rectangular jet. Indeed,
it is straightforward to show that d11 /dx; = 0 by using Eq. (4.17). As a result,

“+o00 “+o00

L = / pl_flzdxz = pU,iél/ f2dn = cst
—00 —0o0

and the first term on the right-hand side in Eq. (4.18) vanishes. Thus, to preserve

the self-similarity of the Reynolds shear stress, U,%,él = cst and (U, &) /Uy =

cst, which yields the following expressions for the half-width and for the mean

longitudinal velocity of a plane jet

oy xp—x0 Uy l
—_=q — —:b
l l Uj X1 — X0

(4.19)

Notations are provided in Fig. 4.8 and a is the spreading rate, b the velocity decay
constant and x¢ the virtual origin of the self-similar jet. To determine the velocity
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profile f from (4.18), the Reynolds shear stress needs to be modelled, which is
usually done through a turbulent viscosity,

!,

uluz Vy ,
_ = h = —
2 ) U5, f

Preservation of the self-similarity requires that v, /(U,,d;) = cst = 1/c but unlike
in the case of the round jet, the turbulent viscosity is no longer constant. It increases
with the distance from the nozzle v; /v ~ xl1 / 2, and a complete self-similar solution
cannot be obtained. The function f satisfies the following differential equation

/ ac n /
f+—=r| fdqn=0
27 Jo
and the solution can be written as

fm= (4.20)

cosh? (dn)

where d = \/ac/2 = 4ab?/3. By definition of 77 and £, there is also a compatibility
condition given by (1) = 1/2, or equivalently d = cosh™! (v/2).

For completeness, two additional results are mentioned for the self-similar plane
jet. The volume rate entrainment per unit length in the spanwise direction is

0 3 [xi—x
Q; 2b l

where Q; = [ U;. The transverse mean velocity can be determined from the mass
conservation,

O _ =5 (207 = [ rar) =g | gt )|
Um_g77 ) K 0 n T 2d cosh? (dn) 1

This velocity is positive near the jet axis, but is negative near the edge of the jet
where the ambient fluid is entrained, and takes a significant value U, ~ 0.06U,, as
n — oo featuring a plane flow. Finally, the experimental studies by Heskestad [534],
Gutmark and Wygnanski [532] or Everitt and Robins [524] provide the following
constant values

Uy

Uy

ax~011 bx=25 ¢

~ 30 421

Plane jets can be used for cooling walls in some applications, and the expression
of the turbulent viscosity needs to be modified close to the wall, as mentioned in
Sect.2.5.
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4.4 Similarity for a Plane Wake

4.4.1 Far Wake Approximation

A self-similar solution can also be derived for wakes, but in a region far enough
from the wake-producing body, in a region where the mean flow is nearly parallel,
as shown in Fig.4.9. Governing equations can then be simplified. The flow near the
obstacle is generally complex and strongly depends on the shape of the obstacle. For
example, the near wake of a circular cylinder is obviously different from that of a
square cylinder due to the way the separation of the boundary layers occurs.

To estimate the order of magnitude of the different terms in the averaged Navier-
Stokes equations, it must be pointed out that unlike free jets, two velocity scales are
required here. The first one, denoted Ucony, is used to characterize the convection
by the uniform mean flow at Ugony ~ U1, refer to Fig.4.9 for the notations. Note
that there is no external mean pressure gradient here. The second one Ugisr is used to
characterize the diffusion. Hence Ugisf ~ U,,, where Uy, is the axial mean velocity
deficit in the wake. Moreover, the transverse mean velocity scale is V, the length
scales in the longitudinal and transverse directions are (L, d;) and u is the turbulent
velocity scale.

The equation for the mass conservation is an obvious example where the diffusion
velocity scale appears, which gives for the mean transverse velocity,

0

The averaged Navier-Stokes equation in the longitudinal direction is analysed as
follows,

Fig. 4.9 Sketch of a plane Uet
far wake. The surface control
used to define the drag

coefficient (4.27) is shown in Uer Uy
dashed line. The o

cross-section X for which s
self-similarity is observed, ! Unm
corresponds to - 71

U m/ Uer < 0.1
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_ o0, - 00,  10P Out  ouhi -
U— +Up— = —-— ——L 172 V20
! Ox 2 Oxo pOx1  Oxi Oxp Ty !
y. Un U2 u? u? Un Un (4.22)
‘4 L L s \12 52
(D 2 3 “4) )

The viscous terms are ignored in what follows by considering a sufficiently high
Reynolds number wake Rep = U, D /v, where D is the diameter of the body cross-
section. Two additional assumptions are also necessary to continue the study. First,
one must postulate that the diffusion velocity scale Uyg;sr is smaller than the convection
velocity scale Ucopy by one order of magnitude,

0
Uit ~ ZUel

Secondly, to ensure that a turbulent wake flow is examined, the largest convection
term (1) on the left-hand side in (4.22) must be of the same order of magnitude as
the dominant turbulent term (4) on the right-hand side,

y. Un Uz u?
el L o; o;

and thus u ~ U,,. It can be shown that the pressure term is negligible by considering
the averaged Navier-Stokes in the transverse direction, a similar demonstration has
already been developed for jets. The governing equation for the mean flow field is
then given by
0, 8_[71 _ ou'yul,
Ox1 Oxy

_ This equation can be further simplified in the far wake region by noting that
Ui =~ Uconv = Uey for the advection operator, and by introducing the deficit velocity
U,.1 — U; in the wake. Hence,

5(U€1 — l_]l) _ ou )y

e 4.23
! 6x1 8x2 ( )

The self-similar solution to this equation is sought of the form,

[Uel—Ul =Un f(n) with 5= X2
—uuly = U2 h(n) or(x1)

where Uy, is the mean longitudinal velocity and J; is the half-width of the wake, as
illustrated in Fig.4.9.
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4.4.2 Drag Coefficient

To define the drag coefficient Cp, the integral equation for the momentum flux over
the control surface ¥ = X, U XU X} shown in Fig. 4.9, is considered. This equation
can be written as

/}: pU (U - n) d X = —Ffuiabody

if the pressure is assumed to be constant over X', and if the contribution of the
Reynolds shear stress can be neglected on the exit surface Y. The drag force is
defined as the longitudinal component of F,

Fi =/ pujldz—/ prdz—/ pUe1 (U -n)dX (4.24)
X, Xy by
In this same control volume, the mass conservation is

—/ pUeldE+/ p01d2+/ pU -ndxX =0
X, X Y

and illustrates the link between the mass flow deficit in the wake and the mass flux
exiting from the lateral surface X;. By multiplying this equation by U,1, it can be
combined with (4.24) to introduce the mean deficit velocity in the expression of Fi,

_ _ U U
Fi =/ pUL (Uer — U1) d X =pr1/ ‘ (1 — )dZ (4.25)
% 5, Vel Ue

In the far wake, one has F; ~ pU,1 Q where Q is the volumetric flow rate deficit,
defined by

0 =/ (Uer —U1)dx® (4.26)
X

Note that this flow rate Q is conserved through any cross-section according
to (4.23). The drag coefficient Cp of the obstacle is then defined from F; by,

F

4.27)

where S is the cross-section area of the body. For two-dimensional plane wakes, the
drag per unit length in the spanwise direction is considered. As an illustration, for a
cylinder of diameter D, the section area is S = D x 1 = D and the drag coefficient
is written as,
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265 2 too @y U
Cp=22 22 here 5y = / ! (1 _ )dxz (4.28)
D U D —00 Uei Ua

is the momentum thickness.

4.4.3 Self-similar Solution for a Far Plane Wake

By integrating Eq. (4.23) in the transverse direction,
- N Ny
u]“ztela_xl/o (Ue —U])dXz

the self-similarity for the Reynolds shear stress can then be expressed as

”/1“/2 Uet d(Umél) Ug1 d51
— =h = 4.29
2 () U2 ™ / fdn f ( )

Moreover, the conservation of the momentum deficit /1 for a wake flow provides
the additional condition, §;U,, = cst. Indeed,

+00 _ +oo
I = / pUet (Uet — Ur) dxy = pUet Um0 fdn = cst
—00 —00

The following laws are thus found for the spreading rate and the velocity deficit
of a far plane wake,

X1 — X0

(4.30)
X1 — X0

where D is the diameter of the cross-section of the body, a and b are the spreading rate
and the decay constants of the wake. Equation (4.29) can be recast into a simplified
form thanks to the conservation of 17,

Ly Uado
U2 = Updxi

To determine the function f of the transverse mean velocity profile, a turbulent
viscosity model is used to express the Reynolds shear stress, —uu’, = 1,0U;/0x2,
which yields using self-similar variables,

!’ .7
iy oy df

UI%[ Ui %
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The turbulent viscosity is then found to be a constant. The differential equation
which must be satisfied by f is written as,

U,10; dé;
fl=—t s
1763 d.xl
and the solution is given by
U D
f o) =exp (—aanz) “31)
4Vl‘

By definition, one obtains f (1) = 1/2 which provides a compatibility condition
for the constants, and leads to the following simple form for the transverse profile
of the mean velocity, f(n) = exp(—In2 n?). It is not necessary to immediately
impose this classical solution of diffusion problems, which here is obtained from self-
similarity considerations. As for free jets, various other results can be established.
The Reynolds shear stress profile, the flow rate deficit, and the turbulent viscosity
are only mentioned below,

uul a [0) TV, Cp V, C?
——=h) = onf —op [~ T D
U; 2b Ua D Ua D 2 v 167b

and are associated with compatibility relations for the constants,

In2 v a? Und;  4b

212 2 t mOl

¥~ _—=C ~ R = “1In2
A7 P L T ama P v a "

a

The values of the two constants a and b are not universal. They depend on the type
of obstacle, which is well highlighted by the compatibility condition involving the
drag coefficient Cp. Furthermore, the b constant cannot be expressed as a function
of a only. The ratio v, /v remains constant throughout the whole wake for a given
body, and only depends on the Reynolds number Rep. Thus, 14 has been introduced
in expression (4.31) of the function f. Finally, the calculation of the transverse
mean velocity U, turns out to be also interesting. Using the conservation of ; in a
cross-section, that is §;U,, = cst, the continuity equation provides,

— = _d_xlnf

There is no transverse velocity affinity for U/ U,,. Indeed, it remains the term
dé;/dx; which depends on x; since the spreading rate is not linear for the plane
wake. This is a major difference with respect to free jets, for which déd;/dx; = cst.
The velocity Us is always negative. Fluid is driven from the external flow to fill the
central region of the wake, but U, tends towards zero as x, — 00, in agreement with
the conservation of the flow rate deficit Q of the wake.
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Experimental studies, particularly the one of Wygnanski et al. [584] , deals with
wakes produced by symmetric obstacles, such as cylinders, plates or wing profiles.
For the classical case of a cylinder, the drag coefficientis Cp ~~ 1, and measurements
provide the values

Un 51

Ut

a~0.19 bx~1.24 ~ 18

Narasimha and Prabhu [576] used two small plates close to each another to obtain
a far wake developing faster than with a cylindrical body, and found approximately
the same results. These authors introduced another definition of the spreading rate,
namely 512 /x10p, using the fact that 512 is linear in x; and that dy is independent of
x1. This speading rate is equal to 2a? in the self-similar region. For more complex
configurations, the case of asymmetric wakes for instance, one can refer to the studies
by Patel and Scheuerer [414] or Mehta [575]. The case of a wake developing inside
an exterior flow with a mean pressure gradient is examined by Narasimha and Prabhu
[576].

4.5 Similarity for a Far Axisymmetric Wake

The self-similar solution of an axisymmetric far wake is obtained in the same way.
Only the main results are pointed out in the following discussion. Under the same
assumptions used for the plane wake, the equation governing the mean axial velocity
is given by

where U,; is the velocity of the external uniform flow. It is convenient to recast this
equation by introducing the mean velocity deficit,

OWU,.—U) 10 ——
Uee——5— = 75, (ruzu;) (4.32)

For axisymmetric wakes, the momentum thickness dy is also introduced from
Eq. (4.25), but it is usually normalized by the perimeter of the body cross-section.
For a sphere of diameter D, one has for instance

* U U
7D x 6 = 27r/ = (1 - —Z) rdr (4.33)
0 Uez Uez

and the drag coefficient is



110 4 Free Turbulent Flows: Jets and Wakes

where Q is the flow rate deficit. The expression of the Reynolds shear stress is
obtained by integrating Eq. (4.32) in the radial direction,

ulul, U, d(U, 52) LU dél
5t = h ) = - 51512 - /f Al

and self-similarity is only ensured if the two terms are independent of z on the right-
hand side. The first term vanishes by noting that the conservation of the momentum
deficit in a cross-section of the wake requires that Umélz = cst. It is thus straight-
forward to derive the two following laws for the development of an axisymmetric

wake,
5 _ 1/3 U D \2/3
A _4 (Z ZO) mo_p ( ) (4.34)
D D U, Z—20

where a and b are two constants linked to the body. The differential equation satisfied
by f(n) is given by

fr=Yetdon,
vy dz
with U,,0; /vy = cst = c. As a result, the turbulent viscosity varies as v; /v ~ 7713,
and only a partial self-similar solution is here obtained. The integration yields,
=exp|—— 4.35
£ =exp (2 ) (4.35)

A Gaussian profile is again found for the velocity deficit, as for the plane wake,
and the condition f(1) = 1/2 allows to simplify its expression as follows, namely
f = exp(— In2 n?). Furthermore, it can be demonstrated that

T b D 1/3
_uruzzh(n)Zi'flf &ZQ—RCD
3b v c

The flow rate deficit normalised with the blocked flow by the obstacle writes

N ¢
@ _op ()T L
UCZS UezD D 2

where § = 7D? /4. Two compatibility conditions link the different constants,

In2 6b
a2b=—n Cp c=—1In2
8 a

and finally, there is no self-similar profile for the radial mean velocity
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Fig. 4.10 Flow visualization by the smoke wire technique of far wakes generated by axisymmetric
screens of solidity o1 = 0.49, 0, = 0.62, 03 = 0.84 and by a solid disk, o4 = 1. All obstacles
have the same drag and thus the same momentum thickness, éy = 7.5 mm at U,; = 7 m.s~!,
see Sect.4.5. Hence, the Reynolds number is Res, = 3500. Screen diameters are Dy = 37.5 mm,
D> = D3 = 30.9 mm and the solid disk diameter is D = 28 mm. From Cannon and Glezer [571]

The experiments of Chevray [573] for an elongated ellipsoid of 6-to-1 ratio with
Cp =~ 0.07, provide an order of magnitude of the spreading rate and decay velocity
constants associated with this wake,

a~010 b>~0.60 c¢c=~25
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The far wake visualization of a solid disk and three screens of different solidity
reported by Cannon and Glezer [571], are shown in Fig. 4.10. The solidity is the ratio
of solid to frontal area, which is less than one for a screen. Note the presence of large
scale structures for the solid disk and the screens with high solidity.

In practice, the most interesting wakes are those associated with axisymmetric
bodies powered by jets or propellers. The persistence of these wakes is often studied
in aeronautics or in submarine applications. Of course, the self-similar solution needs
to be revisited for wakes produced by self-propelled bodies, refer to Naudascher [577]
for instance.



Chapter 5
Vortex Dynamics

A statistical approach to turbulence was adopted in Chap.2, in which averaged
Navier-Stokes equations were considered. Turbulence was found to be maintained
through a production term linked to mean velocity gradients. Wall-bounded flows
were studied this way in Chap. 3, and free shear flows were similarly examined in
Chap.4. In the present chapter, a more physical point of view is introduced. It is
based on the vorticity field which is quite close to the structural eddies that one can
observe in a turbulent flow.

5.1 The Biot-Savart Law

Definitions and some classical results regarding vorticity are gathered in this first
paragraph. The vorticity field is defined by the relation w = V x u, which can
be written using suffix notation as w; = €;jx0ur/0x;, where ¢ is the alternating
tensor. In what follows, a bounded region of vorticity is considered, also called a
vorticity blob. Under this assumption, it can be shown that

/ widx =0 (5.1)
v
over a sufficiently large volume V, and fori = 1, ..., 3. One starts by noting the
following identity,
0 Ow;j Ox;
—  (wix;) = X‘+(U'—=(U‘(5"=LU'

where Ow;/0x; = 0 since the vorticity field is solenoidal by definition. Then, use
of the divergence theorem gives,
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0
/w,-dx =/ -_— (wjxi) dx =/ wjxin/dx =0 (5.2)
1% 1% 8xj b ’

hence the announced result (5.1).

For an incompressible velocity field, V - # = 0, and a potential vector such as
u = V x A can be introduced, with the additional condition V - A = 0 to ensure
uniqueness. This potential vector A verifies a Poisson equation

Ww=Vxu=Vx(VxA=V(V-A)—V?*A=-V?A.

The integral solution to this equation is given by

1 e
40 =g | w2

in free space [21]. The expression of the velocity can then be obtained by taking the
curl of A,

1 w(y) 1 1
u(x)=—Vxx/ dy = — Vi X w(y)dy
4 v x =yl r Jy lx — yl

where the suffix x indicates that the curl or divergence operator is applied at point
x. By noting that,

0 1 10 1r
(—):— - % with r=x-—y

Ox; \r r20x;  r2r

the previous equation can be simplified, yielding the famous Biot-Savart law

amJv lx =yl

which provides the velocity field induced by a vorticity distribution. This law was first
derived in electromagnetism to calculate the magnetic field induced by an electric
current. This connection between velocity and vorticity is non local, which means
that every point y in the volume V contributes to the determination of the velocity
field at an arbitrary point x, not necessarily included in V, as illustrated in Fig.5.1.
Note that a similar result has already been pointed out for the pressure field, refer to
expression (1.6).

The velocity field for an observer x in the far field is now examined. By expanding
the potential vector A as a Taylor series, one gets
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5.1 The Biot-Savart Law 115

Fig. 5.1 Illustration of u(x)
Biot-Savart’s law. All the /
points y inside the vorticity y
blob V contributes to the ///
velocity field at point x // /
/
S
x 7 ! rTr=—-Y
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as x — oo. The first term is zero according to the relation (5.2). Therefore, one has
11 xX-y
A(x) > 4——2/ w(y) ——dy
x> Jy X

and consequently u = V x A ~ O (1/x) when x — oo. This rapid decrease in the
hydrodynamic velocity field can be compared to the slow decrease of the acoustic
field radiated by the same vorticity blob, which follows a 1/x law either for acoustic
velocity or pressure in the far field. Obviously, this compressible contribution does
not appear here since it has been assumed that V - u = 0.

5.2 Vortex Stretching

Kelvin’s circulation theorem states that for an inviscid and homentropic flow, submit-
ted to body forces f which can be expressed from a potential f = V¢, the velocity
circulation I" is conserved along a closed material curve C,

d—F=i<7{u~dl)=O (5.4)
dt dt \Jc

as shown in Fig.5.2. A brief demonstration is provided below. Starting from the
material derivative of the circulation, one has
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Fig. 5.2 Tllustration of Kelvin’s circulation theorem, the circulation I” is conserved along a closed
material curve C, or equivalently, the flux of vorticity through the surface X' closing C. Notice
that d(61)/dt = 61 - Vu, this relation can be straightforwardly derived by considering the velocity
difference between the boundaries of dy, thatis 85 (t + dt) = 85 (1) +u (x + 85) dt — u (x) dt

ar d d
@ —u~dl+j1{u-—(dl)
dt c dt c dt
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The second and third terms vanish for a closed curve C. Furthermore, if the flow
can be considered as homentropic, that is the entropy s is constant, the first term
is also zero. Indeed, the density p = p(p, s) is thus a function only of pressure
p = p(p). By introducing the auxiliary variable

d
m, = / dp_
p(p)
the pressure gradient can be written as VII, = (1/p)V p. The integration of this
term along a closed curve is thus zero and therefore, dI"/dt = 0. Moreover, it is
straightforward to check that IT), is the specific enthalpy / for a homentropic perfect
gas flow.

Another interesting form of Kelvin’s circulation theorem may be written using
Stokes’ theorem,

dar d d d
—_— = — %u-dl =—//(qu)-dx=—//w~dx=0
dt dt \Jec dt | Js dt JJs
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Fig. 5.3 Sketch of an

w
elementary vortex tube X e G

L
R

where X is the surface closing the curve C. In other words, the flux of vorticity
through a material surface is constant. To more concretely illustrate this result, a
small elementary vortex tube of length L, radius R with a uniform vorticity w over
its cross-section is considered, see Fig.5.3. The conservation of the vorticity flux
7R?w imposes that the product R%w remains constant. Similarly, the conservation
of mass yields R?L = cst, and finally one gets

w~ L~ % (5.5)

The vortex energy is therefore increased by stretching the vortex tube at the
same time as the cross section decreases and the vorticity magnitude w is amplified.
The velocity field induced by the vortex is indeed enhanced, resulting in a larger
kinetic energy. The vortex stretching is an essential mechanism for the production
of turbulent kinetic energy.

Fluid particles associated with an elementary tube vortex are stretched through
velocity gradients of the mean flow. As an illustration, consider the case of a mean
shear flow defined by Uj = Sxyand Uy = l_]3 = 0. According to relation (2.11), the
deviatoric rate-of-strain tensor is

- 1 {oU; oU; S(01 v S{1 0
Sff—z(%%—n)_i(w)’ and 55 =501

where Sd is the same tensor in a diagonal form obtained by a 7 /4 rotation of the
frame axes. The principal strain axes are thus also the axes of this rotated coordinate
system, as shown in Fig. 5.4. Material lines are stretched in the e] + e direction, and
for a vortex tube, velocity fluctuations are then increased in the perpendicular plane.

Fig. 5.4 Deformation of a Zo e L . .
fluid Earticlg by a mean shear U shrinking stretching
flow Uy = Sx» /
4 o
0 I
N
7,
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5.3 Helmholtz’s Equation

The Helmholtz equation is the transport equation for vorticity, which can be estab-
lished as follows. As a starting point, the curl operator is applied to Navier-Stokes’
equation,

Ou 1 5
Vx| —+4+u-Vu=—-Vp+vV-u
ot p

The flow is assumed to be incompressible, that is V - u = 0, but with a variable
density p. A compressible form of the vorticity equation is derived in Sect. 5.8. The
convective term can be expressed as u - Vu = V(u?/2) + w x u. By using the
following vector identity,

Vxwxu)=u-Vw—uV-w—-—w-Vu+wV-u

where V- u = 0 and V - w = 0, the vorticity equation can be rearranged as

Ow 1 2
—4+u-Vo=w-Vu-Vx|{-Vp)+rvV'w
ot p

The pressure term can also be simplified, which leads to

1 1 1 1
Vx(—Vp):V(—)pr+—Vx(Vp)=——2Vprp (5.6)
P P P P

Moreover for a homentropic flow, the pressure is a function only of density, as
already mentioned in the previous section. The two vectors Vp and Vp are thus
aligned and the so-called baroclinic term —(Vp x Vp)/p? vanishes. The vorticity
equation, also known as Helmholtz’s equation, is then given by

ow ’
E+u-Vw=w-Vu+VVw 5.7
Variations of the vorticity dw/dt are driven by the source term w - Vu, and by
viscous damping. Vortex stretching can thus only be associated with the term w - Vu.
To demonstrate that [105], let us consider the evolution of the length of an elementary
part d; of a vortex tube. Its material derivative can be written as

ddg

T =65 -Vu

Consequently for §; = d; - o, where @ = w/w is the unit vector aligned with the
vorticity vector of the considered element, see the illustration in Fig. 5.5, one has
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Fig. 5.5 Evolution of an w=uwa
elementary tube vortex

ds = dsa, where a is the

unit vector aligned with the u(x + 85)dt
vorticity vector w

63
8a(t + dt)
u(x)dt
ddy w; wj Ou; wiw; Ou;
— =a-(0s-Vu) = —(6—— ) = —-—
ar @ (05 - Vae) w ( Y w Ox; w? Ox; "

Moreover, according to Helmholtz’s equation (5.7) for an inviscid flow, one has

d d (w? Au;
w - 0 _ w - (w-Vu) whichyields, — 2 = w,wji
dt dr \ 2 Ox;j
Hence, by comparison of the two previous expressions, it can be inferred that the
stretching or shrinking of an elementary vortex tube is gouverned by

1 d (uw? 1 déy
wzdt(2)_5s dt
and by integration, this yields w/d; = cst. This result is of course in agreement with
the expression (5.5). The physical important result is that the elementary length d;
of a vortex tube is proportional to its vorticity w. Vortex intensity goes along with
stretching of vortex lines and consequently, with an increase in distance between fluid
particles. Note that the source term w - Vu in Helmholtz’s equation associated with
stretching/shrinking and also tilting, that is the change of orientation of the vorticity
vector, is zero for a two-dimensional flow. In other words, a two-dimensional flow
is a very particular situation. Vortex stretching, which has been identified as an
elementary mechanism for the production of kinetic energy, cannot occur.
Helmbholtz’s equation (5.7) is in general not the preferred alternative to the Navier-
Stokes equation for numerical applications. At least two nonlinear terms must be
solved, namely one linked to the material derivative of w, and the other one to the
source term w - Vu. The latter can also be expressed as follows,

Oui
(w-Vu)i:wjﬁzwj (eij+w,~j):wje,~j:szij (58)
J

according to the definition (2.11). Indeed, the antisymmetric part of the rate-of-strain
tensor does not contribute to the stretching term. This can be shown by noting that,
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Ju; 8Lt] w;j Wk
Wwjwij = 8_xj — 8_)6, = _Teijka = _qujwj
having permuted the two dummy indices j and k. As €;jx = —e¢;k;, the half sum of

the two previous expressions thus provides wjw;; = 0. Finally, as with the pressure
in Navier-Stokes’s equation, vorticity and velocity are connected by the Biot-Savart
law (5.3), that is by a non-local relation.

Finally two additional examples are presented to introduce consequences of vortex
stretching. The first one is inspired by Tennekes and Lumley [26]. According to
expression (5.8), Helmholtz’s equation (5.7) can be recast as follows,

Ow
5 tuVe=w. s +vViw (5.9)

This vorticity transport equation can be linearised around a known based flow
U to study the evolution of a vorticity disturbance w’ associated with an induced
velocity field u’. Viscous effects are here neglected to simplify algebra, but could be
included [44]. Moreover, the based flow is assumed to be a pure strain flow, which
means that the eigenvectors of the strain rate tensor are aligned with the frame axes. A

linear based flow is considered for simplicity, U = Vo, Uz = Sxy and Uz = —Sx3
where Uy and S are two constants. By noting that £2; = 0, the linearization of
Eq.(5.9) gives,

8 /

— +U - Vo' =u'-§

ot
where the strain tensor S has only two non-zero terms, S» = § and 5'33 = —S.

A stretching is applied in the x, direction, d_w/z /d_t = Sw’z, and a compression or
shrinking is applied in the x3 direction, d?ué /dt = —S‘wg. The linearised vorticity
equation can directly be integrated in a Lagrangian frame with the initial conditions
wj = 0and W) = Wi = wp at t = 0. The final result can also be obtained more
formally from the following change of variables (¢, x) — (7, £) with

T=t & =x1—Upt &=xe %" & =xzes

which provides dw), /0T = Sw2 and 0w} /0T = —Sw3 In both cases, the time

evolution of vorticity components is finally glven by w2 = wpe’ and Wy = woe —St

and therefore, vorticity increases since w 2 = wO cosh(2S t). Asillustrated in Fig. 5.6,

Fig. 5.6 Sketch of vortex wh
tubes submitted to a strain

flow in the xo — x3 plane,

stretching along x and

compression along x3
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the velocity field induced by w is thus reinforced for components # and u%, and
the one induced by wj is reduced for components ) and u}. As a final result, u% is
increased, 1/22 is decreased and u/lz is expected to fairly increase.

A further view has been given by Bradshaw [3]. Stretching in the x3 direction for
instance, amplifies velocity in the x; — x; plane and also reduces the length scale
associated with the flow. As a result, stretching occurs for vorticity components in
the x; — x7 plane, and velocity is then amplified in the x, — x3 and x; — x3 planes.
The process can be repeated several times as shown by the tree below,

direction of stretching

anisotropic X3
X1 X2
e e ——
X2 X3 X1 X3
—_— —— — —
X3 X1 X1 X2 X2 X3 X1 X2

. . — s Y Y Y
almost 1sotropic X1 X2 X2 X3 X2 X3 X3X] X3X1 X]X2 X2X3 X3X]

After only a few steps, velocity is equally amplified in all directions and char-
acteristic length scales of the flow become more and more smaller. This so-called
energy cascade leading to an isotropic state of turbulence, by which all the directions
are equivalent, is of course limited by molecular effects.

These two examples provide a caricatural view of vortex stretching to explain
energy transfer between large scales to smaller scales. Isotropic turbulence as well
as the cascade energy will be in depth discussed in Chaps.6 and 7.

5.4 Two Numerical Illustrations

To supplement the previous section, two additional examples are briefly shown so as
to underline consequences of developing a turbulent flow in a two dimensional space.
In Fig.5.7, two snapshots of the same flow are displayed, the numerical simulation
being performed in three and two dimensions using the same bluff body [574]. The
flow goes from the left to the right, and the boundary layer developing around the
leading edge is strongly detached. The difference between the two views is striking.
In the 2-D simulation, a quasi-periodic vortex shedding of large clockwise vortices
is observed from the separation bubble, no mixing occurs with counterclockwise
vortical structures and no breakdown of the two-dimensional coherence appears
downstream, unlike the 3-D simulation.

In a two-dimensional space, two typical evolutions can be distinguished for a
pair of vortices, depending on the sign of their vorticity. The plane mixing layer. is
an emblematic example to illustrate the evolution of co-rotative vortices. The mean
velocity field is well-described by a hyperbolic tangent profile, which is usually
imposed at the entrance of the computational domain,
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Fig. 5.7 Flow separation behind a rounded leading edge: instantaneous view of the spanwise
vorticity (w; = £5U/H) provided by a 3-D direct numerical simulation in the top view, and by
a 2-D simulation in the bottom view. Case n = 0.125 where 7 is the ratio between the curvature
radius and the body height H, and with small inflow perturbations u’/Us, = 0.1 %. The Reynolds
number is Re = Uy H /v = 2000. From Lamballais et al. [574]

Uy (x2) =

U+t + Uy — U tanh 2x2
2 2 0,(0)

where U] =~ 0.30 cp andU> =~ 0.15 ¢¢ in the present case, and cp >~ 340m - s~ listhe
speed of sound. The Reynolds number is defined as Re = AU, (0)/v =~ 5300 with
AU = U — Uy, 6,(0) is the initial vorticity thickness. The reader can also refer to
Sect. 1.5.2 for a further description of this flow. The natural development of the mixing
layer is numerically obtained by imposing a random excitation. Figure 5.8 displays
four snapshots of the vorticity field at four consecutive times [470]. The initial devel-
opment of the mixing layer is dominated by the development of Kelvin-Helmholtz
instability waves, which grow and lead to the first roll-up at about x; >~ 604,,(0),
and finally to vortices. The mixing layer then contains quasi-isolated co-rotating
vortices, but these vortical structures distort and interact with themselves thanks to
their induced velocity field. As shown in Fig.5.8, a merging then occurs between
906,(0) < x; < 1500,,(0), and finally produce a larger vortex as indicated by the
intersection between the two solid lines. This coalescence of coherent structures, the
so-called vortex pairing, was experimentally revealed by Winant and Browand [497].
An inverse energy cascade occurs since initial vortices of size A\g or wavenumber
ko = 2w /Ao generate larger vortices of size 2\, corresponding to the first subhar-
monic ko/2. This is the only possible evolution in a two-dimensional space, and no
breakdown leading to a fully turbulent mixing layer can be observed. As a result, in
the present case, the linear expansion of the mean flow [474, 490]

déy U — U

— =K; ——— with 0.170 < K5 <0.181
dxq U + U
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Fig. 5.8 Numerical simulation of a two-dimensional mixing layer. Vorticity snapshots at four
consecutive times separated by 174,,(0)/ U, where U, is the convection velocity. The velocity of
local extrema of vorticity provides an estimation of this convection velocity U, as shown with the
dashed line. The two solid lines indicate a vortex pairing. From Bogey et al. [470]

originates from discrete events. Finally, the convection velocity U, = (U] + Uy) /2
can be estimated by tracking extrema of the vorticity as illustrated by the dashed line.

Moreover, the evolution of a pair of counter-rotating vortices is quite different.
They form a dipole of vorticity [1, 159] which moves in an autonomous and chaotic
fashion. This situation is rarely found in practice, except for some geophysical flows.

5.5 Transport Equation for the Mean Vorticity

The Reynolds decomposition of the vorticity w; = £2; + w! can be introduced in
Helmholtz’s equation (5.7) to derive a transport equation on the mean vorticity, as it
was done for the Navier-Stokes equations in Chap. 2. By observing that 3w;. /0x; =0
from the definition of vorticity, and that 814/]- /Oxj = 0 for an incompressible turbu-
lence, it is straightforward to obtain

- IU; — 0’
Y, .
>t (Wj“, win )+ 5'x/(9 (5.10)

The underlined correlation terms are to be modelled in order to close this transport
equation. For practical purposes, this equation is seldom solved to obtain a numerical
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solution of the mean velocity field. Formulations based on the Reynolds-averaged
Navier-Stokes equations are preferred for turbulence modelling.

5.6 Enstrophy

The enstrophy E,, is defined as the average of one half of the square fluctuating
vorticity, namely E,, = w;w//2. A general transport equation can be established for
the enstrophy, by susbtracting Eq. (5.10) to Helmholtz’s equation (5.7), by multiply-
ing the result by w; and then by applying the average operator. In order to simplify
algebra in what follows, it is assumed that the turbulent field is not sustained by a
mean flow, that is U; = 0 and thus £2; = 0. Noting w'> = wjw;, this leads to

b w/Z w/Z , ,
5 (7) +u -V (7) =w - (W V) +w - (VYA

The last term associated with molecular viscous effects can be rearranged as,

/ i
. = —py—= +
’8xj8xj Vaxj' 8xj V@x,-@xj 2

azw; Ow; 0w, 5% (wl’ w! )

W' (V) = vw
and consequently, the transport equation for E,, takes the form,
9 (w? w2 0w Oy ?  f[w?
(== VI=—w)=w (W -Vu) —v—L i =z
5‘t(2)+ (2”) Wil V) oy T axom \ 2

for an incompressible turbulence. In order to highlight source terms, diffusion terms
are removed by assuming that the turbulence is homogeneous, that is mean quantities
are independent of space coordinates. The enstrophy is then governed by,

OE., Lo i \?

- =Wl —Lt -y 5.11

ar %y, ”(ax,-) G-I
———— S——

(a) )

under the assumptions noted previously. The term (a) is connected to the stretching of
vortices as shown in Sect. 5.3, and the term (b) to viscous dissipation. Historically, the
term (a) was assumed to be zero by von Karman [113], but Taylor [152] demonstrated
later that this term is not zero and furthermore, must be positive. It expresses that two
fluid particles initially close one from the other will be later separated by turbulence
in average. For isotropic turbulence, this term takes a very simple form given by
expression (6.44), making it experimentally measurable.
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The singular behaviour of two-dimensional turbulent flows can be again pointed
out, since the transport equation for enstrophy reduces to,

OE,, '\
= —UV}| —
ot 0x j
The enstrophy can thus only decrease, and dynamics of 2-D isotropic turbulence
will be discussed in Sect.7.7. This situation can nevertheless be encountered in
geophysical flows. Atmospheric turbulent perturbations are indeed mainly produced
by the solar radiation rather than by interactions with the mean flow.

As a final remark, the equation of enstrophy (5.11) can be closed as follows using
dimensional arguments,

ou',
’or i 3/2
w;w; _8xj ~ AE]
where A is a constant. Neglecting viscous effects to simplify calculations, the inte-
gration leads to the following time evolution for E,,

E. 1

Eo 1 - AVEz( - 0/2]

A singularity is thus obtained for a finite time evolution, and this problem holds
by including viscosity. It is still an open question to know if fluid dynamics equations
lead to a singularity, or if the singularity is induced by a too simple assumption [489],
and will be removed by including compressibility for instance.

5.7 Helicity

The helicity of a flow is usually defined from the following volume integral,

H:/u~wdx (5.12)
1%

and the reader can refer to Moffatt and Tsinober [134] for a review of the properties
of this quantity. For instance, it can be shown that H remains constant from Kelvin’s
circulation theorem (5.4). Note that = 0 for a two-dimensional flow.

Helicity is an indicator of the number of linkages of vortex tubes in the volume
V. To illustrate this connection between fluid dynamics and topology, the case of
two linked vortex tubes 77 and 75 is considered, as shown in Fig. 5.9. For this simple
flow, ‘H is the sum of two integrals over each vortex tube,
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Fig. 5.9 Sketch of two
linked vortex tubes 77 and T;

H:/u-wdx:/u-wdx+/ u-wdx
Vv T T

The vorticity is assumed to be constant in a section of the two vortices. Therefore,
the integration over the tube 77 results in a line integral over the closed curve C

/u-wdx:]*]?é u-dl (5.13)
T C

The circulation along C; is equal to the vorticity flux through the surface §;
closing C1, associated with the tube 77. The only possible contribution originates
from the second vortex 7. If this vortex tube crosses Si, then this vorticity flux is
equal to I», whereas in the opposite case, it is zero. Therefore,

Fl% udl — Fl/ wdy — {F1F2 if C; and C; are linked,
) s 0 else.

The same result is obtained for the integration over the vortex tube 7> and hence
‘H = 211 I>. More generally, the helicity is given by H = £2n17 1%, where n is the
number of linkings, the sign £ coming from the rotation direction associated with I
and I>. As mentioned below, H is preserved under the same assumptions as Kelvin’s
circulation theorem.

Some statistical properties of helicity in the case of homogeneous and isotropic
turbulence are given in Sect. 6.6.

5.8 Equation for the Specific Vorticity*

A more general form of the transport equation of vorticity is shortly derived in what
follows. The flow is now assumed to be compressible. By applying the curl operator
to Navier-Stokes’ equation, it yields
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ow 1 2

— tu-Vwo=w-Vu—-wV-u+=VpxVp+rViw

ot p

when the spatial viscosity variations are neglected in the compressible form of the
viscous tensor, refer to expression (2.12). From the conservation of mass, the diver-
gence of velocity can be replaced by (1/p)dp/dt, and usually, the transport equation
is written for the specific vorticity defined as w/p. Indeed, one has

w wdp 1 V_,
== Vu-——"+=VpxVp+ -V
dt 3
P P P P

1dw
p dt
and finally, the transport equation for w/p takes the form,

d (w w 1 V_,
—|—=)=—"Vu+3VpxVp+-Vw (5.14)
dt \ p p P P

This equation for compressible flows is similar to Eq.(5.7) for incompressible
flows with variable density, if the vorticity is replaced by the specific vorticity w/p.

5.9 Identification of a Vortex*

Identification and localization of vortices are often required for flow visualizations,
post-processing or application of a control algorithm for instance. The task occurs
both in numerical applications and in experiments, which provide snapshots of the
velocity field. The existence of a local maximum of vorticity or a local minimum of
pressure appears not to be an adequate condition, and the direct detection of swirling
fluid particles from close or spiralling streamlines [475], is also not satisfactory since
vortices are usually entangled in a complex way.
For an incompressible flow, the pressure satisfies Poisson’s equation (1.5), and
the source term of this equation can be recast as follows [471],
1 Ou; Ou j
;Vzp = —a—x;a—xj = Wjjwij — 8ijSij
since ¢;; = s;; for a divergence-free flow. For a region dominated by w;;, vortices
are thus associated with V2p > 0. This has been formalised later with the so-called

Q-criterion [485], where
1
0= z(wijwij — SijSij) (5.15)

is the second invariant of the velocity gradient tensor Vu. Indeed, the three invariants
usually denoted P, Q and R of a second-order tensor & are given by,
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P = ti(ﬁ) =i |

0= E[trz(f) ()] = 3 [(&‘i)z - (ﬁz)ii]
1 1 1

R =det(§) = g(fii)z - Efii(éz)jj + 3(53)1'1'

and for the velocity gradient tensor &;; = Ou;/0xj, one gets

P=0 LOui Ouj g ge(va)
= = ——— — (¢ u
28)(]' 8)(,'

Vorticity regions are thus defined by iso-surfaces of Q > 0, as illustrated in
Fig. 1.5 for instance. To remove ambiguous results, Jeong and Hussain [487] have
proposed a new definition of a vortical motion, the so-called \;-criterion, based on
the intermediate eigenvalue )\, of the symmetric tensor s;z Sk +wjxw; . A vortex core
is identified when Ay < 0. This work has been pursued [482], and at the same time,
nonlocal criteria have also been investigated to identify a vortex, see for instance
Graftieaux et al. [481] and Berson et al. [469].
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Chapter 6
Homogeneous and Isotropic Turbulence

The study of homogeneous and isotropic turbulences is very rewarding for two
reasons. On the one hand, it is possible to do an important part of it analytically,
and on the other hand, the smallest turbulent structures in most turbulent flows have
an almost isotropic behaviour. It is hoped that these small structures, often not rep-
resented in numerical simulations, can be modelled correctly.

6.1 Homogeneous Turbulence

A turbulent flow is said to be homogeneous when all its statistical properties are

invariant by spatial translation. Thus, the one-point statistical averages such as u’l2

or u’u’ do not depend on the observation point x. The correlation function at two
points of two components of the velocity field only depends on the space vector r
separating the points

Ry (x,r,1) =u (x, ) (x +7,1) = Ry (r, 1) 6.1)

Figure 6.1 illustrates two widely used correlation functions. The time dependency
of the correlation functions are omitted in the following to simplify notations. More-
over, several equations seen in Chap. 2 can be simplified for homogeneous turbulence.
For example, the turbulent kinetic energy balance (2.20) becomes

Ok, ——0U; ou’
— = —pv,— — 17—+ =P — 6.2
ot Uit 8)6./' Ti 8x.,' P = pe ©2)

The kinetic energy is thus locally supplied by the average flow and dissipated by
molecular viscosity, all of the spatial transfers corresponding to the (c), (d) and (e)
terms of the Eq. (2.20) being equal to zero. In this situation, the average flow U; (x)
must be compatible with the existence of homogeneous turbulence. As shown by
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Fig. 6.1 Example of correlation functions at two points A and B separated by vector r, at left
R11(r,0,0) and at right, R11(0, r, 0)

Burgers and Craya [105], a necessary condition is that OU; /Ox j = cst. Turbulence
then stays homogeneous while still being anisotropic. To be more precise, the most
general definition of the existence of homogeneous turbulence is aU; /0x; = Aj(1),
i.e. the average velocity gradients must be constant, or else only function of time. The
description of several cases of anisotropic homogeneous turbulence can be found
in the work by Gence [107] and in the experiments of return to isotropy by Le
Penven [125].

In homogeneous turbulence, the correlation function R;; at two points and for two
components of the velocity field verifies the following properties,

(i) Rjj(r) = Rji(—r). Indeed,

Rj(r) = ug(x)u’j(x +r)=uj(x — r)u’j(x) = Rji(—r)

(i) R;i(r) = Rjj(—r), just applying i = j to the previous equation. The correla-
tion function for the same velocity component at two points is then an even
function of the r variable between the points. To avoid any ambiguity in the
following, Greek characters are used for indexes without summation, noting for
the previous function for instance R, (r).

(iii) The Schwarz inequality is obtained for the correlation function by writing

() + M, ()% = w2 (x) + 20 (o), (¢) + NP (x') = 0

.. T2 T, .
or else for the reduced discriminant, u;(x)u’j(x’) — u?(x) u’jz(x’) < 0 and
finally for the correlation function at two points,

This last expression permits us to define the correlation coefficient R;;, which
is dimensionless and always between —1 and 1,
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— 1 < Ry(x,x") =

6.1.1 Length Scales

u;(x)u’j(x’) -
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(6.3)

To define the size of the largest eddies in the turbulent field, it is useful to have an
integral scale L characteristic of the distance on which the correlation function R;; is
not equal to zero. More precisely, the LZ.) scale definition is based on the integration
of the correlation coefficient R;; in the / direction indicated by the unit vector x;

0 °°
Lij =/O Rij(rx;)dr

(6.4)

Among all these scales, two are most useful: the longitudinal integral scale L'}
which correspondstoi = j = landrx| = (7, 0, 0), and the transverse integral scale
LY fori = j = 1 and rx; = (0, r,0). The longitudinal correlation R{(r, 0, 0)
is shown in Fig.6.2. A micro-scale or Taylor scale is also built using the parabola
osculating the correlation function at the origin. To do this, a Taylor polynomial
expansion of the component u/, of velocity at point x in direction (3 is used,

ou
ul (x +rxpg) =u,(x)+r —<

Oxg |,

2 9%

’
5 2
2 E?xﬁ .

!
[e]

Multiplying this expression by u/, and applying the average operator,

Roa(rx ):ﬁ—i—ru’%—l—
aw B « aaxﬁ

Fig. 6.2 Sketch of the
longitudinal correlation 1
function Rq1(r, 0, 0) and its \
associated integral length \\
scale L and Taylor length

scale \;

2
rp P
2 ¢ 3)6%
Rll(rvovo)

T
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where the correlation function is given by R (rxg) = ul (x)ul (x +rxg). The
previous expression can be written as,

Wl 2 9270 2 2
Roa(rxp) = u? + r Jug L Oug 1 (aui“)
o = Uy

Eaxg 4 axé_j 8_153

and can be simplified for homogeneous turbulence. Indeed, both the second and
third terms are equal to zero in this case, which gives the following expression of the
correlation coefficient

P2 (ou\?
o =1 o - 6.5
Raa(rxs) 7 ( 8”) + 6.5)

Thus, Rq has a horizontal tangent at the origin. The longitudinal Taylor scale
Al = /\(111) is then defined using the expression of the correlation coefficient for

a=0=1
r2 1 1d*Ry; A
Ri1(r,0,00)=1— — +--- with — = —= =— (=L 6.6
n ) )\%—i‘ w1 )\% 2 dr% Zu/lz(axl) (6.6)

Figure 6.2 illustrates both the osculating parabola and the value of \; obtained at
the intersection with the x; axis. Of course, there are numerous Taylor scales for o
indexes and (3 directions in a three-dimensional turbulent field. The most used after
A1 is the transverse Taylor scale Ay = )\(121), which corresponds to « = 1 and 5 = 2,

L = —leRll = ! 6—1/‘/1 ’ (6 7)
)\% 2 dr22 2”_/12 0xp '

Taylor length scales cannot be directly associated with a turbulent structure size
playing a particular role. These scales are nonetheless very useful, particularly to
give order of magnitudes to terms where products of turbulent quantities derivatives
are averaged. Section6.5 gives a precise example for the average dissipation € of
turbulent kinetic energy k;.

6.1.2 Spectral Tensor of the Velocity Field

Fourier analysis is very convenient for the study of homogeneous turbulence,
indeed the turbulence can be described in the spectral space whatever the obser-
vation point is. In the case of an inhomogeneous flow, another normal orthogonal
mode decomposition must be used [222], also called POD for Proper Orthogonal
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Decomposition, see Sect.6.7. This problem is also present in numerical simulation,
where spectral methods can be used only for homogeneous turbulent flows.

A homogeneous turbulent velocity field # without mean velocity is now
considered, that is U,- = 0. Hence u = u’ and u(x,t) = 0. Moreover, in order
to shorten the writing, the dependence on ¢ is made implicit, noting for example
u'(x) = u'(x, t). The Fourier transform of the velocity field can then be defined by

(6.8)

where k is the wavenumber vector. To simplify, we use improperly the integral sign,
reserved to good functions, while we consider distributions. The informed reader
can refer to the work of Schwartz [82]. Besides, the basic frame in Fourier space is
right-handed and orthonormal, with k| corresponding to x 1. This remark is essential
to understand the unidimensional spectra introduced later.

Incompressible Velocity Field
In the case of an incompressible turbulent velocity field, the condition V - u’ = 0
becomes

V.u’zoz/ik-ﬁ(k)eik'xdk, Vx

and then,
k-uk)=0, Vk (6.9)

The decomposition of u’(x) in Fourier space is actually a sum of transverse waves.
This property is very often used to build synthetic turbulent fields to initialize the
turbulence in numerical simulation, to study the dispersion of particles or to analyse
the propagation of acoustic waves through a turbulent environment. In the local
frame of Fourier space represented in Fig. 6.3, the @ (k) vector is then in the plane
perpendicular to the wave vector k, the rotation angle around k being random because
u (k) is itself random. In this local frame, some calculations become simpler. It was,
for example, used by Craya [105] to study sheared homogeneous turbulence.

6.1.3 Spectral Tensor

The spectral tensor ¢;; is defined as the Fourier transform of the correlation function
R,‘j, i.e.
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Fig. 6.3 Basic frame

(k1, k2, k3) and local frame
(ﬁl s 122, 123) in the Fourier
space. The Fourier
contribution # (k) is in the
plane (121, 122). The
orthonormal local frame,
also known as the
Craya-Herring frame, is
defined by analogy with
spherical coordinates, k3 is
along the wavenumber k, 121
is tangent to the meridian
circle with increasing 6, 122 is
tangent to the parallel circle
with increasing ¢
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ks

ko

k1

1 .
¢l](k) = W / RU (r) e_’k'rdr

' (6.10)
Rj(r) = / i (k)e'* " dke

For instance, wheni = j = land r =0,

and ¢11(k)dk represents

u_’fz/am(k)dk

the contribution in u’12 of the wave vectors between k and

k + dk. The spectral tensor verifies several properties, including the following

o i (k)iij(k") = ¢;j(k")d(k — k). Two Fourier components of the velocity field are
correlated only if they correspond to the same wavenumber. Indeed

iy (ki j (k')

1 _ -~
2 // ug(x)u’j(x/) e*x o gy dx’
7r

1 o ik
= Gy // Rij(r) e " k=KX gy gy
v

where u; (x)u’j(x’ ) = R;j(r) for homogeneous turbulence, with the notation r =

x’ — x. Besides,

1

3 / I dx = 5k — k')
T
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and then it can be inferred that,
ur(kyij (k" = ﬁ / R (r) ek Sk — k'ydr = ¢;j(k)d(k — k')
o ¢ji(k) = ¢ji(—k) = (b]‘-*i(k) provided by R;j(r) = Rj;(—r). This results shows that
¢;j 1s a tensor with Hermitian symmetry.

o kipjj(k) = kjp;j(k) = O for an incompressible velocity field. This result comes
from (6.9). In physical space, this property corresponds to

8Rij(r) N 6R,-j(r) B

0
(91’1‘ or j

Given the previous properties, only four scalar functions are needed to describe
completely the spectral tensor ¢;;. The result is particularly clear in the local frame
of Fig. 6.3, where the spectral tensor components are located in the plane perpendic-
ular to k, with only two diagnonal real components and two Hermitian symmetry
components out of the diagonal. Later in this chapter will be shown the fact that only
one function is needed when the turbulence is isotropic.

6.1.4 One-Dimensional Spectra

It is actually difficult to determine the spectral tensor ¢;;(k). Indeed, it would be
necessary to measure all of the R;; correlations in the three dimensions and then apply
a Fourier transform. To have measurable quantities with the experimental techniques
as defined in Chap. 10, the longitudinal one-dimensional spectra are introduced,

E;j” (k1) = / ¢ij (k) dkodks (6.11)

where the upper index (1) indicates the wavenumber component which stays after
integration. Some examples are as follows

— e - o
u/lzz/ Ell (k1) dkq u/lu/2=/ E12 (k1) dki
—o —00

More generally, the correlation function R;; can be expressed with the one-
dimensional spectrum E 15-1) by:

. +00 )
Rij (rl’ 0’ 0) = / ¢lj (k) elklrldk :/ E[(/l)(kl) elklrldkl
R3 J
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and reciprocally by the Fourier transform

1 +00 )
Ey (ki) = Z/ R;j (r1,0,0) e~ dr, (6.12)

—00

From these relations can be inferred the longitudinal integral scale L; of the
turbulence. Indeed, with ky = 0 and i = j = 1 in expression (6.12),

I I i 1 =5 o
Eyy (ki =0)=§ R11 (r1,0,0) dr =52u1 Ly,

—00

and: o
EY
Li=L{)= LB © (6.13)

2
uy

Similarly, we can also express the Taylor length scale A\; with the one-dimensional

spectrum,
(o) = () - [
Al A 0 u'?

Transverse one-dimensional spectra can also be defined. For instance E ﬁ) (ko)
resulting from an integration of ¢ (k) on k; and k3 has been used by Kellogg and
Corrsin [115] to study the evolution of a special spectral peak generated by a zither
in addition to the standard grid producing turbulence.

6.1.5 Turbulent Kinetic Energy

The turbulent kinetic energy k; can be written, by definition, using the following
relations

l—  ul+uf+uf 1 1
o= gt = T SRy 0) = 5 [ outhoak
The turbulent kinetic energy spectrum, noted E (k), is then introduced

E(k):% g bik)dE k= /0 - E (k)dk (6.14)
k

As Xy is the sphere of radius k in Fourier space, E (k)dk can be interpreted as
the contribution to kinetic turbulent energy of wavenumbers of modulus between k
and k + dk. Of course, the energy distribution over the sphere X is not necessarily
uniform for the turbulence can be anisotropic. In this representation, the tensor ¢;; (k)
stays function of the direction of vector k.
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6.1.6 Enstrophy and Dissipation

It is also possible to calculate the spectral tensor £2;; of the vorticity, which is similar
to the tensor ¢;; for the velocity field. By definition,

wi (X)W (x +r) = / 2; (k) ¥ dk (6.15)

The calculation of £2;; is not as easy. It can be demonstrated using the Fourier
transform of the vorticity @ (k) = ik x u(k), that for an incompressible turbu-
lence [84]

kik ;i
Qi) =k (6, — k—;) (k) — k> ¢ji (k) (6.16)

It is interesting to note that the vorticity spectrum £2;;(k) is expressed in terms
of the spectral tensor ¢;;(k). Particularly, for i = j Eq.(6.16) becomes, £2;;(k) =
k2 i (k).

The enstrophy spectrum is then given by

w_lfz—l .Q~-kdk—1 k¢ (k)dk = okal (k)d X )dk
7—5/ () —5/ 6(h) —/0 (E/zk¢”() )

i.e. introducing the spectrum E (k) of turbulent kinetic energy,

w; 00

-+ = / k*E (k)dk
2 0

The spectrum of the dissipation € is directly related to the enstrophy spectrum,

and then to the turbulent kinetic energy spectrum. Indeed, for homogeneous and
incompressible turbulence

B W_ Ouj oup 1 3%—‘9”’/)2_ W2 (6.17)
P2 ox Mo ) T e T2 oy T ) T |

because,

’ ’ 2.0,/
ou’ auj _ 0 i _
(%Cj (9x,' (9)6,’3)6]'

and in the spectral space,

_ _ - _ oo
e =vw? = vl +wE+wd) =2v / K*E (k) dk (6.18)
0



138 6 Homogeneous and Isotropic Turbulence

This last expression can also be obtained more directly from the Fourier transform
of the velocity field u’. According to (6.8), and by taking the conjugate for the second
equality

ou, . . ik. i " .
aT;:z/kjui(k)e’ xdk:_l/k}ui(k/)e ik"x g/
and thus,
8u ou;
€=
ax} axl

=v / / kik) i (it (k) e ® =0 dke dk’
=v / / kiK' ¢i()d(k — k') &' ® )% qk ak’
—v [ outoak
o0
=2v / k> E (k)dk
0

It must be remembered that for homogeneous turbulence, the energy distribution
for a given k is not uniform, but a function of the vector orientation k linked to turbu-
lence anisotropy. Some noteworthy simplifications are made for isotropic turbulence,
which is the point of Sect. 6.2.

6.1.7 Rapid Distortion of the Turbulence

Among the numerous problems of homogeneous turbulence, those where the turbu-
lence is suddenly subject to high mean velocity gradients can be distinguished. An
approach to study these problems, originally developed by Taylor and then Ribner
and Tucker [144] and Batchelor and Proudman [85], is to linearize the equations
assuming that there is not enough time for the turbulence to interact with itself. The
Rapid Distortion Theory (RDT) is based on the following hypothesis: the charac-
teristic time of the turbulence k; /e must be larger than the characteristic time of the
distortion S~! where S measures the intensity of the mean velocity gradients, i.e.

k; —
S=>1 §=,/25;S; 6.19
; > (6.19)

Among the problems usually considered are the turbulence subject to a pure
deformation (plane if A = —1), to a pure shear or to a pure rotation, then the tensors
of the mean velocity gradients are respectively,
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- S 0 0
U.
%: 0 \S 0
X 00 —(\+DS
- 0S50 - 0S50
?: 000 )] and ?: -500
Xj 000 Xj 000

Very often the viscous effects are neglected, though they cause no particular
trouble for they are linear, and then the equation governing u/ can be written

ou, — _ Ou LoU;  10p

or + ox; i Ox;  pOx;

(6.20)

The mean velocity gradients OU; /0x ; do not depend on x but can be a function
of time for homogeneous turbulence. However, it is still possible to return to a
Lagrangian description by a variable change, also called Rogallo transformation
[465]. An application of this transformation has been seen in Sect.5.3 to study the
pure plane deformation of an eddy using the Helmholtz equation. Another application
is presented in Sect.6.8, with a pure 3-D deformation and a complete turbulence
spectrum. The advantage of such an approach is to avoid using a closure for the
Reynolds tensor.

Among the essential results provided by RDT is the modelling of the rapid part
of the pressure which plays an important role. Indeed, with the Poisson Eq.(1.5)
governing the pressure fluctuations for an incompressible flow, one obtains

(2) (b)

and two contributions can be distinguished: a rapid part (a) and a slow part (b). In
the case of RDT only the rapid contribution is studied and modelled. It is possible to
solve the RDT equations numerically and to compare them to direct simulations of the
Navier-Stokes equations. To study this topic further, the reader can for instance refer
to Cambon and Scott [92], and Sagaut and Cambon [147], for a general overview,
and also to the work by Cambon et al. [90, 148, 149].

6.2 Incompressible Isotropic Turbulence

Isotropic turbulence is homogeneous turbulence whose statistical properties are
invariant to any axial rotation. Its definition also often includes an invariance to
any symmetry. Actually, isotropic turbulence is a turbulent flow where no privileged
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observation direction can be found. The first analytical studies on isotropic turbulence
were carried out by Taylor [151-153].

To examine the turbulent field, a probing device must be defined. It must be of
fixed geometrical configuration, constituted of points if the turbulent quantity is a
scalar (temperature, pressure, concentration, ...) and of points associated with unit
vectors if the measured quantity is a vector (velocity, ...). For instance, for pressure-
velocity correlation, the pressure variation is considered at point A, and the scalar
product u'y - b is considered at point B where the associated unit vector is b. The
random variables p/, and u', - b are then obtained. Turbulence is said to be isotropic if
the joint probability density of the random variables p, and u'y - b is invariant to any
translation or rotation of the probing device, here A, B and b, whose geometry is kept
the same. The moments of these random variables then also verify these invariance
properties. Examples are given in the following.

6.2.1 Double Velocity Correlation at a Point

Let us first consider the particular form of the Reynolds tensor for isotropic turbu-

lence. The probing device is then constituted of only one point A and one associated

unit vector a, as illustrated in Fig. 6.4. When the probing device is placed such that a

is in the x direction, the scalar product u’, - @ gives u|. When the deviced is rotated

by /2, vector a becomes parallel to the x> direction and the scalar product /, - a

gives u. Isotropy implies that it is impossible to statistically distinguish one result
n

from the other, i.e. u}” = u2 More generally,
u’lz = u’z2 = u/32 =u? with u?=u?

Let us now consider the correlation of two velocity components at a same point.
The probing device is composed of two unit vectors a and b, both associated with
point A and the two random variables which are considered are #, - @ and u/, - b.
First the two vectors a and b are chosen respectively parallel to x| and x7, then the

1 T

Fig. 6.4 Tllustration of the probing device used to measure u/, - a at point A, which gives u at left
and u) at right when rotating by 7/2
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xr1 X1

Fig. 6.5 Illustration of the probing device used to measure the double velocity correlation at point A

probing device is rotated by 7 /2 in the plane (x1, x2), as shows in Fig.6.5. It can

then be inferred that u|u), = —uju), and, consequently, the correlation u/u’, can

only be equal to zero. Similarly, it can be demonstrated that u u3 = u,u’y = 0. The
Reynolds tensor for isotropic turbulence is thus diagonal and more precisely,

2
i /j = u/ (5,'1' = — (5,']' (6.21)
It can be shown for similar reasons that triple correlations of the velocity fluctu-
ations at a point are equal to zero, that is u:u’ju;( =0.

6.2.2 Double Velocity Correlation at Two Points

The correlation of the velocity at two points A and B, separated by a vector r, is
now considered. A unit vector a associated with point A is used, as well as an unit
vector b associated with point B. The two vectors a and b are arbitrary. The random
variables given by the probing device are #’, - @ and u'y - b, and they lead to the
following double correlation function

7 ~/. 7 I~ / /!
Wy a)ul b)) uup(T)
- = =~ 2

2 2 u'
VUAVUB

A representation theorem by Robertson [145] indicates that the bilinear form F
must be a function of only the probing device invariants, i.e. of distances and angles,
and then of only the following quantities rr=vriri,a-r =ari,b-r = bjrj,

a-b = a;b; = a;b;d;, and of the volume (a x b) - r = ¢;xa;b;ri. If grouped
together correctly, these invariants permit J to be both linear in a; and b;

f‘

a,-bj = RU(I‘) aibj

F =TRyaibj = a)rirjaib; + B(r)djaibj + v(r)ejwaibjre

Simplifying by a;b;, the form of the tensor of the correlation of the velocities at
two points can be obtained
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Rij (r) =a@)rirj + () 0 +v () €tk (6.22)

To the invariance for translation and rotation, is often added for isotropic tur-
bulence the invariance to reflection symmetry condition. For example, a symme-
try relative to the first bisector of the coordinate axes leads to Ri2(r1, 72, 73) =
Ra1(r2, 11, 73). But € does not obey the reflection symmetry since €123 = —€213,
and then it is necessary that v = 0. By the way, this is equivalent to choosing a
turbulence without helicity, discussed in Sect.6.6. Finally, the general form of a
second-order isotropic tensor is obtained,

Rij(r) =a(r)rirj + ((r) 6; (6.23)

Expressed otherwise, the tensor of the double correlation of the velocities at two
points can be expressed with only two scalar functions. Instead of keeping a(r)
and (3(r), it is better to choose two other functions whose physical interpretation is
known. Thus the longitudinal correlation R (r) with r = (r, 0, 0) is first chosen
and this function is noted f (7). According to (6.23), it can be written

f) =R (r,0,0) = a(r)r® + 6(r)

The second function is the transverse correlation R (r) with this time r =
(0, r, 0). It is usually noted g(r) and, also according to (6.23), it can be written

9(r) = R11(0,r,0) = B(r)

Using these new f(r) and g(r) functions to express the tensor of the correlation
of the velocities at two points, the following relation established by Kdrméan and
Howarth is obtained [114]

r,-rj
Rij(r) =(f —9) 2t 90ij (6.24)

Incompressible Turbulence
The incompressibility of the flow implies an additional condition, and thus R;;(r) can
be expressed with only f (7). Indeed, for an incompressible homogeneous turbulence
V-u' =0, and

8Rl~j (r ) _

0
Bri

This result can be used on expression (6.24),

OR;j(r) 9 (f—g
#:%( 7 7irj + g0 ) =0
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that is

Sy =0
73

f'=g f—g)\or f—gd(rirj) . oOr
( r2 -2 )8_;’,-rirj+ r2 Or; t9 i]ar,-

This expression can be simplified thanks to the two following relations,

or ri or rj

Z 0 5
or; r J@r,- r

Hence,

R ETY (LA
r r r

rja—rl V,ari
/T Ty
FL4(f =G24+ N+ D=0

f/+—fr_g(1v—1)=0 (6.25)

where N = 2in2-Dand N = 3 in 3-D. In the two cases, the tensor of the correlations
‘R;; only depends on one scalar function. The 2-D case is developed in Sect. 7.7, and
for the 3-D case considered here

1d (r?
g=f+%f/ ie. g:;E(%f) (6.26)

This relation, often called the relation of Karméan and Howarth [114], permits us
to link the integral scales L and L,. Assuming that f(r) converges towards zero
rapidly enough when r — o0, one has

B 00 _ 0 i , B ioo_l o) _ﬂ
Lz—/o gdr—/o (f+2f)dr—L1+[2]0 2/0 fdr_2 (6.27)

The longitudinal integral scale is thus twice as large as the transverse integral
scale for an incompressible isotropic turbulence. According to (6.26),

o) 00 o) }’2
/ rgdr:/ rfdr—l—/ —f'dr
0 0 0o 2
00 }’2 0 0
:/ rfdr+|:—f:| —/ rfdr
0 27 1p 0

=0
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Fig. 6.6 Sketch of the

functions f(r) et g(r) for an 1
incompressible and isotropic
turbulence in 3-D, and

relative position of the

Taylor length scale \»

g(r)

The g function curve is expected to cross the abscissa axis. The curves of functions
f and g are shown in Fig.6.6. To take this negative loop into consideration, the
following substitute integral scale can be defined

*

-
i2=/ g(r)dr, with g(r*)=0, and g(r) >0 on [0,r*[.
0

This result can be explained with the incompressibility hypothesis. It is necessary
that the correlation

g(r) = (0,0, 00, (0, r,0)/u"* = uy(0, 0, 0)uy(r, 0,0)/u"

changes its sign at least once with r for the mass to be conserved.
It is also possible to obtain a relation between the longitudinal Taylor scale A
and the transverse Taylor scale A\, deriving relation (6.26) twice

1 r
Y 2o Do
g=f+3f 45

and
g// — f//+ lf//+ lf//+ rf///
2 2 2

It can be inferred for r = 0 that g”(0) = 2 f”(0), and considering the definition
of Taylor scales (6.6) and (6.7),

1 fro 1 9" (0)

A 2\

and then, A\ = V2 A2

In the scientific literature, the following notations are often used for an isotropic
homogeneous turbulence: Ly = Ly, Ly = L. Itis also the case for Taylor scales,
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Ar = Arand Ay = X2. In the following, these notations characteristic of an isotropic
homogeneous turbulence will be used.

6.2.3 Double Pressure-Velocity Correlations at Two Points

As for the tensor of the correlations of velocities, the general form of the pressure-
velocity correlations at two points for isotropic turbulence can be established. Two
points A and B are considered, vector b being associated with the latter. In A is
measured the pressure fluctuation p/, and in B the velocity fluctuation u', through
the product u’; - b. The following quantity is then considered

B o
Fo Al D) Py,
/pzz,/u/z /p/z,/u/z

The form F = P;b; can be function of only the quantities r - b and r2. The
linearity in b then provides

F = P,'bi = a(r)ribi

The b vector being arbitrary, the form of the pressure-velocity correlation can
only be P; (r) = « (r) r;. It can be demonstrated that this correlation is equal to zero
for an incompressible turbulence. Indeed, the incompressibility of the velocity field
at point B leads to

e ) - )0«

Given the expression of P; for isotropic turbulence, one has
’ ri
B3a(r)+a’ (r)—ri =0
r
which permits to integrate «(r) and express P; (r) as

ri

Pi(r)=C —=
,

where C is a constant. Besides, there is a singular point at r = 0 because P; cannot
be infinite, hence C must be zero. Consequently, the pressure-velocity correlation at
two points vanishes in isotropic turbulence. This result can be interpreted rather well
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Fig. 6.7 Illustration of the u’ () u) ()
two-point triple velocity 7
correlation

because for isotropic turbulence, u’12 = u’22 = ug Thus the pressure does not need

to redistribute energy to the different velocity components.

6.2.4 Triple Correlations of the Velocities at Two Points

The tensor of the triple correlations of the velocities at two points also takes a note-
worthy form for an incompressible isotropic turbulence. As illustrated in Fig.6.7,
the form considered here is

u; (x)u’j(x)u;((x +7r)
u/3

Tijx(r) = u;(x)u’j(x)ui(x +r) orelse 7j(r) =

(6.28)

For similar reasons to those developed in Sect.6.2.3, it can be demonstrated that

for an incompressible isotropic turbulence, this correlation can be expressed with
only one scalar function &

ririrk hr 1 ri ri
A k5 + (rzh)( o +6,-k7’) (6.29)

ljk(r)_(h_ h) 57 4d

Tij .« (r) is an odd function of r, unlike R;;(r) which is an even function, and
it can also be pointed out that the scalar function h(r) can be interpreted as
h(r) = 7T11.1(r, 0,0). The details of the demonstration can be found in Batche-
lor [84]. Triple correlations between velocity at two points occur when studying the
dynamic behaviour of the double correlation because of the nonlinear character of
the Navier-Stokes equations.

6.2.5 Spectral Velocity Tensor

As in the case of homogeneous turbulence, the spectral tensor ¢;;(k) plays a key
role in the description of the isotropic turbulence in Fourier space. Its expression can
be directly inferred from the general expression (6.23) of a second-order isotropic
tensor by Fourier transform. Then in spectral space,
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¢ij(k) = a(kik; + B(k)d;

If the isotropic turbulence is also incompressible, it is necessary that k; ¢;; = 0,
ie. a(k)k*> 4+ B (k) = 0. The spectral tensor can then be expressed with only one
scalar function ((k),

kik;
bij(k) = p(k) (&y - k—z’) (6.30)

The (k) function can be expressed as a quantity that can be more easily inter-
preted. In the 3-D case, the spectrum E (k) of the turbulent kinetic energy defined
by (6.14) can be used. According to what was seen above,

Gii = P11 + ¢ + P33 = 26(k)

and by definition of E(k),

E(k) = % : ¢ii(k)d X = 27k* ¢ii (k)
k

And then 3 (k) = E (k) /4mk?, because the integration on the sphere of radius k
leads only to 47k?¢;; (k). The expression of the spectral tensor of an incompressible
isotropic turbulence is finally,

E(k kik;
pij(k) = # (5ij - k—z’) 6.31)

Usual One-Dimensional Spectra

The knowledge of the spectral tensor given by expression (6.3 1) permits to express the
one-dimensional spectrum E|," defined in Sect.6.1.4, as a function of the spectrum
of turbulent kinetic energy E (k). For an incompressible isotropic turbulence,

E(k k?
EY (k) = //4 (kz( )dk dks

To develop this expression, it is convenient to introduce the polar coordinates
(0, ) in the plane P perpendicular to the ki axis, with k> = k12 + o2 as illustrated
in Fig. 6.8. Integrating with k fixed,

/ 2
E(l)(kl) = // E( k% +07) (1 — al )adodgp
= A (k3 + o2) ki + o2

/ EWki + 02
=3/,

(k3 + o2)?

)3d
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Fig. 6.8 Polar coordinates =~
introduced to obtain - T
expression (6.32) ko = - N }
\
[
| } }
K =\ }
| oMl ‘
: - ‘
/O | | k1
[
k3 ‘T - P J
1p T
L ~
The variable change o2 =k — k%, odo = kdk then provides,
Ek
EY (k) = / ( )(k2 k3)kdk
ki
and finally,
EWD (k) = 1/ E® () K dk (6.32)
1t =5 i Tk k2 )

It is also possible to obtain an expression of the one-dimensional spectra ES’ and
E\} in terms of E(k), noting that

EY k) = Y k) = 3 [ER do) + B8 )]

Then, using the same variable change as above, one obtains

© E(k) k2
ES) (k) = EY (k) = —/k1 T( kz)dk (6.33)

The two spectra E|} (k1) and ES; (k1) are shown in Fig.6.9, in the simple case
where all the kinetic energy is concentrated on a wavenumber ko, i.e. E (k) = §(k —
ko). The wave vectors which contribute to the energy have their ends on a sphere of
radius ko and it is the incompressibility condition of the flow which implies different
one-dimensional spectra. Particularly, the fact that E{} is maximum for k; = 0 tags
all the spectra measured in turbulence.

Let us add that combining the two previous relations, a link between the one-
dimensional spectra E'} and E.) is obtained,

d

o)) (1) ey

E5 (k E k —k —FE k 6.34
22(1) (1) 21” (1) ( )
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2k0 \ /

-1.0 -0.5 0.0 0.5 1.0
k1/ko

Fig. 6.9 One-dimensional spectra E{}(k;) and E{(k;) for E(k) = d(k — ko) according to
Eqgs.(6.32) and (6.33): E{/ (k1) = (1 — k3/k3)/(2ko) and E3) (k1) = (1 + k3/k3)/(4ko) for
lk1| < ko and E) (k1) = EL (k1) = 0 for |ky| > ko. The large difference between the two spectra
is due to the incompressibility condition. For example, for k; = kg, i.e. a wave vector aligned with
the kj-axis, all the Fourier contributions are in the plane normal to the k;-axis, so that ity (ko) = 0

and E\} (ko) = 0, and 75 (ko) and E;;) (ko) are maximum. Similarly, one can consider k; = 0 and
find that E'} (0) is maximum and E{ (0) is down to zero

This relation in spectral space permits to verify experimentally the isotropy of the
turbulence. More precisely, the range of wavenumbers for which the turbulence has
an almost isotropic behaviour can be determined. Hence, it bears more meaning than
the mere relation between integral scales Ly, = L ¢/2.

Another interesting relation is that expressing the turbulent kinetic energy spec-
trum E (k) as a function of the one-dimensional spectrum E % (k1), which can be
obtained experimentally. This relation is obtained deriving relation (6.32)

d _a /Oo E (k)
—FE (k) = — ——kidk

and then deriving a second time with respect to kg,

d (ldE;‘;(kl)) _ Ek)

iy \ki dk 3
and finally, " "
2
E (k) = k* ﬂ —k ﬂ (6.35)
di? dk;

Lk =k ki=k
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6.2.6 Useful Other Results

Numerous other relations can be obtained for an incompressible and three-
dimensional isotropic turbulence, see for example Batchelor [84], Hinze [8] or Monin
and Yaglom [17]. Let us illustrate a few of them,

e Expression of the integral scale L y as a function of the spectrum of the turbulent

kinetic energy E,
> E(k
/ E® i
_ 3o Kk

4 / - E(k)dk
0

e Relation between the correlation function f and the spectrum of the turbulent
kinetic energy E,

Ly (6.36)

Fo) = 2 Ooo(sin(kr) cos(kr)

u:/z KBr3 k22

)E(k)dk

. o (6.37)

Ek) = &= f(r)k2r2($ — cos(kr))dr
™ Jo

Relation between E (k) and the trace R;; (r) of the tensor of the double correlations,
without forgetting that R;; = u’2 R;;,

Ek) = %/0 Ri;(r)kr sin(kr)dr

sin(kr) (6.38)

kr

dk

Rii(r) = 2/ E(k)
0

Expression of the dissipation as a function of the velocity field derivatives,

EREN G T 639
= 21/ ox ) v x| '

e Expression of the dissipation as a function of the Taylor scales,

u/2 u/2
e=15v—= =30v—- (6.40)

2 2

)\g )\f

e Expression of the dissipation as a function of the one-dimensional spectrum,

o0
€ =30y /0 IGE (ky)dky (6.41)



6.2 Incompressible Isotropic Turbulence 151

e Average value of the product of two velocity derivatives,

jim==—=—== == {9;0m — =0udjm — ~0im?; 6.42
Qi Ox; Oxp (8)@) ( ol 4 15 4 ﬂ) ( )

e Expression of the enstrophy spectral tensor [97, 105],

E (k kik;
2500 = K65 (0 = 52 (3, - 47 (6.43)

e Expression of the enstrophy production term,

ou’ 35 (0w \° 35
/i i 1 "
W —E — (L) — =0 6.44

" 0x; 2 (8x1) 2 © (©44)

Extending the method to temperature fluctuations in isotropic turbulence, a few
pertinent results have been established by Corrsin [103], and Kovasznay et al. [119]

e The correlation between temperature at a point and velocity at another point is
equal to zero, similarly to pressure-velocity correlation at two points.

e The correlation between the temperature fluctuations ¢’, and ¢, at two points A
and B take the simple form,

N
A — ()
92

where r = (r;r;)1/? is the distance between the two points A and B.

e The three-dimensional power spectrum for the temperature fluctuation field has
also a simple form, similar to the trace of R;;(r),

G (k)

dp (k) = 4k?

o 00

with 072 = / G (k)dk
0

e The one-dimensional spectrum of 67 is connected to G (k) by

Gélz) k1) =3 ——dk and reciprocally, G(k) = —2k

1/°°G(k) dG (k)
2 Ji k dky g =k

1

6.3 Experimental Realization of Isotropic Turbulence

The realization of isotropic turbulence in a laboratory is a very useful tool. The
experimental study of such a flow permits a better understanding of the nonlinear
mechanisms when turbulence is not sustained by mean flow gradients. It also provides
quantitative data to refine numerical models.
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6.3.1 Experimental Configuration

It is not so easy to achieve isotropic turbulence in a laboratory. The main part of
the topic has been described by Comte-Bellot and Corrsin [100, 101]. The basic
configuration consists of placing a grid at the beginning of the working section of
a wind tunnel where the average velocity is constant. A representation is given in
Fig.6.10. The jets between the bars can be seen, first they stay distinct and then
merge and mix, creating homogeneous turbulence downstream in planes parallel to
the grid.

The grids used are often composed of two planes of bars perpendicular to each
other, as shown in Fig.6.11. The square section of the bars advantageously implies
that the separation of the boundary layers is fixed whatever the Reynolds number
is. This ensures stable and repetitive experiments. If the individual jets generated by
the grid gradually merge, we can expect that an accurate made grid will produce a
reasonably homogeneous field at large enough x1 /M, where M is the mesh spacing

Fig. 6.10 Visualization of
turbulence behind a grid
using emission lines issued
from a wire placed upstream
of the grid. The wire is
varnished by portions and
covered with oil. Applying
an electric current, oil burns
and generates smoke from
the unvarnished parts of the
wire. From Corke and Nagib
in Van Dyke [28]

Fig. 6.11 A sketch of a
turbulence-generating grid d

composed of square bars of /
size d and mesh spacing M. P

Typically, d = 1 cm and
M =5cm
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of the grid. Experiments [709] have shown that the solidity of the grid defined by

surface obstructed by the grid  d ) d
initial surface M M

should not be too high, usually o ~ 0.35 is a maximum. Otherwise the individual
jets coalesce successively into larger and larger jets because of a lack of fluid to drag.
The reference Reynolds number is based on M, which can vary from one grid to
another, and on the average velocity of the flow Uy which is adjustable,

UM

v

Rey = ~ 10* = 10°

The turbulence level achieved is not very high, u’/Uy >~ 2 %, for a distance of
30M downstream of the grid. Thus it is important to have a large enough working
section, of approximately 20 M, to avoid a contamination by the boundary layers
developing along the walls of the wind tunnel. The length of the working section
must also be large enough, of approximately 100 to 200 M, to provide significant
time for the turbulence to evolve.

There is no reason that a grid perpendicular to the flow creates isotropic turbulence:
indeed there are only two symmetry axis. Measures with this configuration provide,
w? = 1.2u% = 1.2u?, the component u] still being the largest because it is
primarily fed by the average flow around the bars. To render the three intensities
equal, the solution is to place a flow contraction of ratio ¢ >~ 1.27 at a distance of
approximately 18 M of the grid, as indicated in Fig.6.12. The main effect of the
contraction is to stretch the vortices of longitudinal axis, and thus to increase u’2 and
u’y. More precisely, the rapid distortion theory, presented in Sect. 6.1.7, can be used
and is developed in Sect. 6.8 to study the case of an axisymmetric contraction.

There are other devices which permit obtention of an almost isotropic turbulence
more intense than those created by grids. The innovative idea of Betchov [87] is to use
a chamber composed of multiple jets, whose turbulence is extracted by a fan.Grids

0o 0 0o 0 0 0 o
(]
i
Il
o
OQl

c~1.27

Fig. 6.12 Use of a contraction to generate isotropic turbulence, from Comte-Bellot and Corrsin
[100]
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with jets have also been suggested, as well as grids associated to small propellers.
The most recent and performing device is the one of Mydlarski and Warhaft [137,
138], where the turbulence is created by small flaps of irregular geometry fixed to a
grid and driven randomly.

6.3.2 The Turbulence Decay

The observation of the characteristics of turbulence at different distances x; down-
stream of the grid corresponds to the time ¢ which appears in the general equations of
turbulence dynamics. Besides, for each distance xp, the velocity U, allows renewal
of the observed phenomenon. This is a simple case where the equivalence between

time average and ensemble average can be seen. To know u’ u? (1) for instance, u (xl)
is measured. As for the partial derivative 0/0x; of any 51gna1 s, which appears for
example in the calculation of the dissipation, it can be expressed as a function of the
partial derivative with respect to time 0/t using a frozen turbulence hypothesis on
a short period of time, which provides ds/dt >~ 0, i.e.

Os Lo Os N , Os St , Os St , Os 0
e W ~
ot ox;  lox 28x2 35)63
and then 5 5
s _ Os
— >~ U — 6.45
ot ! oxy ( )

keeping the main term where U is. This approximation is known as the Taylor
hypothesis. It is often used in laboratory experiments, even outside the field of homo-
geneous and isotropic turbulence. For spatial correlations R;j, the separation vector
r still corresponds to separations Ax; = ry, Axy = rp and Axz = r3 if two hot-
wires are used. However, if only one wire placed in A is used, the frozen turbulence
hypothesis associates to a time lag d7 a space shift rj = —Ud, as if the second
measured point was upstream of A.

A thorough study of the turbulence decay can be found in Chap. 7, but some simple
and essential results can already be mentioned.

Decrease of Turbulence Intensity
The turbulence intensity is found to evolve according to

w? 1 (tUy  toUp\ "
LZZ_(_O_H) with 1.1<n<13 and A~30  (646)
- Aa\mM M

The Reynolds number Rej; modifies only slightly n and A [135]. The distance
toUp represents a virtual origin located at a distance of some M downstream of
the grid.


http://dx.doi.org/10.1007/978-3-319-16160-0_7
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Evolution of Spatial Scales
The experiment provides the following laws for the evolution of integral and Taylor
scales,

L tUy  toUs\"P A tUy  toUp\ ™
29~ 006 (=22 - 020 29~ 22— 220 (6.47)
M M M M M M

It is useful to point out that the exponents of these two relations are not the
same. This difference invalidates any simple similarity hypothesis using only one
length scale, as is the case for jets and wakes. This attempt, which can be easily
developed with the equations of Chap. 7, would imply thatboth L, and A scales obey
a 1939 evolution. A simple similarity hypothesis would also force any characteristic
Reynolds number of the turbulence to stay constant, which can neither be inferred
from the experimental data.

Reynolds Number of the Turbulence
From the laws (6.46) and (6.47), Reynolds numbers characteristic of the turbulence,

built from L, A, and u’, with the simple notation " = v u”?, change slowly during
the turbulence decay,

! !/
u'L W
Rep, = > b~ (t —19)7"" and Re), = y-" ~ (1 — 1p)" "1

At large 7, when Re) is down to approximately 5 to 10, the nonlinear effects
due to both inertia and pressure become negligible. Then viscous effects prevail and
lead to a rapid decay of the kinetic energy. This last period is called final period to
contrast with the initial period, which was studied above and is of course the most
important.

Experimental Value of the Dissipation €
Equation (2.20), to which kinetic energy k; obeys, becomes for isotropic turbulence

ki that is 3du?
sl A L e=—=
dt 2 dt

and various theoretical expressions of € were given in Sect.6.2.6. The experiment
here provides a very interesting independent result, without numerical coefficient the
following relation is verified,

€= — (6.48)


http://dx.doi.org/10.1007/978-3-319-16160-0_7
http://dx.doi.org/10.1007/978-3-319-16160-0_2
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Table 6.1 Turbulence data from the experiments reported by Comte-Bellot and Corrsin [101]

6 Homogeneous and Isotropic Turbulence

tUp/M W cm-s”! ecm? . 73 Lycm eLy/u"
M =5.08cm | 42 222 4740 2.40 1.04
98 12.8 633 3.45 1.04
171 8.95 174 4.90 1.19
M =254cm | 45 20.5 7540 1.20 1.05
120 10.6 731 1.80 1.10
240 6.75 145 2.14 1.01
385 5.03 48.5 2.40 0.91

A comparison with relation (6.48) is shown in the last column. The length L ; is deduced from the
measurement of L(lzl) for the case M = 2.54cm

Table 6.1 illustrates this result with the data of Comte-Bellot and Corrsin [101],
see also Sreenivasan [193]. This expression shows that the dissipation is actually
set by the large structures of the turbulence characterized by the two quantities u’
and L ;. Small structures must then adapt themselves to the amount of energy to be
dissipated. Particularly, small structures are finer for a smaller molecular viscosity.

Characteristic Time of the Turbulence
Relation (6.48) can be written as

u/z

€= —n
Ly/u

The quantity ©® = L r/u’ is obviously a time scale, which has a double interest.
First, it is built on the characteristics of the energy-containing eddies and second, it
rules the turbulence decay in the initial period. Figure 7.8 of Chap. 7 shows that this
time also represents an integral scale as a time correlation in the frame moving with
velocity U;. Thus this characteristic time far exceeds a simple conjuncture using a
dimensional analysis.

6.4 Particle Dispersion by Homogeneous Turbulence

As an introduction, in Chap. 1, the role of turbulence as an efficient transport agent
was pointed out. Two fundamental dispersion problems are considered here. They
were expressed by Taylor [211, 212]. One deals with free-space dispersion by homo-
geneous and stationary turbulence carried by a constant and uniform velocity while
the other deals with dispersion in a very long circular pipe. In both cases, the point is
to predict the concentration reduction of a contaminating agent that would of course
stay located horizontally to the source point if there was no turbulence.


http://dx.doi.org/10.1007/978-3-319-16160-0_7
http://dx.doi.org/10.1007/978-3-319-16160-0_1
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6.4.1 Free-Space Dispersion

Figure 6.13 illustrates particle dispersion under the effect of a turbulent field, the
average size of the cloud created by the arrival points of the particles, some ¢ time
after the particles were issued, is searched for. The position X (a, ) reached at time
t by the particle which was at A of coordinates a at r = 0, is given by

t
X(a,t) =a+ Ut +/ v(a, ') dt’ (6.49)
0

where v(a, t') is the velocity encountered by the particle in each point of its trajectory.
This velocity is said to be Lagrangian, and is associated with the Euler velocity u by

v(a,t)=u[X(a, 1]

To simplify notation, the prime symbol is omitted for velocity variations as well
as the initial position a. The coordinates of the cloud barycenter are obtained using
the statistical average of the different trajectories, X; () = a; + U;d;1t, and then

t
Xi(t)— X;(t) = / vi(t)dt'
0

It is assumed that the average velocity is constant and has only one non-zero com-
ponent U;. As for the underlying turbulent field, it is assumed to be homogeneous,
with the Eulerian meaning of the word, as well as stationary. The random velocity
v; (1') thus becomes stationary for it can be admitted that it corresponds to an Eulerian
velocity taken at different times and at different points of the field.

x2

Fig. 6.13 Trajectories of particles released at point A in a turbulent field carried by a constant
and uniform mean velocity Uj. Several realizations are presented showing the positions reached
after the same elapsed time 7. Without turbulence, all the particles would be at point A’ such that
AA = Ujt
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Fig. 6.14 Domains D and to T
D’ used to compute the
variance of the particle
separations

t1

— t+7(r<0)

The average quadratic value of a particle distance to the barycenter is,

[Xo() — Xa)] = / /D oa D) va () di dis

where D is the square area [0, f] x [0, 7] represented in Fig.6.14. The « index is
equal to 1, 2 or 3, without summation, to be able to take into account an anisotropic
turbulence. As v, (¢) is stationary, it is interesting to apply the variable change 1 = #
and 7 = tp — 11, which leads to the new domain D’ where the integration in # is

obvious:
/ / v ()0t + 1) dty dr =02 / / RL (rydn dr
D’ D’

_r0 ot
v2 / t(r+r)7zga(7) dr +v2 /0 (t —7)RE (1) dT

[Xa() — Xa®)]

ot
=22 / (t — T)RE (1) dT (6.50)
0
t
2 _ T\ Rt
_2vut/0 (1 Z)Rw(r)dr 6.51)

The double covariance between the velocity variations of the particle at two times
is said to be Lagrangian since the particle is followed in its movement, and ’Ré ., 1s the

Lagrangian correlation coefficient. Also v_g = u/,% because of the homogeneity and
stationarity hypothesis on the turbulent field. For large ¢, and if R(I;a (7) decreases
fast enough with 7, the following approximation value can be made

[Xo() — Xa®)] ~2u,2 x O, x ¢ (6.52)
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sometimes called Taylor formula, where
L oL
Ona =/O Rgo (1) dT

The reader can verify that this is correct as soon as t > ©L  for a correlation
oL .
~7/®aa . The most essential result that can be

with an exponential form, RL, (1) = e

inferred from expression (6.52) is that particle dispersion is governed by u/a2 x 0L
which is called turbulent dispersion coefficient, expressed in m? - s~!. It can be
pointed out that the X; (¢) values have an almost Gaussian probability density for a
sufficiently large ¢, i.e. for ¢t > @éa, by application of the central limit theorem to
the sum of the elementary movements which are almost independent of each other.

One of the key points of the problem is the expression of the Lagrangian integral
scale ®L  as a function of the fundamental parameters of isotropic turbulence, i.e.

L ¢ and . For a grid turbulence, two types of experiment have been conducted,

e A very fine thread is placed in the working section and is slightly heated to tag
the passing fluid particles. The transverse profiles of temperature are measured
at different distances downstream, and it can be inferred that such a profile is

connected to (X, — X3)2. Far enough downstream, this quantity grows linearly

with the distance from the wire, and the slope then provides (~)2L2. The experiments

of Shlien and Corrsin [208] are conducted in the isotropic turbulence field described

in Sect. 6.3, at 42 and 98 M from the grid, where respectively Rey, = 71 and 65,

and they obtain ©% ~ 1.25L ;/u’.

e Tiny solid particles are individually injected upstream of the grid and their trajec-
tory is monitored. Snyder and Lumley [209] use hollow glass spheres and place
approximately ten cameras along the working from section 73M where Re),, = 51.
They then obtain @2Lz >~ Ly/u’. Sato and Yamamoto [207] use small polystyrene
particles in a water tunnel and follow completely their trajectory with a video
camera. They obtain (~)2L2 ~0.6-0.3 L s /u’ for Re A, = 20-70 respectively.

A numerical approach is also possible. Yeung and Pope [213] use direct sim-
ulations of isotropic turbulence on cubes of sizes 64° and 1283. They find that
@2L2 >~ 0.72L s /u’, for a range of Reynolds numbers Re ), that can be compared
to the one of the experiments.

Thus, for isotropic turbulence, @(Sa >~ Ly /u’, and finally the dispersion coeffi-
cient has the simple value u2 x @~ u’ x L ;. For instance, withu’ = 0.22m-s !,
Ly =0.024mandt = 1s, the average size of the cloud as a standard deviation for
the half-width is of approximately 2 x 0.10 m, i.e. more than 8 times the integral
scale L.
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6.4.2 Longitudinal Dispersion in a Circular Pipe

In the case of particles injected into a pipe, the size of the dispersion cloud can
also be estimated if the pipe is long enough. Along their random trajectory, the
particles necessarily wander across the whole section because of the radial velocity
fluctuations and of the walls which confine trajectories, as indicated in Fig.6.15.
Thus the particles see a stationary and homogeneous field, and the result (6.52) can
be used again. The cloud moves at the bulk velocity Uy, of the flow, and the velocity
variations responsible for the longitudinal dispersion are in each point, on the one
hand the difference between the local mean velocity and U, and, on the other hand,
the longitudinal velocity fluctuations. Hence,

vi(t) = U1(X2, 1) — Ug +uy (X, 1)
The longitudinal movement of a particle can then be written,
t -
Xi(1) = / (01 (Xa 1) — Uy + u (X, )] i’
0
which leads for a pipe of section S to
[X1() - X1(0]" ~2 0% x OF x 1

with | | [ —
v~ —/(01 —Ug? dS+~ [ u}?ds
SJs SJs

(a) (b)

24/ (X1 — X1)2

-—

Fig. 6.15 Particle dispersion in a long pipe when the fully developed regime is reached. Trajectories
are confined by the walls and at large ¢, the particles form a cloud homogeneous in the radial direction
and centered at x; = Uyt, where Uy is the bulk velocity
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The result must now be expressed as a function of the characteristic scales of
the flow, i.e. the radius R of the pipe and the friction velocity u,. The term (a) is
associated with the mean velocity profile which is convenient to describe using a
power law, U, / Ulaxe = (1 — r/R)", for describing the whole cross section of the
flow. Chosing n = 6.6 for a Reynolds Rep around 2 x 10* close to that used by
Taylor in his experiments [212], we obtain

1 1
(a) = muﬁ = mn.sz x u? ~7.03 u?

with Uy /u, >~ 17.5, see Fig.3.3 in Chap. 3. To assess the (b) term, a linear approx-

imation of the distribution of u’?/u2 is used as a function of the distance to the
wall given in Chap. 3, namely u//u; ~ 1+ 1.5r/R, which provides after integra-
tion (b) ~ 4u%. The main dispersion agent is thus represented by the (a) term. The
physics involved is that the transverse velocity fluctuations force the particles not to
follow purely longitudinal trajectories.

For the Lagrangian integral scale, the conjecture G)IL] >~ R/u, can be given using
the basic scales R and u, of a pipe flow, which permits to write

[Xl(t)—)_(l(t)]2:2x [(@) + (b)] x R Xxt>~2x11.03X R X uy Xt

Ur

This expression is a priori an approximation, but is actually confirmed by Taylor
theory [212]. The reader can refer to the complete demonstration, using the frame
moving with the bulk velocity, a dispersion coefficient in a section and a mean
velocity profile which covers a large range of Reynolds numbers. In the end, the
formula demonstrated by Taylor is

[X:1() — )'(l(r)]2 =2x10.1 X R X u; Xt (6.53)

Figure 6.16 illustrates the passage of a polluting cloud far downstream of the

injection point, above an electrical conductibility probe, the pollutant being salt. The

time interval between the half-concentration fronts is equal to At = 0.316s. This

value is then confirmed by formula (6.53). Using the previous numerical application
to assess the friction velocity, it can be written:

—_—— 3 222 2.2
[X10) = X1 0] =2 x 10.1 x 476 x 107 x T2 x 7352 8.97 x 102 m

and then for a Gaussian cloud,

V/8.97 x 107!
At =2/21n2 % ~ 0318
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Fig. 6.16 Time trace of a 30
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salt cloud in a water pipe
recorded at x; = 16.31m

from the source. ./ \

D =9.525x 103 m, : / o

Uy =222m-s"!and \
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o

TTTT1
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time ¢ = 7.35s. From Taylor B /
[212] - '/° '!\

— -
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68 70 iy 74 76 78 80
t (sec)

where the factor /2 1n 2 associates the half-width b to the standard deviation o =
b/~/21n2 for a profile of the form e—xz/(202>/(aJE).

In the radial direction, i = 2, the blockage by the walls leads to an uniform
distribution of the pollutant. Besides, the variance derivative with respect to t having
to be equal to zero, the formula (6.50) shows that the correlation curve Réz (7) must
have a negative loop, which has indeed been observed by Sullivan [210] in a free
surface water channel.

To accelerate mixing in industrial pipes, more efficient techniques than natural
turbulence have been developed, using chaotic regimes, as described by Ottino [80,
206]. Particularly, there is the Partitioned Pipe Mixer (PPM) technique, where lon-
gitudinal plates divide the pipe in two, with a 90° offset between them, forming a
shifted lattice.

For dispersion in even more complex situations, as in the atmospheric boundary
layer with its different stability conditions, the review of Hunt [202] or the book of
Blackadar [201] can be read.

6.5 Approximate Expression of the Dissipation for an
Inhomogeneous Turbulence*

The dissipation rate € of the turbulent kinetic energy defined in Sect.2.4.2 can be
written as

Oy oy, L DG 814 ouj O O

€ =1T,— =2u8:7 = 4 7
P ik axk K y H axl axi axl 3)6, 12 axj 8x,~
. —— ——

(a) (b)
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for an incompressible turbulence, and two terms (a) and (b) are in evidence. We
will show that term (a) prevails as soon as the Reynolds number is high enough. The
orders of magnitude of terms (a) and (b) are,

@= oul ou}  u' - ou (’)u 32(“ D u?
V=5 " O o = mey, I

Hence, (a)/(b) ~ L?/A%. According to relation (6.40), ¢ = 15uu/2/)\§ and
knowing that e = u’3/L r for isotropic turbulence,

(a) L%c _ ReLf

—_~

b A2 15

Therefore, term (a) becomes more and more important compared to term (b) when
the Reynolds number increases, and e can then be approximated by

o 8u ou;; 6.54)
ex~e' =v 8xj ax, .

This expression is exact for homogeneous turbulence, and it is thus denoted by
€. In the literature, this term is sometimes referred as pseudo-dissipation but this
denomination is misleading.

6.6 Helicity*

During the definition of isotropic turbulence in Sect.6.2, it was pointed out that
statistical properties must be independent of any rotation but also of any reflection
symmetry, of the setting of points A and B and of their associated vectors a and b.
If the reflection symmetry condition is not maintained, then the tensor of the double
correlations at two points resumes its complete form (6.22),

Rij(r) = a(r)rirj + B(r)dij +v(r)ejrk (6.55)
N —
M 2)

The kinetic energy is still represented by the terms (1) since in the term (2), the
application of i = j leads to v(r)€;irx = 0. Then the already introduced functions
f(r) and g(r) keep their meaning and their role. As for the ~(r) function, it can
be expressed only with the correlation 4 (r) = Ry3(r, 0, 0) represented in Fig.6.17
because

h(r) = R3(r,0,0) =04+ 0+ ~v(r)r
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, Uy Uy Uy
uq Uy B
r > — — — > - ——— — — — @ @ - ——— — — —
A B A B A /
Uus
Ri11(r,0,0) Ra22(r,0,0) Ra23(r,0,0)

Fig. 6.17 The correlation i(r) = Ro3(r, 0, 0) is specific to helicity. It is shown along the corre-
lations f(r) = R11(r,0,0) and g(r) = Ro2(r, 0, 0) introduced in Sect.6.2.2. Note that this A (r)
should not be confused with the 4 (r) involved in expression (6.29)

The R3(r, 0, 0) function is of course equal to the other two, R31(0, 7, 0) and
R12(0, 0, r), which can both be inferred from the first one by circular permutation.
Thus, (6.55) can be written as,

r,-rj Ik
Rij(r) =[f(r) —g(r)] T g(r)oy; + h(r)e,-jk7 (6.56)

The function A(r) is then directly linked to the helicity (5.12) defined in Chap. 5.
Indeed, introducing [14] &, = u} (x)w;(x), one has

he = lim ) (x)w(x')
x'—>x

s !/ 8”; /
= hmx u; (x) eijlﬁ(x)

x'—
— IR
=u"? hm €
=0 or or;j
—/2 a rlrl
=u hn}) 51]1 [(f g)— 2 + 9511 +h 6llk_il

Inside the brackets, the second term leads to €;;6;9'r;/r. Yet, for any fixed j,
€;jidy = 0, because for i # [,y = 0 and for i = [, ¢;y = 0. Regarding the first
term, the derivatives of r; and r; with respect to r; introduce respectively J;; and
07, which leads to contributions equal to zero for the same reasons as above. Also,
the derivative of (f — g) with respect to r; provides e;;(f" — g")ririrj/ r3 and, for
each fixed j, there are two equal and opposite terms which neutralize themselves:
for example for j = 2, (€123 + €321) (f' — ¢')rirars/r> = 0. Finally, taking into
account that e;jje;ix = —e€jjj€iie = —20 j, one obtains
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- — i h h j
he = —2u’? lim 5jk (/’l/r—kr—] + _5kj - —zrkr—j)
r—0 rr r r r

— , h h
= —2u? lim (A +3-——
r—0 r r

The Taylor series of 4(r) atr = Obeing h >~ 0+ h'r + O?), h ~ h/r,and the
outcome is simply,
- — h
he = —6u’? lim (—)
r—0 \r

which provides an explicit relation between the helicity /4, and the new double
correlation at two points i (r).
The spectral tensor is now considered. The Fourier transform of (6.56) leads to,

E (k) kik; . k.
¢ij(k) = 2 (5ij a2 +1i Gijk'YH(k)?
—_—
1) 2)

where (1) is the classic term seen previously, and the (2) term is associated with
helicity. The latter is a purely imaginary quantity, which corresponds to the fact
that in a Fourier transform, the real part of the spectrum is associated with the even
part of the correlation and the imaginary part is associated with the odd part of the
correlation.

Just as the spectrum E (k) of kinetic energy was introduced considering the integral
of ¢;; on the k space, the spectrum H (k) of helicity is now defined considering the
integral on k of ¢;;¢;;ik;. Indeed this term corresponds to the Fourier transform of

ujw; = uje;0u;/0x ;. Then,
- .2 kk
he =1 EijleilkVH(k)?kj dk
Using i? = —1 and €jjl€ilk = —€ilj€ilk = —20 jk, one has
- kk 00 2
he =20 | )Tk dk =2 | dmkPyp ok dk
0

The spectrum H (k) of helicity is introduced, it is defined by

H (k)

o0
he :/ H(k) dk andthen ~yy(k) = —=
0 8mk3
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and the spectral tensor form is,

E (k) kik; . H (k) ki
%= e (5"1' T ) TR ek

The realizability condition for E(k) is E(k) > 0, which is expected when con-
sidering the physical meaning of E (k). For H (k), Moffatt [132] shows that it must
verify |H (k)| < 2kE (k).

The separation, in terms of energy, of E (k) and H (k) must not lead us to think
that each quantity changes over time in an independent way. On the contrary, the
equations governing E(k) and H (k) are linked, and are complex both to write and
solve. For this matter, one can refer to the book of Lesieur [14].

In terms of physics, helicity corresponds to the fact that a vortex is convected
by an axial velocity component, this implies a structure developing in an helicoidal
way, such as wingtip vortices forming off plane wings. For usual flows, it is generally
thought that the large coherent structures of the flows are tridimensional, and have
an important helicity as well as a reduced dissipation. The dissipation would more
likely appear between these large structures, in thin vorticity layers, as suggested by
Tsinober and Levich [155] and Moffatt [488]. Some significative data is obtained
by direct numerical simulation, as undertaken by Hussain [486] for a mixing zone.
The direct measurement of helicity is very difficult for it requires complex multiple
sensors, as the vorticity probes developed by Wallace and Foss [743] or the elec-
tromagnetic probes of Kholmyansky et al. [116] tuned upstream of turbulence grids
equipped with propellers rotating in a known direction.

6.7 Proper Orthogonal Decomposition*

The Fourier analysis developed above requires infinite turbulent fields. But flows are
actually limited to a finite area. The frontier of the turbulent flow can be either a
wall, as is the case for pipes and cavities, or a free boundary, as for jets or wakes.
Depending on the confinement directions, the Fourier analysis must be replaced by a
new decomposition in nonhomogeneous directions. A series of orthogonal functions
is chosen to represent well, in terms of average quadratic error minimization, the
turbulent kinetic energy integrated on the D domain occupied by the turbulent flow.
This technique is named Karhunen-Loeve development [223, 224] or more generally
POD for Proper Orthogonal Decomposition.

Besides the main objective which is to ensure an analysis of the flow while sticking
to physical mechanisms, POD also aims at enabling a prediction of the flow using
the notion of dynamical systems. The first theoretical bases have been established by
Aubry et al. [215], Berkooz et al. [216], Holmes et al. [222], Lumley [77], Newman
[225], or Sirovich [230]. The POD is actually developing rapidly since complete
velocity fields are available by numerical simulation of the flow, see Chap. 8, or by
particle image velocimetry, see Chap. 10.
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Definition and Properties of the Modes

The one-dimensional case is first examined so as to simplify the presentation, by
considering a turbulent signal ) (xy, #). This signal is assumed to be centered and
stationary, and its decomposition can be expressed as

Wy (1, 1) = D an()pu(x1) (6.57)

n=1

where ¢, (x1) is the non-random modal function of rank n, and a,(¢) its random
coefficient. The functions ¢, (x1) verify an orthogonality condition expressed by a
scalar product on a given domain D occupied by the flow

/D On(X1) P (x1)d X1 = Opm (6.58)

while the functions a,, (¢) verify an orthogonality condition on the statistical average,
that is

an()am () = X\iOpm

and thus a2 a? = \,. At a point of the field, the average kinetic energy defined by a
statistical average, apart from a prefactor 1/2, is given by

3

ullz(xls 1) = Zan(t)¢n(xl) Z (1) Pm (x1)

1 m=1

D Gntt G (x1) b (x1)

m=1

M

3
I
—_

An On(x1)Pn(x1)

M

n

Integrating on the domain D, one gets

d An
/Du (x1, )dx1 = Z

The value )\, thus represents the contribution of the nth mode to the average kinetic
energy of the considered turbulent field on the domain D. The decomposition (6.57)
is all the more efficient than the number of modes necessary to represent this energy
is small. It can be observed that the quadratic average of the projection of the field

on a given mode is
2
(/ Gn(x)u (x1, [)dxl) =\
D
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and that the reverse formula of (6.57) is given by

an(t) = /D (1. )b (x1)d (6.59)

The spatial covariance R(xp, y1) of the velocities at two points x; and yj, still
defined by a statistical average, can be transformed in the same way, which provides

R(x1, y1) = )y (x1, Dy (y1, 1)

Zan(rwnm) Z an (1) (y1)

n=1 m=1

Z Z 0O (1) G (x1) b (y1)

[\”48 I

Am ¢m(xl)¢m(yl)

3
X

and by taking the scalar product (6.58) with ¢, (y1) on the domain D, it yields

AR(xls Y1) Pn(ydy1 = M du(x1) (6.60)

The two quantities ¢, and )\, are therefore defined by a Fredholm type integral
equation. Actually, the minimization of the quadratic error between u/ (x1, ¢) and its
approximation by the series (6.57) leads to this equation and to the specified orthogo-
nality conditions. Besides, the kernel R(x, y1) being non-negative and symmetrical,
the eigenvalues ), are assured to be non-negative, finite and countable. The details
of these theoretical developments are explained by Newman [225].

The modes ¢, (x1) can be directly obtained by discretizing integral (6.60) on a
computational grid. The ¢, (x) are found seeking the eigenvalues of the matrix of
spatial correlations R(x1, y1). The dimension of this matrix however increases very
quickly with the refinement of the mesh.

Turbulent fields provided by numerical simulation of the Navier-Stokes equations
can be used to compute the matrix R. Experimentally, hot wire combs or particle
image velocimetry (PIV) provide simultaneous measures at several points in space.
This last non-intrusive technique has been considerably enhanced since the apparition
of CCD cameras, and POD is particularly suitable. The details of the process are
considered in the following.

Mode Determination by the Method of Snapshots

The turbulent field u’1 (x1, t) is observed at n; different times sufficiently distant from
each other for the samples to be independent, and the covariance R(xj, y1) at two
points to be approximated by an average on the n; samples. The Fredholm equation
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(6.60) can then be written as
/ - (Z eyl (yl)) Sn (1)1 = M (x1) (6.61)
D Mt

where ”1 )(xl) is the kth snapshot of the turbulent field u/ 1(x1). Thus, according to
expression (6.59), one has

/ P 1) g y)dyr = a®
D

and (6.61) becomes

ny

1
n_ Zd,(,k)ugk)(xl) = AnPn(x1)
t

k=1

The modes ¢, (x1) are therefore a linear combination of the n, snapshots, which
permits to write

on(x1) = > AP (x1) orelse ¢n(y1>—ZA<’> e (6.62)

k=1 =1
Injection of these two expressions in the initial Eq. (6.61) provides,
ny

1 n "
/ n_(z ugk)(xl)uﬁk)(yl)) (z A,gl)ugl)(yl)dyl) =\ ZA:(ek)“Y()(xl)
D i - 2

k=1

Then introducing the correlation matrix C D) of size n + X ny between the different
snapshots

1 k 1
c = —/ ) ) u’ Gndy;
nt Jp

the previous equation can be recast as follows

ny  ng

> AL @) = A ZA(") ® (x)

k=1 =1
or equivalently in matrix form,
ca’v=xa"v

with C is the matrix of the C*), A, is the vector of the A,(f) and U is the vector of
the uﬁk). This equation can finally be written as
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CA, = A, (6.63)

The eigenvalues of the matrix C*!) thus provide the n, first eigenvalues )\,. This
number corresponds to the number of snapshots. The corresponding eigenvectors
A® associated with snapshots u® (x1) by relation (6.62), provide the modes ¢, (x1).
As the matrix C is of order n;, with generally n; >~ 100, the calculations are easy.
This method of snapshots has been introduced by Sirovich [230].

Extension to 2 or 3 Dimensions

In the decomposition (6.57), both u’(x, t) and ¢(x) are vectors dependent on coor-
dinates x1, x» and x3, the coefficient a, (#) remaining a shared coefficient. This
decomposition is now explained for the two-dimensional case,

o0
uy(x1, x2,1) = Zaiz(t)¢n,xl(xl, X2)

n=1

uh(x1,X2.1) = D an(t) Py x (x1, %2)

n=1

noting u’l and u’2 the velocity components and ¢, ,, and ¢, x, those of mode
¢n(x1, x2). A scalar product such as (6.58) then becomes,

/ [(bn,xl (x1, x2)¢m,x1 (x1,x2) + ¢n,x2 (x1, x2)¢m,x2 (x1, x2)] dx1dxy = pm
D

which leaves to the ), values the meaning of their contribution to Kinetic energy
u% + u% still apart from a prefactor 1/2. In the method of snapshots, the matrix C *

also involves the kinetic energy of the components, that is in two-dimension
1
c* = M/ [uﬁ")(xl, x2) MEZ)(XL x2) + ué")(m, X2) Mg)(xl, xz)} dxidx;
D

and Eq. (6.63) providing eigenvalues of C is preserved. Rowley et al. [226] study
the case of a 2-D cavity excited by a grazing flow, for instance. They obtain eigen-
modes by the method of snapshots applied to the velocity fields provided by a direct
numerical simulation.

Possibility of Complex Modes

Until now only real modes have been considered. However, some authors use complex
modes, such as Holmes et al. [222] in a general approach, Aubry et al. [215] for the
boundary layer or Citriniti and George [220] for the mixing layer. The integrals on
domain D then imply a scalar product of the form (f, g*) where « is the conjugate
imaginary part. Thus the complex coefficient a, is given by (u}, ¢;). It can then
be inferred that the real part of a, is associated with the real part of ¢,, and the
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imaginary part of a, to the imaginary part of ¢,. Indeed, using a, = r, + ic, and
¢n = ®,, + iW,, it can be written that,

ra(t) +icy(2) =/DM/1(X1,Z) [@n(x1) —iWu(x1)] dx;
and then,
n(f) :Aui(xlat)¢n(xl) dx; c(t) = _/Du/l(xlat)lpn(xl)

When counting the modes, rank n is sometimes subdivided to consider the @,
and ¥, that would correspond to cos(nx1) and sin(znx1) for a homogeneous direction,
suggesting an idea of phase shift. All quantities then become real again. This approach
is for instance retained by Rowley et al. [226] where two POD modes correspond to
only one Rossiter frequency for cavity flow oscillations.

Construction of a Dynamical System

The construction of a dynamical system requires knowledge of the equations of
the fluid movement, for example the Navier-Stokes equations. For the modes to
appear, the equations need to be multiplied by the mode ¢,, considered and integrated
on the domain D of the flow. This constitutes a projection named the Galerkin
projection, which is, for instance, detailed by Holmes et al. [222] The pressure term,
the fluid incompressibility, and the limit conditions of domain D require a particular
treatment. In the end a system of differential equations governing coefficients a, ()
is obtained. This system is generally nonlinear, as the Navier-Stokes equations by
which it is provided, and its solving is similar to the one of chaotic regimes mentioned
in Sect. 1.2 of the introduction chapter. It is hoped that the dynamics of the turbulent
field considered can here be followed with only a few modes.

To illustrate the Galerkin projection and the obtention of a dynamical system,
the 1-D Burgers equation studied by Chambers [218] and Holmes et al. [222] is
considered. The equation and its limit conditions at x = 0 and x = 1 are,

Ou _ 0w Ou .0 ©,1) =u(l,1) =0
TR T

The modes of type +/2 sin(n7x) are known to verify the limit conditions and are
used for the decomposition of the velocity field, which can then be written,

u(x,t) = Zan (t)x/isin(mrx)

n=1
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The Galerkin projection corresponding to mode p provides for the term du/0t,
1
/ Z ay (t)\/z sin(mrx)\/z sin(prx)dx = a,
0 n
for the viscous term v9%u/0x?,
1
—1// Z an (t)(n7r)2«/§ sin(mrx)\/z sin(prx)dx = —V(pw)za,,
0 n

and, for the nonlinear term udu /0x,

1
/ [ Zan«/zsin(mrx) Zakkwx/i cos(kwx)«/z sin(pmx) tdx
0 n P2

1
0

= Z Z Zﬁkwanak / sin(nmx) cos(kmx) sin(pmwx)dx
no ok
S tagn + ]
= —=Aaila(p—k a ky — A—(p—k) — ad— k
. V2 (p—k) (p+k) (p—k) (p+k)

In these calculations, simplifications due to integrals of products of sinus and
cosinus on interval [0,1] are taken into account. Finally:

. 2 ™
ap = —v(pmap — NG Zkak[a(p—k) +Ad(pti) = A—(p—k) — d—(p+k)]
k

Limited to three modes, the system becomes

. 2 4
a1 = —mva + —=(a1a2 + a2a3)
V2

ay = —471'21/612 - l(61% —2a1a3)
V2

] 972va il 3aja

a3 = — 3 — —=3a1a
V2

The nonlinear terms characteristic of dynamical systems appear clearly. A sim-
ilar example is the one of Kuramoto-Sivashinsky equation which was proposed to
modelize interface instabilities and flame fronts,

8u+82u+84u+1 ou\?
ot 0xz  Oox* 2 o
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with the periodic limit conditions,
Ju Ou
u@©,t) =u(L,t) and —(0,t) = —(L,1)
0x 0x

The reader can refer to the work by Holmes et al. [222], with regard to obtaining
the dynamical system, with the different possible truncations, and the associated
instability study.

6.8 Rapid Distortion: The Case of an Axisymmetric
Contraction*

The effect of a rapid contraction on an initially isotropic turbulence has been very
thoroughly studied by Batchelor [84], who calculated the anisotropy which appears
both in the spectral tensor and in the levels of longitudinal and transverse velocity
fluctuations. This typical problem also illustrates vorticity dynamics in the case of a
Lagrangian approach as well as the interest of Fourier transforms.

To have a Lagrangian approach, the notations u’(a) and w’(a) are used for the
velocity and vorticity fluctuations of a fluid particle located at point a upstream of the
contraction, and the notations #” (x) and w” (x) are used for velocity and vorticity
at point x where the same fluid particle is located downstream of the contraction.
These fluctuations are measured with respect to axis in uniform translation, with the
average upstream velocity for #’(a) and with the average downstream velocity for
u’(x).

During the movement of the particle, its vorticity respects the elongation modi-
fications imposed by the deformation, as seen in Chap.5 when inertia and viscous
forces are neglected, i.e.

Z /

w Ox;
W = g or wl{/(x) = aw; (a) (664)
J

The strain tensor Ox;/0a; expressed for an axisymmetric nozzle of contraction
ratio c is,

Ox Oxo 1 Ox3 1 and Ox; 0 for i ]
— =C —_— = —_— = — _— = 1
Oay Oay  Jc  Daz 4Jc Ja J

Introducing €j,, symbol to express the components of the vorticity vector,
Eq. (6.64) becomes for the i component,

Ox; ou, (a)
w (x) = %ejmaqfﬂp
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Using the curl of the two members of the equation with respect to x, and consid-
ering the r component of the result, with (), = ers,-&u;/ /Oxg, for an incompressible
flow, is obtained
ox; Oa; 3214; (@)

2.1
— VU, (x) = €pg—¢€rsi—
" P 9a; "™ 0xy Oa,da

(6.65)

because the strain tensor Ox;/0a; is constant. In the left hand-side, the Laplacian
directly comes from the classic differential formula,

Vx(Vxu)=V(\V-u)—Vu

The right hand-side is more complex. It implies functions at point a, thus it is
necessary to keep €54, €5 and the strain tensor, expressed in its direct and reciprocal
form. Equation (6.65) can be solved by introducing the Fourier transforms of both
upstream and downstream fields. These are respectively defined by

u'(a) = /ﬁ/(k) " gk and u’(x) = /ﬁ”(g) i€ dg

and necessarily,
Oa;
.x=k-a thatis, & =k;—~L
¢ 6=k,

The reciprocal strain tensor which appears is defined by,

Oay 1 Oay Oas Oa; . .
. c . Je oo oan o, or i #j

ox1 ¢
which provides

ki
G==. a=hve G=kve ad €=k/+cl3+K)

The Fourier contribution, i, (£€), to the field downstream of the contraction can
then be expressed as

Ox; Oq;
2 A i
13 u}’(é) = _Equemaja_xs

kpk ft; (k)

The multiple indexes do not constitute a great difficulty, for they can actually
only take a limited number of values: the usual conditions on €, and €j,4 apply,
and besides only the cases where i = j and / = s must be considered so that the
components of the deformation tensor are not equal to zero. For instance, for the
axial component » = 1, only four combinations are possible,
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s=1l=2,i=j=3,p=1qg=2 s=1=2,i=j=3,p=2,qg=1
s=1=3,i=j=2,p=3,g=1 s=I1=3,i=j=2,p=1,g9g=3

which leads to,
) k3+k3 ., kiky. kiks.
//(é) 62 u/l - 52 u/z - 52 ug

The contribution &, (€), multiplied by the conjugate quantity corresponding to the
[ index, provides the components of the spectral tensor ¢;. (§) downstream of the
contraction. The products i/ (k)u (k) which appear correspond to the components of
the spectral tensor ¢/, q (k) of the upstream turbulent field. In the following, isotropic
turbulence is chosen for the upstream side, thus

, E(k) kikj
9 = 2 (5 - k_2>

which leads to, after the calculations are undertaken, for the downstream spectral
tensor

E(k
(&) = (gi *2+ 1)

/ y ) Kk
(&) + ¢33(8) = 47rk2£4( ¢+ )

The integration with respect to &€ of the first relation provides the energy of the
longitudinal fluctuations downstream of the contraction. When compared to the cor-
responding upstream value,

E _Jo©de _ [ERK; +K)/¢t dk
w2 Joh® dk [ EGR)®K; +k3)/k* dk

K1 =

To apply the integrations, the spherical coordinates (k, ¢, #), chosen so that k; =
k cos 0 and (k% + k%)l/ 2 — ksin 0, are introduced. The integrals with respect to k and
¢ appearing in both the numerator and denominator simplify and only the integrals
with respect to 6 remain. Hence,

m 3 0 bis -1
Ky = [ / i d@} x [ / sin® @ dﬂ}
0 (c72cos26 + csin? 6)? 0

3 [1+a? 1 1
= — ta In ta —— | where o*=1-¢73
4c2 | 243 11—« o?

3
—2(ln463 —1) for ¢>3
C
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Applying the same for the transverse components, the following can be obtained,

u/22+ /3’2
===
i

/[l—c cos? O(c2 cos? 0 + csin® 0)~ ]sm@dé’

-1
(1 + cos? ) sin 0d¢9:|

c, 3 311 1—a2ln l+a 3¢ for >3
= — — >~ —C c
4 a2 202 4a3 l—a 4 -

The possibility to use the approximated forms of k1 and x for ¢ > 3 comes
from a mere numerical comparison between the exact and approximated formulas.
Figure 6.18 represents the values of | and « as a function of the contraction ratio c.
The increase of the energy of the transverse components and the decrease of the
energy of the longitudinal components due to the privileged elongation of vortices
with a direction close to the nozzle axis can be observed. As for kinetic energy after
contraction, it still increases, the downstream/upstream ratio being (x1 +2x2)/3 > 1
for ¢ > 1. However, the turbulence intensity Jki/ U | decreases when ¢ increases
thanks to the increase of the mean velocity. The downstream/upstream ratio is given
by ok, = +/(k1 4+ 2k2)/3/c, and is also represented in Fig. 6.18. As a final remark,
it must be pointed out that the effect of a convergent nozzle of ratio ¢ is not similar
to the effect of a divergent nozzle of ratio 1/c since the expressions of k1 and x are
not linear in c. Lee [121] has done several numeral predictions on this subject.

N. 2K2)/3

Fig. 6.18 Effect of an axisymmetrical contraction on isotropic turbulence; c is the contraction
ratio, k| the downstream/upstream ratio of the turbulent kinetic energy of longitudinal fluctuations,
k2 a similar ratio for the lateral fluctuations. The turbulence intensity represented by oy, is less
downstream of the contraction due to the mean velocity increase
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Considering again the nozzle of ratio ¢ >~ 1.27 used by Comte-Bellot and Corrsin
[100], the previous expressions cannot be applied rigorously because the turbulence
upstream of the nozzle is anisotropic, and besides evolves along the nozzle, which
is necessarily progressive. The effect of a convergent nozzle of ratio ¢ = 1.27 on
isotropic turbulence gives u1 = 0. 82u1 and u/) ul = 1. 13u2 , that is an anisotropy
ratio of u”2 / u”2 =~ 1.38. If this anisotropy is entirely transferred to the upstream

turbulence, thus assuming that u”2 Juy” = u)? = 1, then u’l2 /u2 ~ 1.38. Experimentally
an upstream anisotropy of approx1mately 1.20 is observed, as indicated in Sect. 6.3.



Chapter 7
The Dynamics of Isotropic Turbulence

It has been shown in the previous chapter how the description of an isotropic turbulent
field can be simplified for an incompressible flow. In physical space, only one scalar
function f(r) is necessary to describe the two-point velocity correlations R;;(r).
In the Fourier space, only the turbulent kinetic energy spectrum E (k) is necessary
to describe the corresponding velocity spectral tensor ¢;; (k). In this chapter, we
consider how these functions E (k) and f(r) evolve with time in a decaying turbu-
lent field.

7.1 Kolmogorov Theory

Kolmogorov had the brilliant idea to draw attention to the small scales of a turbulent
field. He then pointed out their universal behaviour. His theory is called the univer-
sal equilibrium of small structures and it is certainly the major contribution of the
twentieth century to turbulence study.

The Dissipation Scales
In the first chapter were already introduced the length scale [, and the velocity scale
uy which characterize the dissipative eddies and verify

Re = o/ 1
v
Length /,, can be interpreted as the smallest dimension of the structures or eddies
that can be encountered in a turbulent flow. Below this scale, no mechanical energy
subsists as it is transformed into thermal energy due to molecular viscosity. The
smallest size of dissipative eddies whose length is /;, is uniquely defined by the rate
of energy to be dissipated e and by the fluid viscosity v. Looking for a dimensional

description of the form /,, ~ v, one necessarily finds v = 3/4 and 3 = —1/4.
Similarly for the velocity, u, = (eu)l/ 4 and as announced above Lyuy/v = 1.
© Springer International Publishing Switzerland 2015 179
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The corresponding Kolmogorov time scale is therefore 75, = [;)/u;) = V126172,
Keeping also in mind the fundamental relation (6.48) obtained experimentally, it
appears that two types of scales are available. One characterizes the structures bearing
the kinetic energy and the other characterizes the smallest structures of the flow. These
two types of scales are gathered below,

[/ (velocity) k ~ u
eddies bearing

kinetic energy Ly (length)  ~ u_’3
Lf/u’ (time) Ly

Uy = pl/4el/4 (velocity)
smallest s 1 I

dissipative ly=v 414 (length) Re, = T _q

scales v

| ™ = v12¢71/2 (time)

Spectrum of Isotropic Turbulence

Let us now consider the spectrum of turbulent kinetic energy for isotropic turbulence,
as drawn in Fig.7.1. The function E (k) reaches its maximum for wavenumbers of
approximately 1/L r, i.e. for eddies of size L y, where L y is the integral length scale.
On the same figure also appears the dissipation spectrum D, (k) = 2vk”E (k). The
end of the dissipation spectrum is located at k/,, ~ 1, whereas its maximum is at
kg ~ 1.In order to characterize the separation between the turbulent kinetic energy
spectrum and the dissipation spectrum, the ratio between integral and Kolmogorov
scales is considered,

Ly Ly _ Ly _(M/Lf)3/4

1, T 3A1E T PRWIILH) A T\

E(k)

0 KLy~ 1 kXg ~ 1 Kly ~ 1 k

Fig. 7.1 Sketch of the turbulent kinetic energy spectrum E (k) and of the dissipation spectrum
D, (k) = 2uk?E (k)
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and finally,
LS _Re
L

3/4 u'Ly

Ly

where Re Ly = (7.1)

14

In these expressions, u’ represents the root mean square value of the velocity
fluctuation. We recall that in isotropic turbulence, u? = u% = u/?. The Reynolds
number ReLf is built from the scales u’ and L f» and is thus associated with large
structures. The Reynolds number based on the transverse Taylor length scale A, is

also of interest. Using relation (6.40) of Sect.6.2.6, it can be expressed as

R u'Xg Aé/V Ly/u 5 Ly time of large eddies
c = - = - = - = —_— ~
Y Ag/uw Ag/u Ag time of intermediate eddies
and,
A L
Re} = ”Tg x 15-L = 15Rey, (1.2)

g

From these results, it can be noted that the larger the turbulent Reynolds number
is, whatever the length scale it is based on is, the more the spectra of turbulent kinetic
energy and of dissipation are separate. To illustrate this, the spectra of turbulent
kinetic energy and of dissipation obtained for a grid turbulence [101], are shown
in Fig.7.2.

Moreover, an estimate of the Kolmogorov scale /;, is useful to choose the upper
frequency to respect when acquiring experimental data, or to set the mesh size for
numerical simulations [282]. Let us give as an example a boundary layer whose its
Reynolds number is Res; = U, 16/v = 10°. Assuming that u’'/U,; >~ 10% and
that L s ~ 0.16, relation (7.1) leads to [,,/6 ~ 5.6 x 10~* which shows that the
Kolmogorov scale I, is really small compared to the boundary layer thickness.

2
. /‘\\
600 I; \ 1 o= ’/ N
— » S / \
Ng? ‘/ \ > » \o\
= 400 N = / '
~— 1 \
= t \ CEF J A
& 200 / 3 2 .
,’ A N . N P I3
/ - v
0 = RN 0 et
10° 107 107 10° 10° 10 107 10°
kl, ki,

Fig. 7.2 Kinetic energy and dissipation spectra normalized by the Kolmogorov scales for the
Comte-Bellot and Corrsin [101] experiments in grid turbulence. Measurements are made at
Uot/M = 42, refer also to Table6.1, ' = 22.2cm-s~!, ¢ = 4740cm?-s73, I, = 0.029cm,
Ag = 0.484cm, Ly =2.40cm, Rey,, = u'L¢/v == 355 and Rey, = u')\;/v = 72. Note that one
decade in wavenumber separates the maxima of the two spectra
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Universal Equilibrium Spectra for Small Structures

The turbulence scales adapted to small structures can be used to normalize the spectra.
Thus, E (k)/ (lnu%) is represented as a function of the dimensionless wavenumber k/,,.
A single curve limited to k/;, 2~ 11is found for the small structures, whatever the type of
flow and the Reynolds number is, provided that it is large enough. Figure 7.3 obtained
from data by Chapman [173] and Saddoughi and Veeravalli [668, 669] synthesizes

10° : . . . .

i ReAg

23 boundary layer (Tielman, 1967) ©
23 cylinder wake (Uberoi & Freymuth, 1969)
37 grid turbulence (Comte Bellot & Corrsin, 1971)
72 grid turbulence (Comte Bellot & Corrsin, 1971)
130 homogeneous shear (Champagne et al., 1970)
170 pipe flow (Laufer, 1954)
282 boundary layer (Tielman, 1969)
308 cylinder wake (Uberoi & Freymuth, 1969) )
401 boundary layer (Sanborn & Marshall, 1965) k)
540 grid turbulence (Kistler & Vrebalovich, 1966)
600 boundary layer (Saddoughi, 1994)
780 round jet (Gibson, 1963) %3
850 boundary layer (Coantic & Favre, 1974) ‘.’41
1500 boundary layer (Saddoughi, 1994) g —
2000 tidal channel (Grant et al., 1962) ‘Vo

4 3180 return channel (CAHI Moscow, 1991)

-4 -3 1 0 1

10 10 10 107 10” 10 10
knl,

10 " |

S b v @0 AT >OX + 1A @O0

|
)]

Fig. 7.3 Universal equilibrium of spectra for small structures. The figure deals with the one-
dimensional spectrum E}ll’(kl)/(l,/u%). Use is made of the data collected by Chapman [173] and
Saddoughi and Veeravalli [669]. For all the curves, the emergence of an inertial subrange towards
smaller k; with increasing Reynolds number is observed
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E(k)
/—> E(k) = Cxe2/3k=5/3

e~ _Du(k)
_ ¢ € T~

P ~

0 kLj ~1 kxg ~ 1 kly ~ 1 k

Fig. 7.4 Sketch of the turbulent kinetic energy spectrum E (k) and of the dissipation spectrum
D, (k) = 2vk?E (k) for high Reynolds number isotropic turbulence. The inertial subrange takes
place between these two spectra

numerous experiments available in the literature. For large structures, this universal
zone extends to values of k/;, increasingly small for a rising Reynolds number.

Inertial Zone of the Spectra

When the turbulent Reynolds number Rey , or Re), is extremely large, the small
wavenumbers associated to eddies containing energy are clearly separated from
the large wavenumbers associated with eddies dissipating this energy, as shown
in Fig.7.1. In these conditions, there is a zone, said inertial zone, for which no dissi-
pation appears. The structures of this inertial zone only transfer the kinetic energy to
dissipate, set by large structures, to smaller structures that dissipate it. In the general
form of the spectrum, where E (k) = f(k, v, €), the molecular viscosity ~ no longer
appears. Then, apart from a constant prefactor, an expression of the spectrum of
the form E ~ €“k” can be searched for. The only acceptable combination for the
exponents « and 3 in terms of dimension is then a = 2/3 and § = —5/3, leading to

E(k) = Cx Pk (7.3)

This law was established by Kolmogorov [182], formulated from the second-
order longitudinal structure function, see Sect.7.6.2, and Cx =~ 1.5 is known as
the Kolmogorov constant [194, 669]. This law is well confirmed experimentally as
shown in Fig.7.3. Particularly, Grant et al. [178] have led a series of measurements
in the Discovery Passage, along the Canadian west coast. The Reynolds number
based on the depth of the channel and the average velocity was of approximately
Re ~ 2.8 x 10%, which must be compared to Reynolds numbers about Re ~ 5 x 10°
obtained in wind tunnels [637]. In Fig.7.3, the plot deals with the one-dimensional
spectra E ;11) (k1) which are directly measurable. However, it is easily shown that if
E{ (k) ~ k1_5/3, then also E (k) ~ k—>/3 by using the relation (6.35).

From a phenomenological point of view, dissipation is conserved through the
energy cascade, as illustrated in Fig.7.4. For eddies of size [/ and velocity u; in
the inertial zone, one observes a quasi-isotropic behaviour with ulz /L /u;) ~ e
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The turbulent kinetic energy associated with eddies of size [ ~ 1/k; is then ulz ~

(el )2/ 3~ ki E (k;), and the Kolmogorov law E (k;) ~ €2/ 3k1_ 373 is retrieved. It should
be noted here that since E is expected to be a power function of k, it is convenient
to introduce the following k-weighted spectrum k E (k)

/ E(k)dk = / kE (k) d(Ink) (7.4)

The area under the curve k E (k) represents the energy, and integrating with a con-
stant d (In k7), the kinetic energy associated with eddies of size [ is ”12 ~ k; E (k7). This
representation often leads to a linear scale for the ordinates, examples are provided
later in Figs. 7.6 and 10.13 for instance.

As was stated in the introduction to this section, the inertial zone is present only if
the spectra of turbulent kinetic energy and dissipation are separate enough. In the case
of free jets for instance, Gibson [531] using work by Corrsin, estimates that in terms
of Reynolds number, it is necessary that ReAg =u Ag/v = 500 or ReLf > 1.7 x 10*

using relation (7.2), thatisRep = U;D/v > 4.2 x 10° for an inertial zone to appear.

7.2 Equation of Karman and Howarth

The equation of Kdarman and Howarth [114] governs the time evolution of the two-
point velocity correlations. The method to find this equation is the following. The
velocity and pressure at point A are noted u/, and p/, and at point B, uy and p’;. The
vector linking points A and B is noted r = x p — x 4. The Navier-Stokes equation is
written at point A for component u’,;, and is then multiplied by the component u/, ;
of velocity at point B,

2
/ (3”/Ai _’_a“/Ai“/Ak __lapja Ty O uly,; )

Upg: X
Bj ot OX Ak p Oxaj OXAkOX Ak
Developing and taking into account that u/, ; is independent from the spatial
variable x 4, one obtains

/

/ / / / /o 2./ /
; ouy; Oy s, 1 0puy; O%u'y;up;
Bj ot Ox Ak P Ox A Ox Ak OX Ak

Then the same operation is applied at point B, with the Navier-Stokes equation
written in x p for the component u}; iz

! ! ! / /o 2./ /
, Oulp;  Oup gy 1 0ppuly; O ulpu'y;

Al ot Ox i a P 8)63.,' OxprOXBk
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These two expressions are then added, and the ensemble average is applied
to obtain

8”211‘”39]‘ n 5”/Ai”/Ak”/Bj " 8”};]‘”/31(“;11‘ _
ot 6xAk 3x3k
T —— 2 2
_l(ap/Au/Bj I 3172;“//4,') +I/(8 uAluB] 4 9 quuAt)
p\ Oxai Oxpj OxarOxax  OxprOxp

This equation can be simplified noting that for isotropic turbulence, the pressure-
velocity correlations at two points are equal to zero and that the following relations
are verified

g 0 0 0

- = d -_9
Oxpr  Org an Ox Ak Ory

which leads to

/ / 27 T
Ou'yug; 0 ; ; ; Oyl
Uy Wy U+ U Uy ) =2v
ot ory J J OrOry,

This relation can be transformed introducing the tensors of double and triple veloc-
ity correlations at two points R;;(r,t) and T;; x(r, t). Particularly, u/Aiu;‘ku/Bj =
T,-k,j(.r) andlu%ju’Bku’Ai =Tjri(—r) =— ki (r) since Tj,; is an odd function in
r for isotropic turbulence, see Eq. (6.29) and Fig.7.5. Hence,

OR;j (T + Tini) +2 R (1.5)

—_— = V—— .
ot ik.j jki OrOry,

~—— ——

1 (@) 3

Equation (7.5) can again be transformed writing R;; as a function of f and T;; x
as a function of h. These two relations are given by (6.24) and (6.29) respectively.
Using the spherical coordinates for operators 0/9ry and 9%/ 8r,g, one finally obtains
the equation of Kdrman and Howarth [114],

/ !
/ qu / uAj
YA Up;
u/ /
r Bk -Tr YAk
A B B A

Fig. 7.5 Triple velocity correlations involved in Eq.(7.5)
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r

/
%(u/2 f=u? (# + h/) + 21/u/2(4f + f”) (7.6)
——
1) 2 (3)

where u”? = 2k; /3 is a function of time ¢, and f and & are functions of r and .
In expressions (7.5) and (7.6), the term (1) corresponds to the time variation of the
second-order moment of the velocity fluctuations. The term (2) introduces a new
unknown, the triple moments of the velocity field associated with the nonlinear
interaction of turbulence with itself. Finally, the term (3) represents the dissipation
by molecular viscosity.

Hence an assumption is needed for the triple moments so as to resolve the equation
governing the second order moment. One can think of writing an equation for the
third-order moment, but this will bring fourth-order moments in the equation gov-
erning the third-order moment and so on. There is some analytical developments in
the literature to close Eq. (7.6). Nonetheless, the closure in spectral space is preferred
because the necessary hypotheses can more easily be interpreted.

7.3 Lin Equation

The Lin equation is the equivalent of Eq.(7.5) in spectral space. First it must be
remembered that

Rij(r,1) = / ij (k, 1) e* T dk

where ¢;; is the spectral tensor and, similarly, the Fourier transform of the tensor of
triple correlations is introduced,

Ty (s 1) = —i / Wi, (k, T dk

With these definitions, the Fourier transform of Eq. (7.5) is

8_;] = ke (Wirj + Yjni) — 2vk> ¢

and applying i = j, one obtains

a ..
i 2k Wiki — 20k> i
ot
Lin’s equation is actually the time evolution of the spectrum E of the turbulent
kinetic energy. For isotropic turbulence, the spectral tensor ¢;; can be expressed in
terms of E by
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E (k) kik; E (k)
Gij(k) = oS (5ij - %) and thus, ¢ (k) = s
and the equation established by Lin [127] is beautifully compact,
9 2
5E(k, 1) =T(k,t) —2vk“E(k, 1) (7.7)

The nonlinear term 7 (k, ) = 47k2k;Wix; (k, 1) is associated with the triple corre-
lations of velocity variations. The time variation of spectrum E is then due to term 7',
corresponding to an energy transfer between structures of different sizes, and to the
linear viscosity term 2vk? E (k). This equation is not closed since term T is unknown.
The expression of spectrum E is determined once the transfer term 7" is modelled.
Lin’s equation can really be interpreted after integration on all wavenumbers. Indeed,

a o0 o o0
—/ E(k, t)dk :/ T(k,t)dk—21// K*E (k, 1) dk
ot Jo 0 0

Ok, /Ot €
Moreover for isotropic turbulence, the Eq. (2.20) of kinetic energy k; simplifies in

o _
or

and then, by comparison

oo
/ T(k, t)dk =0
0

The quantity T (k, t) corresponds to the rate of energy transferred to successively
smaller and smaller scales of the turbulent field. The function S(k, ¢) defined by

k
S(k,t) = —/ T k', t)dk'
0

represents the energy transferred from all the wavenumbers smaller than k to
wavenumbers larger than k, as illustrated in Fig.7.6 for Re), = 2078. This term
S thus corresponds to a kinetic energy flux from large structures towards small struc-
tures. The transfer term T is always negative for k;, < 0.02, and thus corresponds to
an energy transfer from large eddies to small ones. In this figure are also represented
the spectrum E (k) of the turbulent kinetic energy k; and the spectrum D, (k) of the
dissipation e.

The transfer term 7 (k) has been measured for instance by Van Atta and Chen
[197], and their results are plotted in Fig. 7.7. Transfer terms computed from Comte-
Bellot and Corrsin [101] data, have also been reported for the same range of moderate
Reynolds numbers.
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0.8

Fig.7.6 Energy cascadeatRe A, = 2078 according to Lin’s equation (7.7) computed by an EDQNM
simulation (refer to Fig.7.17 for details). The energy spectrum E (k) and the flux S(k) are also
represented. Note that all terms are multiplied by k according to (7.4). At very high Reynolds
number only 7' (k) =~ O in the inertial subrange, and S(k) =~ € corresponds to the amount of energy
which will be dissipated by the small eddies

02 0.4 0.6 038 1
K,

Fig. 7.7 The transfer term 7 (k) according to Van Atta and Chen [197] measured at x; /M = 48
for two cases of grid turbulence, (e Uy = 15.7m - s ! M =2.54¢cm, Re,\g =49.4;and o Uy =

7.7m-s~', M =5.08cm, Rey, = 34.6), and also calculated from Comte-Bellot and Corrsin [101]
data (e atx; /M =42, M = 5.08 cm, Re,\” =71.6;0atx;/M =98, M = 5.08cm, Re,\_q = 65.3).
Normalisation is made using Kolmogorov scales

7.4 Lin Equation Closures

Numerous closures have been proposed in the scientific literature for the term 7' (k, t)
of Lin equation (7.7). The simplest hypothesis consists in neglecting the term,
T(k,t) = 0. Of course, this is not realistic as it assumes that for each class of
eddies in the range [k, k + dk], there is a mere viscous dissipation independent from
the other classes. In other words, there is no nonlinear interaction. This closure is



7.4 Lin Equation Closures 189

valid only for the final period of decay when all small structures have disappeared
and only the largest remain. Assuming the spectrum has the form E (k) ~ k* when
k — 0, it can then be shown [84] that the turbulent kinetic energy decreases very
rapidly in this final period as

k() ~ @ —19)"* t— o0

Among the different other closures that have been developed and analysed by
Hinze [8], some must be mentioned such as those of Obukhov [139], Heisenberg
[179], Kovasznay [117] and that of Pao [140, 141], which remains one of the most
interesting. Pao’s idea was to propose a power law for the energy flux term S, with
the constraint that S(k, t) = ¢ in the inertial zone. Hence,

k
1
Sk, 1) = —/ T, n)dk' = — PROBEKk, 1)
0 Ck

where Ck is the Kolmogorov constant. The kinetic energy spectrum obtained after
integration of Lin equation then is,

3C
E(k) = Cx ek exp[—TK(kln)4/3:| (7.8)

Some alternative expressions exist to cover also the wavenumbers before the
inertial zone. A general form for the turbulent kinetic energy spectrum [20, 102] is

E(k) = a1 Cx (eLp)* P (kL )™ fo(kL p) fy(kly)L 5
where f, (kL y) describes the production part, and thus f, — 1 as kLy — oo.

Particularly, the von Karman spectrum [181] is given by

KL 445/3
o>t ] (7.9)

V1+ (OQka)2

with E (k) ~ k* as k — 0. The values of the two constants o and a; are determined
by imposing that relations (6.14) and (6.36) must be satisfied by the function E (k),

fe(ka) = |:


http://dx.doi.org/10.1007/978-3-319-16160-0_6
http://dx.doi.org/10.1007/978-3-319-16160-0_6

190 7 The Dynamics of Isotropic Turbulence

by using € = u’3/Lf and by taking Cx = 3/2. It can be shown that

110 [ T5/6)\? 1 (/3
oy ((/)) ~080 (/)"’134

27716 \ T (1/3) ~ /al(/6)

and the spectrum peak is reached forkL y = \/12/5/c = 1.16. Though there is now
a large number of possibilities offered by numerical simulations, expression (7.9)
still remains very useful for modelling purposes. The dissipation part is described
by the function f;(kl,)), with f,, — 1 as kl,, — 0. For example, one has f; (kl;) =
exp[—(3Ck/2) (kl,,)4/ 3] for Pao’s spectrum (7.8). Other choices [8, 109] and more
complete discussions [20, 102, 130] can be found to continue this topic.

7.5 Characteristic Times of Turbulence

7.5.1 The Memory Time of Turbulence

The time scale @ = Ly /u’ which characterizes the energy containing eddies, has
been found experimentally to be important as it fixes the rate of decrease of the
kinetic energy (6.48). It is interesting to see that this same time can also be found by
integration of the time correlation function

Ri1 (A1) = u!\ (1, x)u (t + At, x + U) Ar)

the turbulence being observed in a frame associated with the average velocity U;
in the working section. The wind tunnel experiment for the realization of isotropic
turbulence is described in Sect. 6.3. Experimentally, the measurement of space-time
correlations requires two probes separated by a distance Ax; in the longitudinal
direction. The correlation optimum is obtained when the time lag Az, with which the
second signal is observed with respect to the first, verifies U At = Ax; as illustrated
in Fig.7.8. The time provided by the integration of R11(A¢) is called an integral time
or memory time of turbulence. It closely matches the time provided by ® = L ¢ /u’
for isotropic turbulence [101].

7.5.2 The Spectral Times of Turbulence

The memory time notion considered on signal u can be extended to the Fourier
components constituting the signal u}. A frequency analysis of u; and use of the
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Fig. 7.8 Left sketch of the time correlation between two hot-wire probes separated by Ax; in
dashed lines. On each curve, the maximum occurs at Tpexx = Axy/ U,. The envelope of these
curves in solid line, close to the maxima, represents the time correlation in the frame moving at U,.
The area under the curve gives the memory time of turbulence, around L /u’. The case Ax; = 0is
the time autocorrelation for which the integral scale is of the order of L s/ U . This time very short
compared to the memory time of turbulence, permits to quickly renew the turbulence passing over
the probes. Right time correlation in a convected frame at the mean velocity U for fluctuations u}
in grid turbulence; A v Favre et al. [612, 613], O Frenkiel and Klebanoff [106], ¢ M = 5.08 and
o M = 2.54 Comte-Bellot and Corrsin [101]

Fig. 7.9 llustration of

passing
Taylor’s hypothesis [136, 27/ k1 frequency f
153] formulated by - —— [
expression (7.10) i,
mean
velocity

|
(fixed probe)

Taylor hypothesis (6.45) permit to link the frequency f to the longitudinal component
of the wavenumber
27 f
ky = — (7.10)
Ui
where k1 > 0 and f > O here, as illustrated in Fig.7.9. The turbulence being
isotropic, these results involving k| can be transferred to the wavenumber modulus
k, as was already undertaken for spectra in Sect. 6.2.5.

Figure 7.10illustrates the correlation curves obtained by Comte-Bellot and Corrsin
[101]. Here, the notation R (k, Ar) without index is similar to E (k). For a given
wavenumber modulus k, coherence over time is followed for all the contributions of
velocities tangent to the sphere of radius k. Figure 7.10 also represents the integral
time existing under each curve corresponding to a given wavenumber modulus. This
can be compared to other classic times reported in Fig. 7.10 (right),


http://dx.doi.org/10.1007/978-3-319-16160-0_6
http://dx.doi.org/10.1007/978-3-319-16160-0_6

[
O
3]

7 The Dynamics of Isotropic Turbulence

0

3 10
é N
S 107"
< =
4 .
= 10
%
&~ 3
10
B 107 10° 10' 10°
U At/ M E (cm™!)

Fig. 7.10 Left filtered time-correlation corresponding to Comte-Bellot and Corrsin [101] exper-
iments reported in Fig.7.8 (right). The wavenumber modulus varies from k£ = 0.25cm™! (¢) to
k = 10.10cm™" (o). The overall time correlation is plotted in solid line. Right comparison with
predictions, ———- Heisenberg time 75, ——— Onsager time 7o and e Comte-Bellot and Corrsin
[101] measurements. Note the rapid decrease of all these curves when k increases. The viscous time
7, and the Kolmogorov time 7, are also indicated

T0 = [k3E(k)]_l/2 Onsager time

—1 . .
T = [W'k] Heisenberg time
-1 . .
T, = [kzu] Viscous time
= p12e=172 Kolmogorov time

It can be pointed out that the two first times are built using either data character-
istic of the spectrum, for instance Onsager time with k and E (k), or joint data where
kinetic energy and wavenumber appear, for instance Heisenberg time with u’ and k.
The mechanisms responsible for the coherence loss of structures of given wavenum-
ber k are still not completely known. Comte-Bellot and Corrsin have analysed the
convection, rotation, and deformation exerted by structures larger than k£ and the
diffusion provided by structures smaller than k.

7.6 Further Details on Kolmogorov Theory*
7.6.1 Structure Functions of Velocity*

The spectral analysis developed in Sect. 7.1 allowed us to introduce the inertial zone
of the universal equilibrium of small structures, and to find the range of wavenumbers
to which this balance applies. An expression of this equilibrium in physical space is
now searched for. However a simple use of double correlations defined in Chap. 6 is
not possible. Indeed these correlations deal with all separations r and not only with
the range L s > r > ;) which corresponds to the inertial subrange of Kolmogorov.
Besides, the mere introduction of E (k) = Ck e?/3k—>/3 inrelation (6.37) which gives
f(r) leads to a divergent integral. Thus the problem has to be considered differently.
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Instead of the velocity fluctuation themselves, the difference between velocity
fluctuations at two points x and x + r is considered at the same time ¢, that is
u'(x +r,t) —u(x,t), as suggested by Kolmogorov [184]. Velocity differences
permit to be free from the large scale movements, and are then characteristic of the
small and medium structures of turbulence. This approach leads to define structure
functions. The second order structure function has the general form

Fij(r.t) = [u;(x +r, 1) —u(x, t)][u/j(x +r,t) — u/j(x, H]

The simplifications implied by rotational invariance are easily found, which leads
to a local isotropy of the turbulence, as was done for a global isotropy of the field
using the tensor R;; of velocity correlations. All details are available in Monin and
Yaglom [17]. In the following, time dependency will be omitted to simplify writing.

The form of Fj; in the inertial zone is now searched for, and particularly that of
the contracted tensor Fj;,

2
Fii(r) = [uj(x + 1) = uj(x)]
Developing this yields
Fii(r) = 6u” — 2 R;; (r)

where only the distance r occurs as expected from isotropy. But, according to (6.14)
and (6.38) respectively,

sin(kr)
kr

dk

3 ®© *
zu’z = / E(k)dk and u*Ri(r)=2 / E (k)
0 0

one obtains

Fii(r) = 4/00 [1 - Si“("’)] Ek) dk
0 kr

The inertial subrange concerns the distances r lying in the range Ly > r >
Iy, and so as in the integral above, the contribution of small wavenumbers can be
neglected due to the term 1 — sin(kr)/(kr), and the contribution of large wavenumbers
can be neglected since E (k) decreases very rapidly for an increasing k. The part
associated with the zone in k~>/3 thus provides the main contribution to the integral,
which can then be approximated by

(o 0] : k
Fii(r) ~ 4 / [1 _ sin( r)] Cx 2353 g
0 kr

To integrate, the variable change kr = x is used
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o
Fii(r) ~ 4CK(er)2/3/ (x — sin)c))c_g/3 dx
0
and integrating by parts two times,
2/3 3.3 /(™ —2/3
Fii(r) =~ 4Ck (er)”~ 3%3 x 7 sinx dx
0

Finally,
9 1
Fii(r) ~ chr (5) (er)?3 ~ 4.82 Ck (er)*?

using

o r 1
/ x"*sin(ax) dx = ) sin ('u—ﬂ) and I’ (5) ~ 2.68
0

at 2

In the inertial zone, there is thus a variation in (er)?/3, which could be predicted
by dimensional analysis and besides, the numerical factor is associated with the Kol-
mogorov constant Cg . In a similar way, though with longer calculations, the second
order longitudinal structure function with longitudinal separation can be obtained

27 1
Fii(r,0,0) =24 [1 = ()] = S C I (5) (er)*?
For the third order structure function, which seems more complex, an exact result
is finally obtained because the numerical factor is known but is nontrivial

4
Fi111(r,0,0) = 6u/3h(r) = —ger Li>r>1, (7.11)

This result is often called the second Kolmogorov law or law in —4/5. To obtain
relation (7.11), first the third order structure function F111(r, 0, 0) is expanded taking
into account that the triple velocity correlation at two points is an odd function, as
indicated in Sect. 6.24, which leads to

Fin(r,0,0) = [u)(x +r) — ;)]

—3u2(x + ryu (x) + 3u) (x + ru?(x) = 6u"h(r)

Then, the Karman and Howarth equation (7.6) is invoked with f(r) and h(r)
expressed in terms of Fi; and Fpip using Fi; = 2u/2[1 — f(r)] and Fi1; =
6u’3h(r), which gives
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0 ) P 1 4 4
E(M/ —T Zg F]/11+;F111 -V F(]"‘?F{l

In the first part of the equation, as time does not appear explicitly in F7; but only
through e under an almost equilibrium hypothesis, only the derivative of 1> remains,
that is Ou'? /Ot = —2¢/3, yielding

26 / 4 " 4 !
—?X6: F111+;F]]1 — 6v F11+;F]1

Multiplying by # and integrating give
4
—56}’ ~ Fi11 — 6VF1/1

In the inertial zone, where viscosity v can be neglected, relation (7.11) is indeed
recovered. Maurer et al. [188] brought support to this law. They conducted exper-
iments between two discs rotating in pressurized helium at low temperature, on a
large range of Reynolds numbers 20 < Re,, < 2100.

7.6.2 Refinement of Kolmogorov Theory*

In experimental investigations with large Reynolds numbers, particularly in the
atmosphere, it was observed that some quantities, as the high moments of the velocity
derivatives and the structure functions of high order, depend on the Reynolds number,
showing that an effect of the integral scale L ¢ of turbulence is present. The previous
classical theory must then be refined to introduce a function of L ¢ /r, while keeping
the already introduced average dissipation rate €. Apart from a numerical constant
omitted to simplify the writing, results of the following form are searched for

[t)(x +r,0) —uix,0)]" ~ (er)P x F(Ly/r) (7.12)

where F depends on the order p. The obtaining of F is one of the current problems
of turbulence. It demands a knowledge of the spatial irregularities of the instanta-
neous dissipation, or of its intermittency in a time tracking. Several theories describe
instantaneous dissipation in terms of probability distributions. They also debate on
the geometry of vortex filaments and the reduced space they can occupy. F con-
tains the randomness of the dissipation and thus becomes function of order p. Three
approaches have essentially been suggested and they are compared considering the
exponent ¢, with which r appears in the pth order structure function. The following
results are currently available
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¢p = g classical theory
_P K _ 2) log-normal distribution for the
%= 3 + 18 (3p P dissipation, and p 2~ 0.20
Cp= p +(3-D) (1 P ) fractal volumes for the dissipation, (7.13)
P3 3/ and D ~238
¢ = P 122 % r/3 log-Poisson distribution for the
L) 3 dissipation

Figure 7.11 illustrates the dependency of ¢, on the order p of the structure function
compared to experimental results. This figure leads to several interesting conclusions.
First of all, whatever the approach is, the case p = 3 provides (;, = 1 according to the
theory expressed by (7.11). For p < 3, the refinement effect is not very marked. Thus
the spectra corresponding to a kinetic energy, i.e. to p = 2, are only slightly affected.
In particular, this confirms the classical law E (k) ~ k—>/3 which thus appears to
be very solid. This law indeed applies to a large number of different circumstances,
from laboratory experiments to tests at sea or in the atmosphere, as shown in Fig. 7.3.
For p > 3, the internal intermittency effect becomes all the more important as the
considered moment is high. This led to numerous studies, by Van Atta and Park
[199] up to p = 9, by Anselmet et al. [170] up to p = 18 and Maurer et al. [188]
up to p = 8.

The case p = 2 and its application to spectrum E (k) is now briefly considered
again. As a function of (3, the dependency of E (k) with kL y can be expressed in the
general form

E(k) = CK€2/3k*5/3 (ka)*(sz2/3)

4 — 7
/ Ve
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Fig. 7.11 Values of exponent (, according to rank p of the longitudinal structure function:
——— classic Kolmogorov theory (K41), — log-normal law, ——— fractal approach and -

log-Poisson law, see Eq. (7.13). Symbols corresponds to experimental data collected by Frisch [174],
in particular those of Anselmet et al. [170] which are close to the log-Poisson law
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The exponent —((> — 2/3) is obtained noting that p/3, that is 2/3 here, must be
subtracted since it is already taken into account in the passage to spectral space, and
that a sign change must be undertaken because the exponent ¢, corresponds to r,
while k implies ~'. This leads to, considering expressions (7.13),

E(k) = Cxe3k3 classical theory

E(k) = Cxe?Pk=3 (kL ;)= log-normal distribution
E(k) = Cxe*3k/3 (ka)’¥ fractal approach

E(k) = Cxe*3k=>3 (kL )~%9  log-Poisson distribution

As for the expressions of ¢, the log-normal distribution case, which has an historic
interest and permits explicit and simple calculations, is developed in the following
paragraph. For more recent approaches, one can refer to the work of Frisch [174]. It
must be added that for an approach using a fractal volume, as suggested by Frisch
[175], the reader must study first non-integer dimension geometry, as for example
the famous Menger sponge. In this case a cube is excavated along three directions
perpendicular to the center of the faces following an iterative process leading to a
reduced volume which becomes fractal. With an excavation section at each iteration
of 1/3 x 1/3 of edge length, the remaining matter occupies a volume of non-integer
dimension D = In 20/ In 3 =~ 2.73. Finally the approach using a log-Poisson distri-
bution involves a hierarchy of structures associated with the energy cascade and to
vorticity filaments. It was suggested by She and Lévéque [190] and She and Waymire
[191]. Despite the theoretical complexity, which goes beyond the objectives of this
tutorial book, it must be pointed out that the curve obtained for ¢, is the closest to
experiments, without any necessary additional constant.

7.6.3 Overview of the Log-normal Distribution of the
Dissipation*

The basis of a log-normal distribution for the dissipation €, in a small volume of
dimension r relies on a fragmentation process as shown in Fig.7.12. The idea was
suggested by Obukhov [189] and Kolmogorov [184]. For each realization of the
turbulent field, the dissipation €, can be written as

€ = Q] X2 X -+ X Op X €
with ap, ag, ..., a;, being random. ¢y corresponds to the dissipation in a volume of
dimension L, which is the initial state of the fragmentation. Numbers a1, g, . . ., ap

are positive, because a dissipation is always positive and, besides, they are almost
independent of each other if the overlap between successive volumes is neglected.
Using the logarithm:
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61/60 = (1
62/61 = (2
63/62 = 3

6n/en—l = Qn

0

Fig. 7.12 Sketch for one realization illustrating the fragmentation of the volume where energy is
dissipated. There is a ratio of 8 at every iteration. The series ap, az, ..., oy, represents the ratio
between the energy dissipated in two successive volumes. These numbers are random and positive.
The last rank n corresponds to the spatial dimension r. This approach is useful to establish the
log-normal law

Ine, =Ineg+Inay +1Inay +---+1nay,

X

The variable x is then a sum of independent random variables, and according to
the central limit theorem x can be assumed to have a normal probability density if n is
large enough. Then it can be written that In €, = In eg 4 x or else €, = €y exp(x) with

exp(—x2/202)

1
p(x) = Jonol

The variable change from x to €, is then merely of the form y = ¢y exp(x), and this
y notation will be kept for a few lines so that the calculation is more understandable.
For the same reasons, the notations x and y are improperly used for the non-random
values appearing in the probability distributions. The distribution of y can be inferred
from the one of x with the classical variable change in a probability distribution,
which provides

P(y) = px) 1 exp[—(Iny—Inep)?/207]

19y/ox|  /2m0? y
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The moments of y can now be calculated. For instance, for order ¢

_ o0
ye =/0 yP(y)dy

The variable change x = Iny — In¢g is quite natural, it is equivalent to y =
€o exp(x). Hence,

1 +00
yq = eg—/
V2mo2 J-oo

exp(gx — x2/20%) dx = e} exp(q®0?/2)

using

+00
/ exp[—(ax2 +bx+c)]dx = Jﬁexp[(b2 —4ac)/4al
a

—00

For ¢ = 1, y becomes the usual dissipation rate €, which appears in all kinetic
energy equations. It corresponds to a statistical average on any volume, then partic-
ularly on volume r. This permits to link € to ¢, which had no physical meaning by
itself

Y =¢€p exp(a§/2) =¢ andthus, ¢y= eexp(—ai/Z)

which then provides

7 = ¢ exp [q(q _ 1)a§/2] (7.14)

For the variance o2, one uses o2 = ;1 In(L /) introduced for structure functions

and O')% = pln(kL y) for spectra, see expression (7.13). This logarithmic form has
two advantages. First, it permits a large variation range, with a% ~ 0 for large
separations, r ~ Ly, and a)% large for r <« L r. Secondly, it allows to continue with
simple calculations. The final form of y4 is then the following

n
. L\ z4@=D
vl = ¢l (—f) (7.15)

r

For an energy spectrum, 637 needs to be determined, that is y2/3, from which the
refined Kolmogorov law is easily inferred, the dependency in L ¢ /r being the same
as the one in kL ¢

E(k) = Cx P (kL ) T*3%G=D k=53 = Cx @Pr—5P kL ) ~1/°

The structure function of rank p involves e/ / 3, that is ¢ = p/3, which provides

B P (P
L 5x3x(5-1)
[/ (x +7,0) —u(x, 0] ~ ()" x (—f)
.
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and then,
p

o= hn b (Bo) = v

This is the formula announced in Sect. 7.6.2. The value of  is still to be obtained.
Van Atta and Chen [198] use the spectrum ¢, of the dissipation which becomes in
the inertial zone @ (k) ~ 2k~ '*# in 3-D and similarly, ¢V (k;) ~ eZkl‘”“ for
the one-dimensional spectrum in k; or in frequency. This provides p ~ 0.50. More
recent measurements, particularly those of Anselmet et al. [170] provide p >~ 0.20.
Because of this small value of p, it can be seen that only the higher moments are to
be considered to decide between the different theories. It must be added, so as not
to leave the reader with a wrong idea, that the log-normal approach is not the most
satisfactory one, and numerous useful comments on this topic can be found in Frisch
[174].

7.7 Homogeneous and Isotropic Two-Dimensional
Turbulence*

A two-dimensional turbulent field verifies u: # 0 for i = 1, 2, the third component
u’y being always equal to zero. For the vorticity vector, only the component w} differs
from zero. This case must not be mixed up with that of the average plane turbulent
flows, studied in Chaps. 3 and 4, for which the third axis is a principal direction or a
homogeneity direction, however with u’y # 0.

Whenever an isotropy hypothesis is introduced, the double velocity correlations
at two points can be expressed by the relation (6.24). The two basic scalars f(r)
and ¢(r), which notations are kept, have however different properties. Thus the
application of the incompressibility condition (6.25) with N = 2 provides

g=f+rf  orelse g:c;ir(rf) (7.16)

By integration of g = f + rf’, it can be obtained that L, = 0, still assuming a
rapid enough decrease of f(r) when r — o0. The negative loop of the correlation
g(r) is more important than that in the 3-D case. This corresponds to the importance
of recirculation flows due to the confinement in a plane. Deriving g = f + rf’, the
new relation between Taylor scales is obtained, i.e. A F= \/5 )\g.

The spectral tensor ¢;; always has the form (6.30), but indexes i and j only take
values 1 or 2, and the wavenumber only has two components k1 and k. The expression
of ¢;; as a function of the spectrum E (k) of kinetic energy is thus modified because:
on the one hand kinetic energy is k; = (u_/l2 + u_’zz) /2, and as a result, ¢;; = (3(k) and
on the other hand the integration surface in the k space is reduced to the circle of
radius k, and then X = 2nk. Finally,

E(k kik;
¢ij (k) = % (5,;/ - k—zj) (7.17)
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The one-dimensional spectra keep their usual definition, but their expressions
as a function of E (k) are modified. Particularly those provided by integration of
¢11(k1, ko) and of ¢oo(k1, kp) over kp, with &k fixed, are now

2 [ Ek
ED Gy =2 ® e e a
11 7 Ji 1
1

k2
7.18
E(”(kl)zg/ooik)idk 719
22 T Ji k2 2 — k12

The relation between these two spectra, which can always serve as a test to char-
acterize the isotropy of the different scales of the field, is

(1)
dE},

(1)
E22 = _kl dkl

(7.19)

Additional relations can also be obtained as in Sect. 6.2.6 for the 3-D case. Several
are provided by Sommeria [169]. Here are only mentioned the relations between f ()
and E (k), where Bessel functions appear, which is classical in 2-D,

%) -1 roco
firn=2 [/ E(k) dk} / E( kD
0 0 kr

E(k) = / —(r2f> Jo(kr) dr

The only non-zero component 233 of the spectral tensor of the curl is now calcu-
lated. The fluctuating component w} being du’, /Ox1 —Ou /Ox2, its Fourier transform
i W3 = ikjuy — ikyuy, which provides,

@33k = D305 = Kz + K — koo (@32 + iy )
= kion + k3011 — kiky (d12 + é21)

and using (7.17),

E (k) k 5 Kk27 k2
933(’“:7["%(1‘5)*"2(“;2 +2 52 = —E®

To find the spectrum 2 (k) of the enstrophy, it can be written that

/2 1 1 00 k2 00
Y -/ 233(k)dk = -/ —E (k) 2rk dk :/ K2E (k) dk
2 2 Jr2 2 Jo Tk 0
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and then,

2
Q) =k*E(k)  with —3 / Q) dk

As for the dynamics of the two-dimensional turbulence, it is characterized by the
absence of elongation of vortex filaments, as was already noted in Chap.5, which
leads to a specific behaviour. To understand this new situation, the approach devel-
oped by Batchelor [156] is the most direct one, and is based upon three equations
where both the dissipation rate e of turbulent kinetic energy and the dissipation rate
€, of enstrophy appear. The first equation corresponds to the usual time evolution
of turbulent kinetic energy for a homogeneous field without average velocity, i.e.

according to (6.17) .
0 (u -
= 5 \5 )= —vwy (7.20)

The second equation deals with the time evolution of enstrophy. It is provided by
Eq. (5.11), which now only concerns wé and in which the elongation term (a) is equal

to zero,
0 w3 Ows
— € =0- 7.21
‘ T o ( ) (axj ) ( )

The absence of elongation of the vortex filaments renders impossible a cascade of
kinetic energy towards small structures, but is compatible with a transfer of kinetic

energy to large structures. Besides, w/32 decreases faster for a 2-D turbulence than for
a 3-D turbulence. For large Reynolds numbers, as v — 0, according to the turbulent
kinetic energy given by (7.20), e — 0, and consequently, u_iz = cst.

In Eq (7.21), it must also be noted that the role of (9w} /0x;)? is similar to the one
of w % in Eq. (7.20). It is then useful to remind that for a 3- Dt turbulence the dynamics
of w?* was considered to understand the evolution of u*. The time evolution of

(Ow}/0x,;)? is now looked for to understand the one of wgz To do this, the Helmholtz
equation (5.7) which governs wj} is used,

owy 0wy P
or " Yiox; T ax,ax,

The derivative 0/0x; of this equation provides

0 (0w o'y owy , 0Puw, o? Ouwyy
N Rt RIS —v =3
ot \ ox Oxy Ox; I 0xjOxy Ox;jOx;j \ Ox
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This last relation is then multiplied by dw}/0xk, and the statistical average is
applied taking into account both incompressibility and homogeneity. The third term
in the left hand side simply gives

, 0wy W) 1, 0 (o 2109 NCrAS 0
u.— - = —U.— —_— = ——\ U. —_— =
T Oxp OxjOx; 2 7 0x; \ Oxi 20x; | 7\ Oxk
Transforming the molecular viscosity term, as in Sect. 5.6, the following equation
is finally obtained

2 / /
TR R R RS
20t axk 8x.,‘ 8xk 8xk

(a" ®"

In Eq.(7.22), the term (a’) is similar to term (a) of Eq. (5.11). The vorticity gradi-
ents can then benefit from a production term. One can imagine that the iso-w’; contours
in the plane containing the velocity variations are distorted, becoming more and more
folded and close to one another, enabling an enstrophy transfer to small structures.
As aresult, for large Reynolds numbers, a direct enstrophy cascade processes can be
considered. For the spectrum £2 (k), the Kolmogorov reasoning can thus be invoked,
which leads to search an expression of the form

(k) ~ € kP

The dimensional analysis then provides & = 2/3 and # = —1. Remembering
relation £2 (k) = k>E (k), one can then obtain the kinetic energy spectrum

E(k) ~ €3 k3

The direct numerical simulations provide interesting details. Herring et al. [162]
have studied the transfer function 7' (k) of kinetic energy, reproduced in Fig.7.13.
It can clearly be seen that only the large structures are provided with energy. This
phenomenon, characteristic of the 2-D case, is called inverse energy cascade.

When turbulence is properly forced around an average wavenumber, as in the
analytical approach of Kraichnan [164] or in numerical simulations [157, 160, 161,
168], a double cascade phenomenon is visible: the one of type enstrophy towards
small structures and the one of type kinetic energy towards large structures as illus-
trated in Fig.7.14. Note that the region in k~>/3 corresponds to an inverse energy
cascade in 2-D, and not to a direct cascade as in 3-D. Note also the very useful result
brought by numerical simulations since dimensional analysis only gives power laws
without providing the direction of transfers.

Also, the behaviour of two eddies, whether they are co-rotating or counter-rotating,
was already discussed in Sect. 5.4 for the case of the mixing layer. The calculations
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Fig. 7.13 Dimensionless spectral energy transfer rate in 2-D turbulence for Re;, = 58.6 in
a periodic square of side 27 (test case I), e numerical simulation, ——— test-field model from

Herring et al. [162]. Note the inverse cascade of energy towards large structures, at variance with
3-D turbulence (refer to Fig.7.7)
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Fig. 7.14 Double energy cascade in forced 2-D turbulence at high Reynolds number, € is the
dissipation of kinetic energy and ¢, is the dissipation of enstrophy. According to Kolmogorov
similarity, the first inverse cascade obeys a k~5/3 law, and the second cascade a k3 law. For the
k=3/3 law, the Kolmogorov constant is of the order of 10 at variance with 1.5 for 3-D turbulence.
The new limit associated with the k> law is given by kx = (Ew/V3)1/6. From Lesieur [167]

of Couder and Basdevant [159] for a plane wake have also shown the coalescence
of two co-rotating whirlwinds and the fact that two counter-rotating vortices form
a dipole by mutual inductance, and move away very rapidly along almost straight
trajectories. This phenomenon is also observed in Fig.5.7 for the 2-D simulation
of flow separation behind a rounded leading edge. For isotropic turbulence, it is
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not impossible that a similar behaviour may appear at certain times, only due to
a random arrangement of the vortices which will make them behave one way or
the other. This problem, linked to internal intermittence and still pending, is well
described in Lesieur [14].

In laboratory experiments, the tests require important confinements, as in the
soap film by Couder [158], and Couder and Basdevant [159], the application of
an intense magnetic field by Sommeria [169], or the effect of a strong rotation by
Hopfinger [163]. The two-dimensional turbulence caught the attention of geo- and
astrophysicists as the circumferential extension of the flow is easily 100 times larger
than its thickness, permitting the tangential movements to become preponderant.

7.8 Fourier Transform of the Navier-Stokes Equations*

To develop more sophisticated closures, the Navier-Stokes equations expressed in
wavenumber space are often used. Let us first remember that the Navier-Stokes equa-
tions when written in physical space, for an incompressible turbulent field without
mean velocity, are

ou; 0
o0 .

u; Uity dp* Ui P
—L =— ——L— where ==
ot + Ox; Ox; + V(“)xjaxj P P

and that the velocity field can be represented by the three-dimensional Fourier integral
u;(x,1) = / h; (k, t)e**dk
R3

The Navier-Stokes equations in wavenumber space can therefore be written

ikin; =0
ou; _— A A
a—tl +ikjuiuj = —ikip — szu,'

The second equation can be simplified. Particularly, the pressure term p can be
eliminated using Poisson’s equation (1.5) seen in Chap. 1, that is

o%p’ __32u’juf
OxkOxp Ox;0x;
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The Fourier transform gives k?p = —k jk;u;u;. Hence,

8 ~ — kk —
(— + I/k2) u; = —ikjujuj + ikili_zl”jul

ot
= —ik; (51'1 — ;—;)ujul
= —ik;j Py (k)u u; (7.23)

where the tensor P;j(k) = 6;; — kik;/ k? is introduced. This operator projects any
vector ¢ in a plane perpendicular to k, that is P;j(k)g; k; = 0. The nonlinear term
ujuj is still to be evaluated. By definition of the inverse Fourier transform given in
expression (6.8)

it () =

1 / / —ik-x
W / uj(x)ul(x)e dx

and, besides, it is also known that
u'; (x) :/ﬁj(p)e"p‘xdp
uj(x) = / 1(q)e' 17 dg

Hence,

—_— A~ A~ 1 —7 —_p—
wjug (k) = / / / @ (Pin(g) 3¢ Wep=%dx dp dq

ok—p—q)

Finally, the Navier-Stokes equation in the wavenumber space can be written as

0
(E + sz) ui(k) = —ik; Py (k) // uj(p)i(q)o(k — p —q)dpdq
= 2Pk / / i (P)in(g)o(k — p —q)dpdq  (1.24)

where the tensor P;j; (k) = k; P;j (k) +k; P;; (k) is introduced to render the expression
symmetrical. The time evolution of the Fourier contribution #; (k, t) is therefore due
both to its dissipation and to its nonlinear interaction with two other wavenumbers
p and g such that k = p + ¢q. Such a group of three is called a triad and can be
represented by triangles which can take various shapes as illustrated in Fig.7.15.
Equation (7.24) shows again, under a different form that it is possible, for a fixed k,
to excite larger wavenumbers, but also smaller ones. Triads have been introduced by
Batchelor [84] and Kraichnan [165, 186].
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Fig.7.15 Sketch of triads where k = p+¢q. For a given wavenumber with modulus k, the moduli p
and ¢g of wavenumbers p and ¢ must lie in the gray domain A, defined by |[p —¢q| <k < p+g¢q

7.9 Closure with the EDQNM Hypothesis*

Equation (7.24) is the starting point of more sophisticated closures than the ones
where spectrum E (k, t) is considered. Indeed an expression of the triad interactions
directly responsible for the transfer term 7 (k, ) in Lin equation (7.7) is now searched
for. One of the most common hypotheses to close the problem is the EDQNM (Eddy-
Damped Quasi-Normal Markovian) hypothesis. In this paragraph, an overview of the
emergence of this approach is given.

First of all a description of the time evolution of the correlation #; (k)i (p)
between the spectral contributions of two independent vectors k and p is established.
The reason to consider i; (k)i (p) is that this quantity is linked to the spectral tensor
oix (k), see Sect.6.1.3, by the relation

i (k)i (p) = dir (k)6 (k + p) (7.25)

and then linked to the kinetic energy spectrum E using expression (6.31).
As previously stated, omitting the time dependency to simplify notations, it can
be inferred from relation (7.24) that

B — S
[3— b+ p%]ﬁi(kmk(p) — _Lpu / / i O (ac(p) dl dr
t 2 I+r=k

i N I\~ S N~ 7~
— =Prji(p) // ;D (ryi; (k) dl dr (7.26)
2 l+r=p
To determine the time evolution of #; (k)iix (p), the triple velocity correlations

appearing in (7.26) must be closed. Millionshchikov [131] and Proudman and Reid
[143] have suggested the introduction of a hypothesis of quasi-normality, which
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states the following. It is assumed that the four random variables ii;, i ;, iix and i,
follow a Gaussian distribution for the fourth-order correlation

~

iﬁj Uil + ;g ﬁjﬁl + ;1 ﬁjlftk (7.27)

I
<>

Qi g

but without implying that the third-order #;i jii; be zero, which would normally
be the case for Gaussian random variables. This permits the retention of a transfer
term not equal to zero in Eq. (7.26). Would it not be the case, turbulence could only
decrease over time because of molecular viscosity.

To close the double correlations Eq.(7.26), an additional equation concerning
these triple correlations is then written. This equation of course involves fourth-order
correlations, but these can be expressed in terms of double correlations using (7.27).
The equation of triple correlations is built similarly to (7.26),

a R I~~~
[5 + (k> + p* + qz)} ui(kyur(pim(q) =

~ Pyt / / i Ol (i (pYiim (@) dl dr
l+r=k

~ S Pi(p) / / i O (i Wi (@) dl dr
I+r=p

S Pui@ / /l i O (i W (p) dl dr (7.28)
+r=q

Expanding the fourth-order correlations with (7.27), the previous equation can be
written as

8 N A~ 5 <~ , <
[5 +v(k* + p* + q%}ui(muk(mum(q) = Sim(k, p.q. 1)

where S;x, is a function of the double velocity correlations, and where a fully sym-
metrical relationship k + p + g = 0 is used for the triad. This equation is then
integrated to give

~ ~ ~ ~ ~ ~ _ 2 2 2
i W0k (P (@) = & ()i (P (q)| _ o™ F 0

t
+ / Sitm (k, p, g, 1) e EHPHI gy! (7.29)
0

and the factor v(k* 4+ p* + ¢*) which affects S;z,, has the simple form of a damping
due to viscous molecular dissipation. Now, Eq. (7.29) is injected in (7.26) to obtain
an equation involving only #; (k)i (p) and then the spectrum E (k, t).

For a few years, the Millionshchikov assumption had been thought to be a valuable
contribution. However, when computating facilities appeared, Eq. (7.29) would be
solved numerically. A major drawback then appears, E (k, ) becomes negative over
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time. Even worse is the fact that this energy loss takes place in the region where the
spectrum is at its maximum. Orszag [256] thus suggested increasing the damping of
Sikm, in other words to force the triple correlations to be less important. Assuming
that the turbulence is initially Gaussian, Orszag wrote

t ! !
;(R)iik(p)im(q) = / Sikm(k, p. q, t')e 1EP4OC) g/
0

where
nk, p,q,1) = v(k> + p> 4+ ¢%) + m(0) + 1, () + 14 (1)

The terms in 7 provide the desired additional damping for triple correlations in
the most energetic part region of the spectrum. This new damping is defined by

k
ne(t) = )\\/ / K2E(K, n)dk'  with X~ 0218 C}/*
0

The constant A is determined favoring a connection in the inertial zone. The
time 1/7; corresponds to the one introduced by Comte-Bellot and Corrsin [101] to
characterize the deformation and rotation due to large structures. This new model
is called the eddy-damped quasi-normal approximation (EDQN). It must be pointed
out that it is still not ensured that E(k, ) be positive.

The EDQN model can be further improved by introducing a memory or relax-
ing time of the turbulence, dependent on the three wavenumbers of the triad. This
modification is based on the work by Leith [124]. The model is then called the Eddy-
Damped Quasi-Normal Markovian approximation (EDQNM), and it is written for
triple correlations that

i ()i (P)ian (@) = Sitm (k. p, 4. 1) / entkpa 6= gy
1 — e~ k.p.q.1) "
Okpq (1)

1

Sikm(k’ pv q’ t)

where 0, (t) represents a memory or relaxing time of the turbulence. This model
ensures that the spectrum E (k, t) stays positive, whatever the form of the function
Okpq (1) is.

In the case of isotropic turbulence, using relation (7.25), it can be obtained for the
time evolution of the spectrum of turbulent kinetic energy that

OE(k _d d
ED) kB = [ G E@) ey +2) [P E®) — P E®)| I;qq

ot A
‘ (7.30)
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Fig.7.16 Notations used for the triadic interaction k+ p+¢ = O written in a symmetrical form, 6y,
0y and ¢ are the angles opposite to the vectors k, p and g, x = cos 0, y = cos )y and z = cos 0.
For instance, x = (p? + ¢ — k?)/(2pq)
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Fig. 7.17 Reynolds number effect on the k-weighted transfer term 7' (k). Data are normalized by
the Kolmogorov scales. Results obtained by EDQNM for Re ), , = 19.4 (dashed line), 66.0, 209.1,
659.3 and 2078 (solid line). All curves merge around kl,, ~ 1. Also note that T (k) is never zero in
the inertial subrange. Courtesy of Touil and Bertoglio

where the integration domain Ay is illustrated in Fig.7.15. The terms x, y and z are
the cosinus of the internal angles of the triad, as illustrated in Fig.7.16.

The closure with an EDQNM model accurately reproduces the decrease of a grid
turbulence, as shown by Lesieur [126] and Cambon [94]. This approach is still in
progress to take into account the anisotropy of homogeneous turbulence and the
rotating effects of the flow [91-93, 96] or compressible effects [367]. The advan-
tage of the EDQNM simulation is also the capacity to study turbulence with large
Reynolds numbers [368], which cannot be undertaken easily by direct simulation. As
an illustration, the evolution of the transfer term for different Reynolds numbers is
shown in Fig. 7.17. The reader can refer to the works of Lesieur [14], and of Cambon
and Sagaut [4] on this topic.



Chapter 8
Direct and Large Eddy Simulation
of Turbulent Flows

An overview of high-fidelity numerical simulation techniques is presented in this
chapter. Advantages and limitations are discussed for research or engineering pur-
poses. These time-dependent approaches are distinguished from mean flow calcu-
lations based on the averaged Navier-Stokes equations, which are examined in the
next chapter.

8.1 Direct Numerical Simulation

Direct Numerical Simulation (DNS) consists in solving as precisely as possible the
complete fluid dynamics equations. The objective is ambitious, as all the scales
forming the turbulent kinetic energy spectrum must be computed. The range to be
covered can be assessed by taking the integral length scale L  to estimate the larger
ones and the Kolmogorov scale ;, to approximate the smaller ones, and then writing
the ratio

Ly Ly Ly ~ R/

I, V314 3B L)1/ Ly

(8.1)

where Re,, ;= u'L y /v. This ratio is proportional to the number of points necessary
to build the mesh grid in one direction. The total number of mesh points n4,f required
to describe all the scales involved in a turbulent spectrum is thus directly linked to
the Reynolds number, and more precisely in three dimensions is proportional to

9/4
Ndof X RCL/j (8~2)

Despite the considerable progress in computing resources over the past six decades
[234,239] as illustrated in Fig. 8.1, it s still only possible to reach moderate values of
the Reynolds number in direct numerical simulation. Let us consider the example of
plane channel flow, a configuration often used for testing numerical simulations and
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Fig. 8.1 Progress in computing power measured in FLOPs (floating point operations per second).
Data from Nordhaus [254], Koomey [247] and the TOP500 project [258]

studying the development of turbulent boundary layers. The grid resolutions of some
simulations are collected in Table8.1. One of the first calculations was performed
by Deardorff [286] on a CDC 6600 computer which is listed in Fig. 8.1. He used the
largest number of grid points which could be stored in the high-speed memory of the
best computer at the time, namely ngof = 6720. This simulation can be compared to
the one of Kim et al. [629] using ngof = 4 X 100 grid points and carried out on a Cray
XMP. The physical domain is not exactly the same for the different numerical studies,
but the width of the channel flow is always 2/, and the transverse resolution can thus
be examined to assess relation (8.1). From the values reported in Table 8.1, one sees
that the law np ~ L/l ~ Re;* giving the number of points in the wall-normal
direction is clearly satisfied by allf the different studies.

DNS can provide comprehensive views of turbulence dynamics and enables the
assessment of numerous quantities which cannot be found experimentally such as
correlations involving pressure. Itis also instrumental in validating turbulence models
in academic configurations. For industrial flows where Reynolds numbers are too
high for a complete DNS, it is sometimes recommended to consider a numerical
scale model at a slightly lower Reynolds number to get a reference solution under
the assumption that physical mechanisms are preserved.
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Table 8.1 Some numerical parameters used for the direct numerical simulation of a plane channel
flow of width 24, see Fig.3.1, ngof = n1 x ny x n3, Rey, = Ugh/v where Uy is the bulk velocity,
and Ret = uh/v

Deardorff [286]

Ndof = 24 x 20 x 14 = 6720
Kim et al. [629]

Rdof = 192 x 129 x 160 ~ 4 x 10°

Re;, = 3300, Ret = 180 (Ret)3/*/ny ~0.38
Moser et al. [642]

Ndof = 384 x 257 x 384 ~ 38 x 10°

Re;, = 10950, Ret = 590 (Ret)3/*/ny ~ 0.46
Laadhari [635]

Ndof = 512 x 385 x 512 ~ 101 x 10°

Rej, = 20100, Re™ = 1000 (Ret)3/*/ny ~ 0.46
Hoyas and Jiménez [621]

Ndof = 6144 x 633 x 4608 ~ 17.9 x 10°

Re;, = 43600, Ret = 2003 (Ret)3/*/ny ~0.47

Note that the longitudinal and spanwise lengths of the computational domain are not the same in
the different studies; for instance 47h x 2h x 27h in Ref. [629] and 87h x 2h x 37wh in Ref. [621]

8.1.1 Numerical Methods

Two main families of numerical methods are used in DNS, namely pseudo-spectral
formulations and high-order finite difference schemes. The accuracy of the former
to compute spatial derivatives is usually unbeatable since the problem is solved in
the spectral space. However, this approach can only be applied simply in periodic
flow directions, for example in a decaying turbulence box using Fourier series, or
in the transverse direction of a channel flow using orthogonal polynomials. The
geometry therefore needs to remain essentially parallelepipedic and be associated
with elementary boundary conditions. An alternative is to consider high-order finite
difference algorithms, to simulate compressible turbulent flows for instance. A short
overview of these two approaches is given in what follows.

8.1.1.1 Pseudo-Spectral Methods

Orszag and Patterson [255, 461, 464] were among the first in the 1970s to make use
of the fast Fourier transform for solving fluid dynamics equations. A periodic flow
in the three directions is assumed here. The turbulent flow is also homogeneous and
incompressible. In the physical space, the Navier-Stokes equation is then written as

0 1
a—l; :uxw—V(%+§u2)+VV2u (8.3)
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with V - u = 0. By taking its Fourier transform and after some rearrangement, one

gets

kik;
k2

u —

i P uxw-—vka where  P;j(k) = &;j — (8.4)
is the projection operator already introduced in Sect.7.8. It is recalled that P (k)
projects any vector in a plane perpendicular to k in the solenoidal subspace. Moreover,
Eq.(7.23) obtained in that same section is identical to Eq. (8.4) noting that u - Vu =
V (#?/2) + w x u. A turbulence box of size L with a regular grid in the three
directions is considered, x; = (I1 Axy, [ Ax», [3Ax3), where [; is an integer between
0 and N; = L/Ax;. The periodic boundary conditions are enforced by

ux+Lg,t)=u(x,t)

where ¢ is any arbitrary integer vector. To simplify, the mesh is assumed to be
identical in the three directions, thatis Ax; = A = L/N. The smallest wavenumber
encountered in the box is k;, = 27/ L, while the largest resolved wavenumber is /A
corresponding to two points per wavelength as illustrated in Fig. 8.2. The velocity
vector is then expanded as a series of N3 Fourier modes

. N N
u(xp,t) = ZZZa(k,,, Del*n¥ where — R (8.5)
ny n2 n3

and with k,, = nky = (ny, na, n3)ky. The Fourier coefficients &, are given by the
following inverse equation, where all the N3 collocation points x; are involved

itk ) = 2 >3 ey
I 123 I3

As noted previously, there is no numerical approximation of the wavenumber
when calculating the space derivatives u, which explains the great precision of spec-
tral methods. The viscous term is exactly integrated without any associatedstability

k1Axy = w/4 k1Axy = 7/2 kiAz, =7

P20 NUU A W——\
NV

)\/A$1:8 )\/A:L'1:4 )\/AI1:2

Fig. 8.2 Representation of the number of points per wavelength \/Ax; for a given dimensionless
wavenumber k1 Ax; on a one-dimensional regular grid of spacing Ax
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condition and in general, a pseudo-spectral method must be implemented to calculate
the nonlinear convective term in the physical space. One of the most widely used
numerical algorithms is that developed by Rogallo [465], refer also to the reviews
by Rogallo and Moin [466] and Hussaini and Zang [460]. The exponential factor
in (8.5) is not modified when the index n; becomes n; = pN where p is any integer,
leading to aliasing errors. They can be properly removed [464] by noting, however,
that the computational time is significantly increased [467]. Time advancement is
usually performed explicitly thanks to a second-order Adams-Bashforth scheme or
a self-starting Runge-Kutta scheme, by enforcing the incompressibility condition
[466]. Finally, stationary turbulence can be simulated by adding a forcing at each
time step [459, 462].

8.1.1.2 Finite Difference Schemes

Let us consider a one-dimensional uniform mesh of spacing Ax;. An implicit finite-
difference approximation f; of the first order spatial derivative 0 f/0x; at grid point
x1 = i Ax can be obtained through the following expression

Bfia+afly+fi+afi+Bfln=
Cfi+3 — fi-3 +bfi+2 — fi—2 +afi+1 — fi—1
6Ax] 4Axq 2Ax;

(8.6)

based on a Padé-type development, as proposed by Lele [248]. The constants «, 3
and a, b, c are calculated from a Taylor series of the previous expression to reach the
maximum order for a given scheme. An a-family of 6th-order tridiagonal (5 = 0)
schemes is obtained with the relations a = (o + 9)/6, b = (32a — 9)/15 and
¢ = (—3a+1)/10 on the coefficients for instance. Two particular values are however
ofinterest, « = 1/3leading to acompact 5-point stencil widely used in computational
fluid dynamics, and o« = 3/8 allowing to reach the 8th order.

Numerical dissipation and dispersion, namely errors in the amplitude and in the
propagation speed of the waves, affect the phase velocity for an harmonic plane
wave and the group velocity for a wavepacket. To characterize these errors, the exact
wavenumber k defined by the Fourier transform of 0 f/0x , that is

af/0x; = ik; f

can be compared to its approximation k* provided by the numerical scheme. By taking
the Fourier transform of (8.6), the following expression of the effective wavenumber
can be derived

asin(ky Axy) + (b/2) sin(2k; Axy) + (¢/3) sin(3k; Axy)
1+ 2accos(ky Axy) + 26 cos(2k1 Axy)

kiAx =
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Optimized schemes can then be obtained by reducing the formal order of accuracy
of the scheme (8.6), and by using the remaining degrees of freedom to minimize the
relative error of the modified wavenumber, for instance

/ |k‘iAx1 — k1 Axy| dIn(k; Axy)

Explicit schemes are obtained as « goes to zero, the choicea = 1,b = c =0
corresponding to the 2nd-order standard scheme and a = 4/3,b = —1/3,¢c =0
to the 4th-order scheme. An optimization strategy can be also developed for these
schemes, more details can be found in Tam [263] and Bogey and Bailly [236].
Accuracies of the standard and optimized schemes considered above are provided in
Table 8.2 with respect to the phase and group velocities. The highest value taken by
the modified wavenumber is of importance to determine the stability condition for
time advancement, and the last column is an indicator of the scheme’s efficiency.

The effective wavenumber is also plotted in Fig. 8.3, as a function of the exact
wavenumber in linear scale and as a function of the number of points per wavelength
in logarithmic scales. As expected, the error is maximum with E,, = 1 for grid-to-
grid oscillations, thatis k; Ax; = mor A/Ax; = 2, and generally decreases as A/ Ax
increases. For the standard finite differences, the decrease is however much more
rapid when the order of the scheme becomes higher. For A\/Ax; = 20 for example,

Table 8.2 Accuracy limits of some standard central finite-difference schemes (CFD), OFD are the
optimized schemes of Bogey and Bailly [236], CoFD is the tridiagonal compact scheme of Lele
[248] for a = 1/3 (6th-order) and o = 3/8 (8th-order), CoFD opt. is the pentadiagonal optimized
4th-order scheme of Lele [248]

Scheme Ey,, <5x 107 E,, <5x107*

ki Axtlmax | A/AXi|min | k1AX1Imax | A/AX1|min | kmax Ax1 | Ky, / Kkmax
CFD 2nd-order 0.0986 63.7 0.0323 194.6 1.0000 | 0.10
CFD 4th-order 0.3439 18.3 0.2348 26.8 1.3722 | 0.25
CFD 6th-order 0.5857 10.7 0.4687 13.4 1.5860 | 0.37
CFD 8th-order 0.7882 8.0 0.6704 9.4 1.7306 | 0.46
CFD 10th-order 0.9550 6.6 0.8380 7.5 1.8374 | 0.52
CFD 12th-order 1.0929 5.7 0.9768 6.4 1.9208 | 0.57
OFD 11-pt 4th-order | 1.3530 4.6 0.8458 7.4 1.9836 | 0.68
OFD 13-pt 4th-order | 1.3486 4.7 0.7978 7.9 2.1354 | 0.63
CoFD 6th-order 0.8432 7.5 0.7201 8.7 1.9894 | 0.42
CoFD 8th-order 1.1077 5.7 0.9855 6.4 2.1334 | 0.52
CoFD opt. 4th-order | 2.4721 7.3 0.7455 8.4 2.6348 | 0.33
The error criteria on phase and group velocities are defined by E,, = [kjAx; — ki Axi|/7 <

5x 107> and Ey, = |0k} /Oki—1] < 5x 10~* respectively. Accuracy limits are equally provided in
terms of point-per-wavelength resolution (A/Ax). The highest modified wavenumber kpax Ax; =
ky Axy |mlx corresponding to a zero group velocity and the ratio between the highest well-resolved
wavenumber k, and kmax are also given
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Fig. 8.3 Effective wavenumber k] Ax| as a function of the exact wavenumber k1 Ax; for spatial
differencing methods: left, linear representation and right, logarithmic scales. ——- 2nd, 4th, 6th,
8th, 10th and 12th-order central differences (CFD); —e— tridiagonal 6th-order compact 5-point
(o = 1/3) and 8th-order (o« = 3/8) CoFD schemes, pentadiagonal optimized 4th-order scheme
(CoFD opt.) of Lele [248]; optimized —— 11-point and —— 13-point schemes (OFD) of Bogey
and Bailly [236]

the phase-velocity error E,, is around 2 x 1073 for 2nd order, and 4 x 10~ for

4th order, but below 1076 for 6th order. With respect to the corresponding standard
schemes, the use of optimized schemes allows the reduction in phase errors for short
waves, typically with 4 < A\/Ax; < 10. As an illustration, the standard 11-point
10th order scheme can be compared to the optimized 11-point 4th-order scheme of
Bogey and Bailly [236]. For an explicit (2n + 1)-point centered explicit stencil, the
maximum order for the truncation error is 2n.

Finally, itis important to emphasize that accurate numerical schemes, with low dis-
persive and dissipative errors, are required both in space and time. For time advance-
ment, Runge-Kutta algorithms can also be optimized in Fourier space, as proposed
by Berland et al. [233] For frequencies up to four points per wavelength, that is
wAt < 7/2, there are more than three orders of magnitude between the dissipa-
tion of the classical Runge-Kutta scheme and the optimized low-storage scheme of
Berland et al., both providing a formal 4th-order integration. The time-step range
of stability is also increased. The reader can refer to the reviews by Ekaterinaris

[243] and Pirozzoli [257], and also refer to associated topics such as boundary con-
ditions [242].

8.1.2 Some Applications of DNS

Several examples of DNS results have already been introduced throughout the text.
The case of channel flows for instance is illustrated by Fig. 1.5, is discussed in
Sect.2.6 and recent DNS are quoted in Table8.1. Topics of interest often stem
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from the connection between turbulence and another field of physics. Turbulent
combustion, turbulent two-phase flows, acoustic radiation of turbulent flows, mag-
netohydrodynamics or the use of active control in fluid mechanics can be mentioned.
Moin and Mahesh [252] can be referred to for a fairly large overview of the use of
DNS in research.

Various studies have been performed for homogeneous and isotropic turbulence
in a periodic box, and a review of recent results obtained by DNS can be found in
Ishihara, Gotoh and Kaneda [111]. Another model flow to study transition to turbu-
lence through the generation of small turbulent structures by vortex stretching was
introduced by Taylor and Green [89, 154]. The generalized Taylor-Green vortex flow
is defined as the periodic flow which develops from the following initial solenoidal
field

ui(x,0) = (2/+/3) sin(y 4 27/3) sin(x) cos(x2) cos(x3)
ur(x,0) = (2/«/3) sin(y — 27/3) cos(x1) sin(x3) cos(x3) (8.7)
u3(x, 0) = (2/+/3) sin(y) cos(x1) cos(x2) sin(x3)

written in non-dimensional form, where the shape factor v determines the orientation
of the initial anisotropic vortex structure. The pressure field can be analytically cal-
culated by solving the Poisson equation (1.5). Two snapshots of the flow computed
by DNS are shown in Fig. 8.4. A pseudo-spectral algorithm is used, and more numer-
ical details can be found in Fauconnier et al. [293] The Taylor-Green flow satisfies
numerous symmetries, in particular any cross-section plane defined by x; = nm with
n integer is never crossed by the flow at any time. This property can be qualitatively
distinguished in the reported DNS results. The turbulent flow reaches an isotropic
state for + ~ 7 with no memory of the initial conditions for a sufficiently high
Reynolds number, namely Re >~ 1 x 1/ > 1000, and the dissipation peak occurs

09
08 1
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08 -
05

%o

w’Z:: B g T AR o

Fig. 8.4 Taylor-Green vortex flow at Re = 3000 on a 3847 grid at time 7 = 0, see expression (8.7),
and DNS at r = 18. Turbulent vortex structures are identified with the A, criterion of Jeong
and Hussain [487] and are colored by z-vorticity with (x, y, z) = (x1, x2, x3). From Fauconnier
et al. [293]
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around ¢ ~ 9. Since there is no forcing, the turbulence eventually decays when ¢
goes to infinity. This well-defined configuration can be used to evaluate turbulence
models used in large-eddy simulation for instance [293].

8.2 Large Eddy Simulation

In Large Eddy Simulation (LES), the governing equations are obtained by applying
a spatial filter to the mass, momentum and energy equations. Only the large scales of
the turbulent flow are calculated, and effects of the smallest ones must be taken into
account through the addition of a subgrid scale model. The constraint imposed by the
Reynolds number on the number of grid points (8.2) can thus be partly relaxed with
respect to DNS. The filtering operation is first defined, and the filtered Navier-Stokes
equations are then derived. Numerous subgrid scale models have been developed over
the last decades. By following Sagaut [339], they can be classified into functional
or structural models. Models based on a turbulent eddy viscosity and on an explicit
relaxation filtering are here presented. Hybrid approaches such as Detached Eddy
Simulation (DES) are finally briefly introduced. The filtered Navier-Stokes equations
for a compressible turbulent flow are provided in Sect. 8.4.

8.2.1 Spatial Filtering

In LES, the first element to be introduced is the filtering procedure, which separates
the scales to be solved explicitly from those to be modelled, the so-called subgrid
scales. The filtered field is mathematically defined by a convolution product in the
physical space [312]

ﬁi(x,t)=/G(x,y)u,-(x—y,t)dy=G*u,- (8.8)

where u; is the filtered velocity field, and where the low-pass filter G must satisfy
the following normalisation constraint

/G(x,y)dy:l (8.9)

This filtering operation is a priori not idempotent, that is it; # ir;. In other words,
the filter G is in general not a projector. Moreover, the derivative operation does not
commute with the filtering operation except for a constant filter width in the whole
computational domain, that is for a homogeneous filter [302, 303]. For instance, the
box or top-hat filter consists in averaging on the mesh size A = (Ax| Axp; Ax3)"3,
and is defined by
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/A% i i —yil < A2

Glx—y = [ 0 otherwise. (8.10)

This filter is uniform only on a regular grid. Two other classical filters can be
mentioned. The first is the Gaussian filter given by

6\ 1 — y)?
Gx—y = (;) Eexp(—6(xATy))

The second is a sharp filter defined in the Fourier space. According to the con-
vention for the Fourier transform (6.8), the Fourier transform of the filtered velocity
field can be written as # = (27)3G x i. Consequently, the transfer function is here
defined as Gy = (27)3G. The sharp filter in spectral space is then defined by

1 if k] < ke =7/A

0 otherwise, (8.11)

Gk (k)=[

and satisfies the normalization condition (8.9), namely G4 (0) = 1. In practice, high-
order discrete filters are also commonly used in LES algorithms [295, 512]. Using
notations already introduced for finite difference schemes, the filtered quantity f in
the x| direction and at point x; = [x] is calculated as

l’lf
fi=fi—or D difiy

j==ng

where o is the filtering strength between 0 and 1. The filter coefficients d; can
be determined by imposing G (7) = 0 to remove shortest waves, and by choosing
symmetric coefficients d; = d_; to ensure no phase-shift and arealizability condition
G > 0. The filter order, and consequently the commutation error between the
filtering operation and spatial derivatives, can be controlled by cancelling the first
moments of Gy [326, 352]. An illustration for a one-dimensional filtering operation
is shown in Fig. 8.5. The signal f, the signal f filtered by a 4th-order filter, and the
small scale part f” are plotted as well as their spectra. The filter cutoff wavenumber
is defined as Gy (k.1 Ax1) = 1/2, corresponding to k.; Ax; == 2 for this filter.

8.2.2 Filtered Navier-Stokes Equations

Before starting, it is important to observe that the decomposition u; = u; + u;
associated with the filtered velocity u; for instance, seems similar to the Reynolds
decomposition introduced in Chap. 2, but has a completely different meaning here.
In large eddy simulation, any variable is decomposed into its filtered part which is
calculated, and a small scale part, whose effects must be modelled.
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Fig. 8.5 Illustration of the filtering operation on a homogeneous signal f (x1) (arbitrary units). At
left,—— signal f,——— filtered signal f by a 4th-order filter G and f = f— f.All these
signals are normalised by the rms value of f. At right, power spectral density S as a function of the
dimensionless wavenumber k; Ax;, —— for the signal f,~-—~ for the filtered signal f and

for f’. The relation S(f) = G% x S(f) is also verified

U =u; + u: with ui =G *xu; (8.12)

The time average of a quantity, filtered or not, is denoted by (-). For instance, the
averaged kinetic energy of the velocity field resolved by LES is (ﬁlz) /2. The filtered
Navier-Stokes equation is obtained by convolution with the filter, and by neglecting
commutation errors between differentiation and filtering operations. As mentioned
in the previous section, this assumption is reasonable, at least when using high-order
filters. Furthermore, the flow is still assumed to be incompressible throughout this
chapter, that is V - u = 0. The compressible case is briefly presented in Sect. 8.5,
where the Favre filtering is introduced. The filtered Navier-Stokes equation can be
written as follows

Opity) | Vpitiiy) _ 9p Oy Oy
ot 8xj - ox; ax]' 8xj

(8.13)

where t;; = pu;u; — pu;u; is the subgrid-scale stress tensor. This tensor is usually
split into three contributions as introduced by Leonard [312]

tij = pitiitj — puguj = pitjinj — p(it; +up) @y +u'y)

= pﬁ,‘ﬁj - pﬁ,‘ﬁj —pu;ﬁj - pﬁiu/j —pu;u/j (8.14)
e —’
(1) @ (©)

The term (1) is the Leonard tensor involving only filtered quantities, the cross
term (2) involves interactions between resolved and subgrid scales and the term (3)
has a form close to that of a Reynolds stress tensor based on subgrid scales. One
must pay attention to the sign convention used for the stress tensor #;;, which is
sometimes defined with the opposite sign in the literature. The terms (1) and(2)
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Fig. 8.6 Sketch of triads e
where k = p + g associated q X
with the Leonard 9
decomposition (8.14),
adapted from Sagaut [339].
For a given wavenumber
with modulus k, the

moduli p and g of
wavenumbers p and ¢ must
lie in the domain defined by
p —ql <k < p+gq,refer
also to Fig.7.15. The
wavenumber cutoff
frequency of the filtering is
denoted k.

should be zero within the framework of the Reynolds decomposition presented in
Chap. 2. Moreover, only the terms (2) and (3) are unknown in (8.14) if an explicit
filtering is used in the LES algorithm. It must be also mentioned here that this triple
decomposition is not Galilean invariant term by term [345]. Germano [296] redefined
the triple decomposition (8.14) as

v = __/

]—i—u;u]—uu +uiij)— +pu i

tij = puj uj — puu; +p(i; u

R @ 3
(8.15)

to meet this requirement. Finally, the Leonard decomposition (8.14) can be visualized
in the wavenumber space [339] as shown in Fig. 8.6, following the illustration of
triadic interactions presented in Fig.7.15.

8.2.3 Modelling of Subgrid Scales in LES

Three fundamental sources of error can be identified. The first is associated with the
projection leading to the filtered Navier-Stokes equations. The second is linked to the
discretization of these equations and has already been illustrated in Sect. 8.1.1.2 for
finite difference schemes. Finally, the subgrid-scale modelling represents the third
contribution. A complete discussion of the subject, as well as a review of subgrid-
scale models, can be found in Sagaut [339].
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well-resolved scales — <«— subgrid scales

Fig. 8.7 Sketch of scales involved in LES. The cutoff wavenumber of the grid is given by kJ A = T,
and the accuracy limit of the spatial numerical differentiation is k.. The transfer function G of the
low pass filter is chosen to preserve the largest part of the well-resolved scales

In what follows, it is assumed that a filtering operation is applied during the time
integration of Eq.(8.13) to control the spectral content of the numerical solution
[318], and to ensure a separation between the cutoff wavenumber of the filter k., and
that of the spatial scheme k. The error induced by the discretization is thus expected
to remain small for the well-resolved scales, as sketched in Fig.8.7. In practice,
the so-called primary filter G introduced in expression (8.8) is often not explicitly
defined. It is the transfer function of the differentiation scheme which acts as a low-
pass filter, as shown in Fig. 8.3 with some classical finite-difference schemes, and it
is merely denoted by u;. In other words, the filtering is implicitly obtained through
the projection of variables on the mesh. The transfer function is however not known
when using unstructured grids for instance.

Finally, subgrid scale models can often be categorized into functional or structural
modelling approaches [339]. In the first group, the goal of the subgrid scale model is
mainly to preserve the turbulent kinetic energy balance. The model is thus calibrated
to recover the dissipation imposed by the energy cascade. Most of these formulations
are based on a turbulent viscosity. In the second group, an effort is made to preserve
the spectrum of the resolved scales up to the cutoff wavenumber. The transfer function
of the filter must be known in this case, which motivates the introduction of an explicit
filtering operation in the LES algorithm. These two approaches are briefly presented
in the two following sections.

8.2.4 Closure with a Turbulent Viscosity Model

In most of the functional models, the subgrid scale tensor 7;; is expressed by introduc-
ing a turbulent viscosity written as v, ~ [ x u. The models differ in their expression
of the velocity scale u, whereas the length scale [ is always linked to the width A
of the filter. Similarly to what has been done in Chap.2, #;; is expressed from the
gradients of the filtered velocity, that is from the components of the resolved velocity.
The subgrid scale tensor is written as the sum of its deviator and of its spherical or
isotropic parts

1
D 77 77
' t :-pu.u.+—pukuk5ij
lij = tg + tg with l; l /]_/ 3 2 (8.16)
tij = —gpukuk(sij = —gpkxgs(;ij
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and where tiZj) is expressed as

_ . _ 1(0u; Ouj
tl? = 2/1181']' with Sij = E(a—xl + a—x]) (8.17)
j i

by remembering that the flow is assumed to be incompressible here. The compressible
case is introduced in Sect. 8.4. Apart from its sign, the term tl% represents the residual
energy or the subgrid scale energy kg, that is the turbulent kinetic energy part not
resolved by the grid. Its average value is given by

(ksgs) = / ” E (k) dk

/A

for a top-hat filter. The filtered Navier-Stokes equation (8.13) can then be written as

d(pui) 0 op* 0 [(

(pitiiij) = — 22 + + )ab_"' (8.18)
ot Ox;j pity) = Ox;  Ox; Hr He ox; ’

J

where the isotropic part tg of the subgrid stress tensor #;; is included in the pressure
term according to (8.16),

pksgs

8.2.4.1 Smagorinsky Subgrid Model

Only the expression of the turbulent viscosity is unknown in Eq. (8.18), and the first
closure was proposed by Smagorinsky [344]. This turbulent subgrid viscosity v; is
built by choosing / = C; A as a length scale and 5 = ,/25;;5;; as a velocity gradient
scale. This leads to

— _ 1 (Ou; on;
vy = (CSA)Z,/ZSijSij where Sij = 5(8_x; + 8_)65) (8.19)

where C; is the so-called Smagorinsky constant. This constant can be estimated
assuming that the cutoff wavenumber of the filter k. = 7/ A is located in the inertial
part of the turbulent kinetic energy spectrum, that is when E (k) ~ Cge?/3k=>/3. As
discussed in the previous chapter, the Reynolds number is implicitly assumed to be
large enough to observe an inertial region and an energy cascade. The rate of energy
to be dissipated is imposed by the large structures, which are resolved by LES, but
the finest scales responsible for dissipation are missing. They are part of the subgrid
scales. The value of the turbulent viscosity is then determined in order to realize this
dissipation by the resolved scales.
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The dissipation corresponds to the energy transferred from the resolved field to
the subgrid field, that is

Ui

pe = <t,-,-87j> =2(w5) = p(C;0) (5°) (8.20)

The shear magnitude § of the filtered field is calculated as follows

ke
(25ij5:;) = (%) = / 2k*E (k) dk
0

and can be analytically estimated for a cutoff wavenumber k. located in the inertial
zone

k.
: 3C 473
(2) :/ UCCx PPk ~ TK (%) /3 (8.21)
0

The value of the constant Cy is obtained by eliminating the dissipation between
relations (8.20) and (8.21), which provides

1 7 \3/4 (52)3/2 1/2 1 7 \3/4
c=1 () ((53)) =+ (36) (822

Numerically, one finds Cy; >~ 0.18 by taking the value Cx ~ 1.4 for the Kol-
mogorov constant. It is now well established [292, 314, 323] that a more suitable
value is about Cy; >~ 0.10. A more complete analysis of this model can be found
in Meyers and Sagaut [322], in particular regarding the value of the Smagorinsky
constant.

A damping function must be introduced to decrease the length scale in the expres-
sion of Cy near walls. This difficulty has been already discussed in Chap. 3, refer to
relation (3.22). A van Driest type damping function [442] is also used to modify the
expression of the turbulent viscosity

2
v=[Coal = e 1) [T /255 (8.23)

It is reminded that the wall variable is given by x; = xou,/v. The constant A(‘)|r
must be adjusted to properly recover the logarithmic law, typically Al ~ 25. A two
layer model can also be developed for near-wall flow regions, as proposed by Flohr
and Balaras [266, 294]. Moreover, a complete discussion including the presence of
a pressure gradient can be found in Duprat et al. [291].
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8.2.4.2 Subgrid Residual Energy

The isotropic part tg of the subgrid tensor (8.16), which is included within the
pressure term in (8.18), is often discarded with respect to the pressure term in p*.
Moin et al. [323] have shown that the ratio between this residual energy term and the
pressure is less than 3 % in their simulations dealing with low Reynolds number flows.
Introducing the subgrid turbulent Mach number defined by M, Szgs = 2ksgs/ (YD/P),

it can also be observed that
Va2 -
gka!]S = gM gs P

and Erlebacher et al. [292] consider that tg can be neglected by comparison with the
pressure term p as long as M, < 0.4.

Within the framework of the Smagorinsky approach, the following expression has
nevertheless been proposed [292, 323, 360] for the subgrid scale energy

ksgs = C1A%25;;51; = C1 A%5? (8.24)
where C; is a constant. To determine its value, the cutoff wavenumber of the filter

is again assumed to be located in the inertial zone of the turbulent kinetic energy
spectrum. It can then be written that

(ksgs) = /oo E (k) dk = CK€2/3/

/A /A

0 -2/3
s = 3K ap (1Y
2 A

and introducing the expression (8.21) of 5% in ksgs = Cgp A252, one gets

C; = — ~0.10 (8.25)

1
72
Finally, a transport equation [309] for the subgrid energy ks can also be derived.
This approach is used for simulating atmospheric flows for instance.

8.2.4.3 Germano and Lilly Dynamic Models

The classical Smagorinsky model is often found to be too dissipative [279, 310], in
particular for transitional flows. This drawback can be partly overcome by a dynamic
estimation of the model constant. Germano et al. [298, 300], Lilly [316] and Moin
et al. [323] for compressible flows, have developed dynamic formulations of the
Smagorinsky model. The constants Cy and C; are evaluated to adjust locally in
space and time to the turbulent flow. The algorithm is based on the Germano identity
[297, 319] which allows any subgrid scale tensor calculated at two different filtering
levels to be expressed analytically. The underlying assumption is that the turbulent
flow is self-similar [267, 325] in the wavenumber band defined by the two filters. The
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primary filtering operation of width A is still denoted by u#; = G A *u;. An additional
test filter 1; = G f*u; defined on a coarser grid of width A > A is also introduced,
and according to the convolution product properties, one has it; = G ;*(Ga*u;) =
G * (G ; * u;). Thus, by applying the new test filter to the ﬁltered Navier-Stokes
equation (8.13), one obtains

dNpu) 0
ot axj‘

—

where 7;; = pit;it; — puzu;. This tensor 7;; can be related to the subgrid tensor 7;;,
see expression (8.14), through the following Germano identity

—~—

12] uiujzﬁiﬁj—m—l-ﬁiﬁj—ﬁiﬁj

&ll

which provides in the present case
ﬁij =7;j —lrl'j with Lij Epl,:tviﬁj — piiu;j (8.26)

In this relation, the tensor £;; can be calculated explicitly for the resolved velocity
field iz;. The two subgrid tensors ;; and 7;; are expressed according to the Smagorin-
sky model using relations (8.17) and (8.19). Hence,

1 __
tl? =t;j — gfkkéij =2C,A%5 Sij

= 2sijsij

Lan

1 ~ ~ o~
TP =T - {Tudy = 2Cad%p3 5,

where the dynamic Smagorinsky constant is usually denoted by C4, and is formally
linked to the Smagorinsky constant by C; = Cf. This dynamic constant Cy is deter-
mined by imposing that the subgrid tensors must satisfy the Germano identity (8.26).
Therefore,

1
LY =Lij— 3 L = PP

= 2C(A%p§5ij — A% 57))
= 2C M;; (8.27)

Expression (8.27) can then be used to determine the value of C4. Contracting this
relation using §;;, one obtains

1 »C Sl]
ZMUS,]'

Cq =

as derived by Germano et al. [300] However, an ill-posed problem appears in practice,
and the final expression to estimate C; was reformulated by Lilly [316]. The value
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of the constant is calculated from (8.27) by minimizing the quantity /j?j). - TUD + tjlj)
using a least-squares method

% (Elzj) — 2Cd./\/l,'j)2 =0

which leads to the following expression of Cy4

1 Mi./[:E

= —-— 8.28
¢ 2 Mg M (8:28)

Equation (8.28) provides a dynamic procedure to estimate the Smagorinsky con-
stant C4 = Cy4(x,t) and thus to compute the subgrid tensor in (8.13) through the
use of an additional test filter. In practice, to avoid negative values or overly large
variations of the turbulent viscosity 14(x, t) leading to numerical instability, the
numerator and the denominator in (8.28) or more directly v, are often averaged in
homogeneous directions. Another way to prevent numerical instability is to impose
that [339] v + v > 0. Excessive values of the dynamic constant are also removed by
checking that Cy < C sz Finally, the value A = 2A appears to be a good compromise
for the test filter width.

A similar approach can be developed to dynamically determine the constant C;
introduced in expression (8.25) to calculate the subgrid energy [323]. Taking the
trace of £;; and substituting into the subgrid model (8.24) leads to the following
relation . c
2 p2 pst—Aps

Numerous simulations have been carried out using these dynamical models, and
the present discussion can be continued by reading Meneveau and Katz [320], or

Jiménez and Moser [306].

To illustrate the behaviour of an LES modelling based on a turbulent viscos-
ity, numerical results obtained from an explicit relaxation filtering are compared
to those obtained using the Smagorinsky dynamic model. Reynolds number effects
are well reproduced by the first approach, which is presented in the next section.
The mean axial velocity and the centerline rms fluctuating velocity of a subsonic
round jet are displayed in Fig.8.8. As the Reynolds number decreases, the gen-
eration of vortical structures in the shear layer occurs farther downstream [279],
which can be attributed to the decrease of the growth rates of instabilities, due to
viscosity effects at low Reynolds numbers. Consequently, the potential core length
increases and accordingly, mean axial velocity profiles are shifted in the axial direc-
tion to specifically compare the velocity decay rates after the potential core. After
the potential core, velocity decays occur faster as the Reynolds number decreases,
in accordance with the available experimental data. The effective Reynolds number
of the jet at Reynolds Rep = 4.0 x 10° calculated with the dynamic Smagorinsky
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Fig. 8.8 Subsonicroundjetat M = 0.9. On the left, centerline mean axial velocity profile and on the
right, centerline profile of the rms fluctuating axial velocity, both quantities are normalized by the exit
jet velocity u ;. LES results based on an explicit relaxation filtering for different Reynolds numbers,
v Rep = 2.5 x 103, === Rep = 5% 103,-—— Rep = 10*,—— Rep = 4.0 x 10°, where
D = 2ry is the nozzle diameter. Experimental data of v Stromberg et al. [556] (Rep = 3.6 x 10%),
o Arakeri et al. [506] (Rep = 5 x 10°) and A DNS of Freund [528] (Rep = 3.6 x 10%). LES results
using the dynamic Smagorinsky model are also reported for —— Rep = 4.0 x 10°. From Bogey
and Bailly [279]

model is however artificially decreased by the turbulent viscosity, and reduced down
toRep ~u;jD/v; >~ 8 x 103 in this example. A similar behaviour is observed for
the amplitude of the peak of the axial fluctuating velocity, by noting that this peak
increases as the Reynolds number decreases.

8.2.4.4 Velocity Scale Based on a Structure Function
Métais and Lesieur [313, 314, 321] introduced the structure-function model in the

physical space as a generalisation of their spectral turbulent viscosity model. The
local second-order velocity structure function is defined as

F(x,r)=|lulx+r)—ux) |2 (8.30)
For isotropic turbulence, this function F, = F(r) can be expressed directly from

the spectrum E (k) of the turbulent kinetic energy, as already mentioned in Sect. 7.6.2.
The structure function associated with the resolved scales is given by

ke :
By (r) = Fiy (r) = 4/ E (k) (1 _ Sm(kr)) dk
0 kr

and in physical space, the turbulent viscosity is determined as follows

v = Crs A\ Fa(x, A)  with  Cpg~0.105C"*
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The structure function is calculated by taking the average of the square of veloc-
ity differences between x and the six closest points surrounding x for a three-
dimensional Cartesian grid. The structure-function model is expected to be less
dissipative in the regions where the flow is almost laminar and more dissipative
where the velocity gradients close to the cut-off wavenumber 7/A are important.
This approach nevertheless remains similar to the Smagorinsky model. Indeed, it
can be shown [284] that

lim v ( r>~\F<CA)2
Aot =y 3 s

To overcome this difficulty and get a less dissipative model for the simulation of
the transition of a spatially evolving boundary layer for instance, Ducros et al. [290]
introduced a filtered structure function.

25758 + wijwij

8.2.4.5 Spectral Turbulent Viscosity

The concept of a turbulent viscosity can also be introduced in spectral space, at
least for homogeneous turbulence. As a starting point, the transport equation of the
turbulent kinetic energy spectrum (7.7) or Lin’s equation derived in the previous
chapter, is considered

(2 + 21/k2) E(k,t) = T(k, 1)
ot

where the term 7 can be interpreted in terms of Batchelor-Kraichnan triads from
the Fourier transform of the Navier-Stokes equation established in Sect.7.8. This
term is then split into two contributions associated with resolved (k < k.) and
unresolved (k > k.) scales, where k. is the cutoff wavenumber frequency of the
top-hat filter (8.11),

(g + 2uk2) Ek, 1) = Tyep, (s 1) + Tiop, (ks 1)

Following Kraichnan [165], a spectral turbulent viscosity denoted 2 is then intro-
duced to model the unresolved scales,

Tisi (k, 1)

(8.31)

and the transport equation for E takes the following form

[% +2[v + Dy (k, ke, t)]kZ]E(k, 1) = Tk, (k, ) (8.32)
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The term on the right-hand side corresponds to explicit transfers, associated with
resolved scales in a large eddy simulation. A model for the spectral viscosity oy is
however required, and it is of interest to derive an expression of 2y which is not a
function of k. The turbulent kinetic energy at the cutoff wavenumber k. is k. E (k.),
which provides +/k. E (k) as velocity scale. The spectral turbulent viscosity is then
built as

E (k)

c

where C is a constant of the model. Its value is determined by following what was
done for the Smagorinsky model in physical space. Assuming that k. lies in the
inertial zone of E (k), the dissipation is

ke 3C
€~ / 20,2 E (k)dk = 7, 2K 2P
0

By identification with expression (8.33), C = (2/3)Cy”> ~ 0.402 with Cx ~
1.4, and the spectral turbulent viscosity takes the form

~

2 3 [E(ke)
=-C
AR ke

A more complete presentation of spectral models for LES can be found in Chollet
and Lesieur [283], and Métais and Lesieur [321]. Approaches based on EDQNM
models have also been proposed to take into account the energy flux from small
to large scales, the subgrid-scale backscatter, in turbulent compressible or rotating
flows, see for instance the pioneering studies of Cambon et al. [91, 94], of Bertoglio
[86, 272] and also the book of Sagaut and Cambon [147].

8.2.5 LES Based on an Explicit Relaxation Filtering

In the previous section, the subgrid scale tensor #;; in expression (8.17) is computed
through the introduction of a turbulent viscosity v;. LES models differ from each other
mainly by the way in which this viscosity is determined, with the aim of reducing
artificial dissipation effects. These efforts will never be fully successful since the
functional form for the dissipation remains a Laplacian filter, namely ~v;V2ii; in
the filtered Navier-Stokes equation (8.13) [289, 332]. As a result, a significant part
of the resolved scales is involved and affected by the turbulent viscosity, except for
the formulation (8.33) in the spectral space. In this section, LES models are still
derived to reproduce the energy transfer to the smallest scales, but by preserving the
well-resolved scales of the turbulent flow.
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The key role played by the filtering is first highlighted. As for Domaradzki and
Adams [288], the spectral truncation induced by the computational grid is denoted
byu; = ulﬁ +u;.S where ulﬁ is thus associated with wavenumbers k < k7 and u;s with
wavenumbers k > k where k? is the Nyquist or smallest wavenumber represented
on the grid, by referring to Fig.8.7. In other words, information regarding u;s is
definitively lost owing to the grid projection. In connection with the first part of this
chapter, one has to satisfy u;s = 0 in a DNS. Assuming that the spectral truncation
commutes with the filtering, the decomposition (8.12) can be recast as follows

wp = i~ + Wk — i)+ ud
—_—

!
u;

and the filtered Navier-Stokes equation can be rearranged as

(piiL) . a(pﬁfﬁf) . o~ 8ﬂ.§ B 8t§ 31‘!.‘]9.

- = — 4 —= (8.34)
ot 8)6.,' Ox; axj' 3)6(/ ax.i
where
L_ -L-L L LL S _ -L-S ~S=L —S—SL
tijzpuiuj—puiuj tij:—puiuj—puiuj—puiuj

The left-hand side of Eq. (8.34) is the filtered Navier-Stokes equation written for
ulﬁ Before discussing the modelling of the two subgrid scale tensors t§ and ti‘js.
L

on the right-hand side, the possible scale separation between uj;~ and ﬁf is briefly
illustrated.

A 3-D snapshot of a mixing layer, obtained by large eddy simulation, is displayed
in Fig.8.9. A sketch of the mean velocity profile including usual notations can be
found in Sect. 1.5.2. In the laminar flow region x1 /d,,, < 5, instabilities are growing,
leading to the roll-up of the mixing interface responsible for the emergence of large-
scale organized structures, whose size is comparable with the transverse length scale
of the flow. Such vortices are for instance clearly visible around x;/é,, = 50.
Farther downstream, for about x1/d,,, > 100, the flow reaches a fully turbulent state
with a large range of motion scales typical of high-Reynolds number flows. The
spatial derivatives are calculated by using a low-dispersion optimized 11-point finite
difference scheme introduced in Sect.8.1.1.2, associated with the spatial truncation
denoted ulﬁ of the complete velocity field. A 10th-order standard discrete filter is
explicitly applied to obtain the filtered velocity i;. Keeping the same accurate spatial
scheme, the order of the filter can be changed, allowing the filter cutoff wavenumber
k¢ to be adjusted. The LES model used in these simulations is discussed later in this
section. Numerical results are shown in Fig. 8.10 for the spatially developing mixing
layer presented in Fig. 8.9. The order of the filter is increased from top to bottom, and
a broadening of the resolved scale bandwidth is clearly visible. It is worth noting that

the four snapshots of the flow field show strong similarities. In all cases, coherent
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Fig. 8.9 Large eddy simulation based on relaxation filtering (LES-RF) of a mixing layer of con-
vection Mach number M. = 0.22 and of Reynolds number Res , = d.o0Uc/v = 5 X 10* where
00 is the initial vorticity thickness. Snapshot of the modulus of the spanwise vorticity component
|w 0wy / Ue, from top to bottom: isometric view and side view. Color scale from —0.5 (dark) to 0.2
(white). From Berland et al. [271]

vortical structures are generated around x1/d,,, = 25, vortex breakdown and flow
three-dimensionalization is observed in the neighborhood of x/d., = 80, and a
fully turbulent state is eventually reached for x/d,, > 150. This suggests that even

though the solutions are different, the key elements of the flow physics are reproduced
[271].

The two subgrid scale tensors t§ and tl.‘? on the right-hand side in Eq.(8.34)

are now examined. The first term involves the unknown quantity uiﬁ, which can be
formally recovered by a deconvolution or defiltering procedure,

uf' = Qxif

where Q ~ G~! and thus, uiD o~ ul.‘:. This approach has been retained by Stolz and
Adams [349] in their approximate deconvolution model, where the inverse filter O

is estimated by the van Cittert deconvolution

N
0=>(1-6)
n=0

with a fixed N >~ 5. Indeed, the series does not converge in general as N — oo
and must be truncated. Such a procedure allows an explicit calculation of the first
subgrid scale term,
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Fig.8.10 Large eddy simulation of a mixing layer, see Fig. 8.9 for details. Modulus of the spanwise
vorticity component in the central plane of the computational domain obtained for various discrete
filters used downstream, for x > 504,,,. From fop to bottom, 2nd-order, 4th-order, 6th-order, 8th-
order and 10th-order filter. The vertical dotted lines indicate the transition region between the
upstream and downstream filterings. From Berland et al. [271]

— L
t§ ~ pulﬁuf — puiﬁ ujﬁ (8.35)
The second subgrid scale tensor tl.S. involves scales beyond the wavenumber cutoff
of the grid, which cannot be recovered by deconvolution. It represents the true subgrid
scale model mainly associated with the energy cascade. Neglecting this subgrid
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scale would lead to a build-up of energy at the cutoff wavenumber. A clever closure
was proposed by Stolz et al. [350] to mimic the energy transfer towards scales not

represented by the grid
orS

— = (1 — H) * pii® (8.36)
ax]'

In this relaxation term, y > 0 is the inverse of a time scale with which energy is
drained at the cutoff wavenumber of a secondary sharp filter H. Using an explicit time
integration, x = o4/At where 0 < o4 < 1 is a constant. The choice H = GQ was
made in the original model. The one-dimensional transfer functions of both filters G
and H are shown in Fig. 8.11 as a function of the dimensionless wavenumber k1 Ax
in grey lines.

The two subgrid scale terms (8.35) and (8.36) do not have the same features. The
first term tl§ does not contain any physical dissipation mechanism. A small numerical
dissipation is however produced by the inexact deconvolution procedure. It turns out
that its contribution is negligeable, especially using a sharp filter [341, 342] in the
wavenumber space, compared to the solution obtained with Eq. (8.34) where only the
subgrid term (8.36) is considered. The subgrid scale dissipation is provided entirely
by the filtering operation involved in the second term ti‘jg. .

The use of a high-order or selective filtering has also been developed by Visbal
and Gaitonde [353], Rizzetta et al. [337] and Bogey and Bailly [275, 509, 512]
among others. Following the terminology introduced by the latter authors, an LES
based on relaxation filtering (LES-RF) consists in solving the filtered Navier-Stokes
equation (8.34) with the relaxation term as the only subgrid scale model

- “L=L _ ~-L
dpiLy Opuruy) gpt 075
i t ij L
+ + — =—x(1 — H) * pu; (8.37)
ot ox j ox; Ox j X pii
1.0 — —
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Fig. 8.11 Primary filter G and secondary filter Hj, of the Approximate deconvolution
model [350] as a function of the normalized wavenumber k; Ax;. Optimized discrete filter - — — Gy

used as relaxation term —— Hj = 1 — Gy in LES based on relaxation filtering [509]
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A low-dissipation and low-dispersion discretization scheme, such that the scales
discretized at least by four points are neither significantly distorted nor dissipated by
the numerical algorithm, is combined with a selective filter. As an illustration, the
transfer functions of this filter H and G = 1 — H are shown in Fig. 8.11. The accuracy
limit for G is around k1 Ax; = 7/2 corresponding to 4 points per wavelength, and
the formal cutoff wavenumber is around k1 Ax; = 0.82 corresponding to 2.4 points
per wavelength. A theoretical analysis of the numerical algorithm based on the eddy-
damped quasi-normal Markovian (EDQNM) modelling [269] can be developed to
quantify numerical errors.

In practice [279, 350], numerical results are rather insensitive to the value of the
parameter X in the relaxation term (8.36). The value of the constant can nevertheless
be determined by a dynamic procedure [351]. To examine the way in which the energy
transfer occurs, a turbulent kinetic energy budget can be numerically calculated, and
the contribution of each term can be examined in the wavenumber space including the
subgrid dissipation. The energy budget of a subsonic jet [278, 512] has been presented
in Sect.4.2.6, and the channel flow has been studied by Schlatter et al. [342]

As amore simple illustration of the behaviour of the relaxation filtering as subgrid-
scale modelling (8.36), isotropic turbulence is considered here. The turbulent kinetic
energy spectrum is assumed to be described by a von Kdrman spectrum, refer to
Sect.7.4, and is displayed in solid lines for two values of the Reynolds number
Re;, = u/L/v in Fig.8.12, where L represents an integral length scale. In what
follows, all spectra are normalized using u’ and L. Furthermore, it is assumed that
the mesh grid is such that L/A = O(10), and scales are numerically well resolved
with at least 5 points per wavelength, that is k), = 27 /(5A). The dimensionless
viscous dissipation spectrum l_)l,(k) = 20k?E (k) where E is the resolved spectra
E(k) = G7(k)E (k), is represented by a dashed line. Similarly, the relaxation filtering
Df (k) =2x [1 — Gr(k)] E(k) is given by the mixed line. Note that the time evolu-
tion of E (k) is provided by a Lin equation [269]. For a low arbitrary wavenumber k

10°

Fig.8.12 LES based on filtering relaxation, representation of the turbulent kinetic energy spectrum
E(k) — , the molecular dissipation D, (k) ——— and the dissipation induced by the explicit
filtering D s (k) ——~ as a function of the normalized wavenumber kKA. On the left, for a moderate
Reynolds number Re;, = u’L /v = 103 and on the right, for a high Reynolds number Re; = 103
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and by assuming that u” = cst, it can be shown that

Dy (k) D, (k) .
u—/3:cst and e ~ Re;

The increase of D, (k) as a function of the Reynolds number can be observed
in Fig.8.12. In the well-resolved wavenumber range 0 < k < k}, one must have
D rlk) < D, (k) to preserve the physical solution from numerical d1ss1pat10n This
condition is not fully satisfied for the higher value of the Reynolds number, which
highlights the constraint on the mesh imposed by the Reynolds number in large-eddy
simulation.

Finally, there are some connections between these approaches and methods involv-
ing higher order viscosities, such as hyperviscosity [285] or spectral vanishing vis-
cosity [330]. The reader can refer to the reviews by Domaradzki and Adams [288]
and Domaradzki [287] to continue with this topic.

8.3 Classification of Partial Differential Equations*

Second order partial differential equations can be classified as elliptic, parabolic or
hyperbolic. The general form of these equations is

Z aij () 5 —— f Zb (x)—f +e@) f+dx)=0  xeR"™ (8.38)

i,j=0

with a;; = aj;, and where all the coefficients a;; and b; are real. Most of the time,
x € R* with xo = ¢ for the time variable apd (xi)i=1,3 for the space variables. The
quadratic form Q and the canonical form Q associated with (8.38) are respectively
given by

Q) = > &g 0© =D NG EeR™
i=0

i,j=0

where the ); are the n+1 eigenvalues of the symmetric matrix (a;;) with0 < i, j < n.

Equation (8.38) is called elliptic at point x if all the eigenvalues of the canonical
form have the same sign, the quadratic form thus being either negative-definite or
positive-definite. Elliptic equations are often encountered when solving stationary
problems in fluid mechanics. A classical example is the Laplace equation V27 = 0,
with A\f = Ay = A3 = 1,€ € IR3 for the associated quadratic form and with
appropriate boundary conditions. It must be noted that an unsteady problem, of the
form 9/0t on the left-hand side and involving spatial derivatives on the right-hand
side, with thus &€ € IR*, is never elliptic.
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Equation (8.38) is said to be parabolic at point x if one of the eigenvalues is equal
to zero, and the n others have the same sign. Diffusion problems are often modelled
by a parabolic equation. An example is the heat equation in a medium at rest

oT

= aV2T
ot a

with thus A\g = 0, \{ = Ay = A3 = l and € € R*. To solve this equation,
it is necessary to provide an initial condition, with a temperature profile 7Tp(x) at
t = 0 for instance. The boundary layer approximation (3.5) is another example of
the parabolization of the steady Navier-Stokes equations,

- 8[71 - 801 1dP, 6141142 n 8201
—— v
Ox1 Oxy pdxi 0x2 0x3

with A\; = A\3 =0, A, = vand & € IR3, although the external pressure P, in this type
of problem is often provided by an elliptic potential flow outside of the boundary
layer.

Finally, Eq.(8.38) is called hyperbolic at point x if and only if n of the n + 1
eigenvalues have the same sign. A classical example is the wave equation for an
acoustic perturbation in a medium at rest of celerity cso

2
887 - c v? p =0
where the eigenvalues associated with the quadratic form are \g = land A\| = \» =
A3 = —cg. The resolution requires initial conditions for p’ and its derivative 0 p’ /0t
att = 0. The Euler equations are also hyperbolic. Equations governing compressible
and supersonic flows have a hyperbolic aspect. To solve this type of equation, the
associated hypersurface Q(£) = 0 is often used, permitting to define characteristic
curves. The reader can refer to the book of Ockendon and Ockendon [18] for a
comprehensive introduction to this topic.

The Navier-Stokes equation

Ou; + ou; op n 0 Ou; n 314] 2 auk5
UL [ T e A It 2 Y
P\or ™" ax; ox; * ox; |M\ox; o ) T 3N o
requires specific comments. Formally this nonlinear equation is parabolic, and its
steady formulation is elliptic. Due to the presence of the convection term u ;Ou; /Ox j,
the Navier-Stokes equation does not fit into the previously described classification.

However, this nonlinear term plays an essential role in fluid dynamics and turbulence,
and must be carefully taken into account in numerical algorithms.
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A general introduction to computational methods can be found in Ferziger and
Peri¢ [244], and a more complete view in the two books by Hirsch [245, 246].
The reader can also refer to the reviews by Colonius [242], Ekaterinaris [243] and
more recently Pirozzoli [257] for boundary conditions and high-order numerical
algorithms.

8.4 Favre Filtering*

A firstidea to extend the filtered Navier-Stokes equation (8.13) to compressible flows
is to generalize the decomposition (8.12) to the density variable, namely p = p + p’
with p = G * p. In this way, the filtered equations for the mass, momentum and
internal total energy pe; conservation equations are

dp 0 (pu;) 0 -

— + ——— = — (—pu; + pu; 8.39

a1 ox; ox; (—pu; + pit;) ( )

(pii;) N O(put;inj) _ _op n 0Tj

ot Ox; ox;  Ox;
I 0o
+ 37j (—puiuj + pitjit;) + 2 (—pu; + pit;) (8.40)
d(pe) | O(pequj) 0 _ o o
ot + Ox; N Ox;j ( qj + UiTij u.,p)
o S
+ 5y (—peitij + peiitj +WiTij — iiTij —Ujp +i;p)
J
+ O+ ) (8.41)
— (—pe€, e i
or e re

For the mass conservation equation (8.39), the new term to consider when com-
paring to the incompressible flow formulation is

—pu; + pu; >~ —p’u§ = CmAZE ng where s = \/2_1']‘5,']'

]
is the shear magnitude of the filtered velocity field. The constant C,, can be deter-
mined by a dynamic procedure [273], in the same way as explained in Sect. 8.2.4.3.

An alternative to the formal decomposition of the density consists in introducing
density weighted variables for compressible flows. This approach was introduced
by Favre [382]. For the reader not familiar with this procedure, it may be useful to
first read Sect.9.3.3 of the Chap.9 dealing with the Favre-averaged Navier-Stokes
equations. In the context of large-eddy simulation, the velocity component u;, for
instance, is decomposed as u; = ii; 4 u where the so-called Favre-filtered velocity

u; is defined by pu; = G 4 * (pu;). This notation should not be confused with that
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of the secondary filter introduced in Sect. 8.2.4. As a result, one has

wi =1u; +u;  with @; = p—L_t' and pTZ/ =0
p
The Favre-filtered equations are then given by
dp | O(pui)
il =0 8.42
ot 8xl- ( )
0 (9[7 87_'1‘]' 0

0 ,__ . I
(Pu )+ — ox; (puiiij) = “ o o) B . (puiiij — pujuj)  (8.43)
a(ﬂet) + a(pe,uj) _ i

ot 6‘xj h 3)6/'

(—=Gj +it;7ij — it p)

0 M
+ W(—petuj+pe,uj+u,-ﬂ-j—uiT,-j—ujp+ujp) (8.44)
J
The advantage of such a formulation clearly appears when comparing Eqs. (8.42)
and (8.39) for instance. However, new unknown terms still need to be modelled
for this formulation. The expression of the filtered viscous stress tensor contains an
additional term, which is often neglected

Ot Gﬁj) 2 Oug

ax; om ) T 3w

Tij = 2usij + 2us” ~2us;; = ,u(
In a similar way, the filtered heat flux is commonly approximated by the following
expression

c -
qgj ~qj=—A-— with =22 and p=prT
8)(‘,' g

Formulations based on Favre-filtered equations are most often used for com-

pressible flows, but certain authors [273, 324] have nevertheless preferred to solve
the system (8.39)—(8.41).

8.5 Compressible Large Eddy Simulation*

8.5.1 Filtered Navier-Stokes Equations™

Using density weighted variables, the filtered Navier-Stokes equations are given by
relations (8.42)—(8.44). The mass conservation equation does not need any modelling,
as pointed out above. The filtered equation for momentum conservation can be recast
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in the following form
O (g + s + L (8.45)
—(pu; —(pujij) = ——+ — + — .
ot pui Ox;j PHit; X; i

where the subgrid tensor #; is now defined by #;j = pitjii; — puju; ~ —pu u’]/ ,

using notations already introduced in Sect. 8.2.4. When a turbulent viscosity model
is chosen to model this tensor, #;; is written as #;; = tl.lj? + t% with

1 ——
tD pu”u” + 3pu;€/uz5ij

1. -

and the deviator and isotropic parts of #;; are determined as follows

=25 with = pCI AP 255

2_ I
f% = _ngI A%255k0;,

where the Favre-filtered tensor §;; is defined by
- ou; il j 1 Ouy
+ = ——0ij
Sij = (6): i Ox; 3 Oxi

The isotropic part tg of the subgrid tensor is directly linked to the residual subgrid
energy kyqs. For an ideal gas, one has

2_
= pksgs = %

3 M} p  where My =2ksys/(vp/p)

and grouping this term with the pressure term in filtered Navier-Stokes equa-
tion (8.45), it yields

0

9p
2 - .
“ox (p + = p) — i My, < 1

3 gs 8x,~

Finally, using a turbulent viscosity model, Eq. (8.45) takes the following form

o __ o . op 0 }
= (piti) + — (piijii j) = ——— + — [2 . 8.46
57 (Pi) + o) (puiii j) o T o) [2(u + p0)5i5] (8.46)
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8.5.2 Total Internal Energy Conservation*

The conservation of energy is written for the total internal energy pe;, defined as the
sum of the internal and kinetic energies. The filtered transport equation for pe; is

—(€)+ 8(_511) 0 )\aT—i-uT —u;p
pPet ]Pz] ax] (9] iTij jP

. 40 -
+ Wj [~ et + penii; —iwp+ ;] o [ — @i7j] (847)

A B
i Ty

where the resolved total internal energy is given by

1
// 1
—pu Uy

1
pe; = pe + 2pukuk + 3

_ = - _ D I_. . _
= pcyT + —Pukuk + pksgs = —— + spuili + pksgs (8.48)
2 y—1 2
with p = jr T for anideal gas. Following Lesieur and Comte [231], a macro-pressure
p* and a macro-temperature 7* defined by

_ 2 R |
pr=p+ = Pksgs and T =T + —kgys
3 Cy
are introduced, and the residual subgrid energy can then be substituted into (8.46)
and (8.47). However new closure problems remain to be solved [292]. One of the
most important terms of this equation is the vector r]/.*. It can be written as follows

A Dl - De.il
T —peiuj + peru

—~ -~ —~ o~ = PR // 4
—peiuj + peiu —per; — peru —pe;u

(a) (b)

Assuming that the Leonard (a) and cross terms (b) can be neglected, the closure
of the term 7% f is then reduced to the modelling of

A // "
] pet

From Eq.(8.48). one has ¢/ = ¢ — &, = ¢/ + uiis + ufu}/2 - u/u] /2 which
gives after multiplying by pu”, i " and applying Favre average

_/—\_/ —_~— 1 —~
rd >~ —pe'u pu;{’u”uk — Epu;(’u;(’u”
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e~

The triple correlation term pu;, u;{’ ! /2 is often neglected. Moreover, it is assumed

that o
u;{’u”uk ~ u}c’u” iy

and the vector r//." is approximated by the following expression

A // "~ — T~
ri ~ —peju —pch”u — pugu

The second term can be directly expressed from the subgrld model, — pu” "=

215 As for the first term, it can be grouped with the vector rB ;

B_  ——  ~ = _ =y
rp =—ujp+ujp=—u;p= rpujT
and therefore,
e TH s T s
pcy T u; rpu]T pcpT u;

A gradient closure is classically used as in turbulence models, refer to the com-
pressible k;—e model developed in Sect.9.3.3 for instance. Hence,

—pc T4 = pc a,ﬁ

P Jj p 8)(?]

where Pr;, = v;/a; = pscp/ ) is the turbulent Prandtl number, 4, is the turbulent
thermal diffusivity and )\, is the turbulent thermal conductivity. The terms involving
temperature are then recast as follows

_ o, oT oT orT
_pCpT/’uj + /\8_xj = (pcpat + /\) ax] =+ —j

The last term in brackets in (8.47) is neglected. Finally, the Favre-filtered energy
conservation equation takes the form

0 9 d oT
_ _ o S 4
B —(pe;) + Y, (pe,uj) = ox; |:(/\ + /\z)axj +2 (1 + ) Siji u]p] (8.49)

The constants of the model C; and C can be numerically determined by adynamic
procedure, using a generalization of expressions (8.28) and (8.29). This is also the
case for the turbulent Prandtl number [292, 323].
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8.5.3 Variant of the Energy Equation*™

Among the numerous other possible formulations for expressing energy conserva-
tion, the one proposed by Vreman et al. [356, 357] can be pointed out. These authors
attempted to write an exact equation on the total energy part given by (8.48), where
only resolved variables appear

VR S
pe = pe + it # pé;

To achieve this, the kinetic energy transport equation can be subtracted from the
total internal energy equation to obtain

0 p 0 w/pu,) _ 8q, op Ou;

('%('y )+ax,( 1 ax; “ax; TTigx;
Applying Favre filtering to this equation

0 p 0 (v pu; 0q; op Ju;

ot ('y—l)+8xj ('y—l 8x~+ T ox; +Tl]8x/

7 0

y—1 (’9

- (pitj —puj)

So as to form the variable pé, the resolved field kinetic energy transport equation
obtained from (8.45), is then added

o ( pii? o (pa;  \_ . 0p 0w O
at(2)+ax,-(z”-’ = e T, Ty

to finally obtain

ﬁ(ﬁé)‘Fi[(ﬁét‘i‘ﬁ)ﬁ'] —i—i—u‘—.—i——(u»q—-»)
ot ax]' J X - i - ilij
1 0

oy, Pl PG Y PG

This is the exact transport equation for the energy variable pe, without any assump-
tion regarding residual subgrid energy or velocity triple correlations. The two last
terms represent pressure-dilatation correlations and the turbulent dissipation respec-
tively.



Chapter 9
Turbulence Models

This chapter focuses on turbulent models, which are widely used in a large variety
of engineering studies, including atmospheric dynamics and weather forecasting.
The objective is to determine the turbulent mean flow from the averaged equations
(2.14) and (2.15) established in Chap. 2. A turbulence model is however required to
express the unknown Reynolds stress tensor. The most popular approaches are based
on Boussinesq’s hypothesis (2.24) with the introduction of a turbulent viscosity. A
survey of these so-called eddy-viscosity models is presented in this chapter.
For clarity, the Reynolds averaged Navier-Stokes equation is first recalled,

8(pl7,') 6 (pl_]i Uj) 815 8 _ 7
o T ox ox; + o, T Pk ©.1)

where U; is the mean velocity, 7;; = 2uS;; the viscous stress and —pu;u’j the

Reynolds stress. The mean flow is assumed to be incompressible. Section9.3 is
devoted to the specific treatment of the compressible case. Following Boussinesq’s
hypothesis, see Sect.2.5, the unknown Reynolds stress tensor is expressed as,

—_ - 2
- P”;“/j =20 Sij — gpkt(;ij 9.2)

where i, = pr; is the dynamic turbulent viscosity and k; the turbulent kinetic
energy. By noting that ; and pi, are both in front of the same term S;;, Eq.(9.1) can
be rearranged as follows,

A(pU;) Q(pljiljj)_ o ,- 2 0 <
TR 8—M(P+§pkt)+gj[2(u+u,>sl,,] 9.3)

The only remaining unknown is now the turbulent viscosity. Turbulence models
differ in the way they determine its expression. A classical way consists in writing
the turbulent viscosity as the product of a velocity scale by a length scale, and to
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solve two additional transport equations to determine these scales. The standard k;—e
model or k;—w; models fall into this family for instance. An alternative approach is to
directly write a transport equation for the turbulent viscosity, as in Spalart-Allmaras’
model. These models and some extensions are introduced in the following sections.

9.1 Mixing Length Models

In the mixing length models, first introduced by Prandtl, the turbulent viscosity is
written as the product of a velocity scale u by a length scale [, by analogy with the
molecular viscosity. It is also assumed that the time scale associated with the mean

shear flow |(’)l_] 1/0x2 ]_1 is proportional to the time scale built from u and [,,,, namely

oU,
Oxo

u
— ~

Im

From the relation v; ~ u x [,,, the expression of the turbulent viscosity can thus
be rearranged as follows,
U,
Ox)

2
m

94

Vtzl

where the absolute value of the mean flow gradient is taken to ensure a positive value

of v;. The Reynolds shear stress —puju), is then determined from Boussinesq’s
hypothesis (9.2),

20,
8)( 2

20,
8)( 2

/

—uhuy =12, (9.5)

This model has already been applied in Sect.3.7 to calculate the mean veloc-
ity profile of a turbulent boundary layer. It has been shown that the mixing length
must be equal to /,, = kx3 in the logarithmic region, and that it must be reduced
close to the wall by using a damping function as proposed by Van Driest [442], see
expression (3.22).

In a plane mixing layer, the mixing length is [, >~ 0.07 §(x;) where ¢ is the local
thickness of the layer. For other free shear flows, as in jets or wakes, the length scale
I,y 1s also linked to the shear layer thickness. For instance, one obtains approximately
Im =~ 0.09 0(z) in around jet, where J is the width of the annular mixing layer. Further
examples can be found in the book by Wilcox [449].

Expression (9.4) can be generalized to an arbitrary mean shear flow by writing
vy = 12 S, where § is defined by

Al
I

28:j8i
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The magnitude of the mean vorticity £2 can also be used to define the turbulent
viscosity, that is vy = 1,2".(—2 with 2% = 28; j Q2; j» as in the Baldwin-Lomax model
[364] used in aerodynamics [394, 445].

Mixing length models are easy to implement since the turbulent viscosity is simply
determined by an algebraic relation. They are however incomplete since the user must
prescribe the suitable evolution of /,,, (x, #). This drawback can be removed by solving
additional transport equations in order to predict the two scales u and /,,, for all points
of the computational domain.

9.2 The k;—€ Turbulence Model

One of the most popular two-equation models is undoubtedly the k;—e turbulence
model, introduced by Jones and Launder [392] and formulated by Launder and
Spalding [401] in its standard form. In this model, the expression of the turbulent
viscosity is built by taking, for the velocity scale, the square root of the turbulent
kinetic energy, u ~ +/k;, while the length scale is calculated from the dissipation
rate of the turbulent kinetic energy. By noting that for homogeneous turbulence,
et ~u3) Ly where u’ 2 = (2/3)k;, an expression of the turbulent viscosity can then
be derived by choosing /,,, proportional to the integral length scale L . It yields

k2
~uxly ~ k> xK?/"  andhence, v =C,-  (9.6)
€

where C,, is a constant of the model, which needs to be determined. The estimation
of v; also requires the knowledge of k; and ¢”. The following sections are devoted
to deriving transport equations for these two quantities.

9.2.1 Transport Equation of Turbulent Kinetic Energy

The budget of the turbulent kinetic energy k; has already been established in Chap. 2,
see Eq.(2.20). For the sake of clarity, this equation is rewritten as below

d(pk ;o 0u, 10 d o)
(pk:) _ 77 uj Y lp +_”z7':k 9.7)

= = —pu.u Uy —

G T P G T, 2o T g P g
~—— b\/—’

@ (b)
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The dissipation term (a) and the diffusive transport term (b) can be rearranged as
follows

0 —— ,O0u; 0 ( Ok ou; Ou
Oxy UiTik = Tik Oxk  Oxp ﬂaxk Maxk Oxx
0 Ok, n
= (uan) pe 9.8)

since 7/, = 2ys/,, and also by using the incompressibility condition du; /0x; = 0.
The homogeneous part of the dissipation €” has already been introduced when study-
ing the turbulent channel flow, see expression (2.26) and associated comments. It
represents a good approximation of the total dissipation rate e for an inhomoge-
neous turbulent flow at high Reynolds number [429], refer to Sect. 6.5. The transport
equation for the turbulent kinetic energy (9.7) thus becomes

- SO
> ot pu;ugu;(—a—xiu;p’ (9.9

d(pky) ——0U; 0 ( Ok\ 10
— = —puu;, — —pe +—\\p=—
dt Pt axk p 8xk Maxk
Only the two last terms need to be modelled in this expression. Turbulent transport

terms such as the triple-correlation term in Eq. (9.9) are usually closed by a gradient-
diffusion model. For an arbitrary quantity ¢, it is assumed that

— u/ = a;——
P taxk

where g, is a diffusion coefficient associated with ¢. With ¢ = uu; /2 in the present

case, and by simply including the pressure—velocity correlation in this gradient

model, it yields

7 _ M Ok;

o ok, Oxg

where oy, is a turbulent Prandtl number, by analogy with the molecular transport, and
v [ o, 1s a turbulent diffusivity. The pressure—velocity correlation cannot be directly
measured but can be computed by numerical simulations. Its contribution is found
to be small in channel flows and in jet flows, see illustrations in Sects.2.6 and 4.16
respectively, which can justify this approximation. Finally the following transport
equation is retained for the turbulent kinetic energy k;

dipk) _ @ [(Hﬂ) %] P — pe (9.10)

dr  Ox Ok

t

where P = —pulu) OU; /Oxy is the production term.
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9.2.2 Transport Equation for Dissipation

Derivation of the transport equation for the dissipation € for an incompressible
homogeneous flow requires much more effort than for the turbulent kinetic energy.
Starting from the Navier-Stokes equation on the fluctuating velocity established in
Chap.2 (see Sect.2.4.1),

0(pu;) 0 T+ U ’
or + oy P (iU + Uit i) =

o' | 0 ——
_851- + 8—xk(pu§u§( +77) (9.11)

the following equation is then constructed

0 9 911y
Vaxj'ax]' '

and averaged to form an equation on pe’ = u@xjugaxju;, see Eq.(9.8). Details are

reported in Sect.9.7. It is shown that the transport equation can be written as

ey __, 00 (B0 000N 0] 5%
dt Ox;j \Oxx Oxj  Ox; Ox; Kx; OxjOxy
(i) (i)
T T KT
Oxj Oxj Oxg Oxy k@xj Ox;j Ox; Ox;j Ox;
(iii) (iv) V)
92l otu, 0%’
) 2 i i
+'u 8xk6xk Py 6‘xk8xj 8xk8xj
—_———
(vi) (vii)

(9.12)

It is not easy to interpret the different terms and therefore, to propose a rational
modelling of this equation. Moreover, numerical simulations often do not provide
dissipation-rate budgets [640]. Only a subtle dimensional analysis can be performed
to model the dissipation transport equation (9.12), which would be too onerous to
reproduce in what follows. An argumentation can be found in Hanjali¢ and Launder
[386, 387] and in Launder [402]. Finally, the modelled transport equation for the
dissipation is taken as follows

d(peh 0 e\ O " h
-2 BYEE S (cap - c. 13
dt Oxy [(M * o) Oxi + ky (C‘IP Cape ) ©.13)

() (b) (©)
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in the k;—e model, where o, C¢; and C., are three constants of the model. This
semi-empirical equation has the same structure as that of Eq. (9.10) for the turbulent
kinetic energy k;. Transport of the dissipation rate along the mean flow is balanced
by three terms. The turbulent diffusion term (a) represents terms (iv), (v) and (vi) in
Eq.(9.12), where the viscous diffusion term (vi) can be neglected at high Reynolds
numbers. The production term (b) is associated with term (iii), one can indeed refer
to Sect.5.2 where it is shown that this term is associated with vortex stretching.
The destruction term (c) is associated with term (vii). These two terms (b) and (c)
dominate all the other terms in the transport equation but, in view of their apparent
difference, they should be both kept. Finally, it can be shown [387, 402] that the terms
(i) and (ii) vary as Re;l/ * and as Re; ' respectively, and may thus be neglected relative
to other terms. The turbulent Reynolds number is defined by Re; = k,2 /(veh).

9.2.3 Transport Equation of Energy

Several forms of the energy equation have been introduced in Chap. 2. The enthalpy
equation (2.4) is first considered,

0 (ph) dph)y 0 (X Oh ap op Ou;
- 14
o Mok T ox <c,, ox; ) T, Ty, O

or ’a

written for anideal gas law, thatisdh = ¢, dT . As usual, the Reynolds decomposition
for the enthalpy is introduced » = H + h’ and the averaging operator is applied to
derive a transport equation of the mean enthalpy,

_ AU
+sz—+,06 (9.15)

d(pH) _ 9 (/\ oH ,—h,) 0P O(U;P) 0P
Ox

dt  Oxj\cpOx; 8t+ Ox;j Ox;

In numerical simulations, the turbulent diffusion term through fluctuating pressure
is often neglected in the energy equation. Moreover, the dissipation is approximated

by € ~ " according to Eq. (9.13). The velocity-enthalpy correlation term is expressed
from a gradient model, B
— 12 oh
—pu' h' >~ — —
P Pr; Ox;

where Pr; is a turbulent Prandtl number defined by Pr; = 1;/a;, and a; is a turbulent
thermal diffusivity. This number can be estimated experimentally in sheared mean
flows for instance [8]. From the following relation,

- — -1
T —hu

pr= 2= % (5% (9.16)
a 00, /oxs  \ Oh/oxs
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values of the turbulent Prandtl number are found between 0.6 < Pr; < 1, and
the recommended value [449, 451] in the k;—e model is Pr; >~ 0.85 for boundary
layer flows, and Pr; >~ 0.5 for free shear flows. It is also convenient to introduce
a turbulent thermal conductivity A;, with a; = \;/(pcp), to model the correlation
between fluctuating velocity and temperature. From the Reynolds decomposition of
the temperature 7 = T + @, it is assumed that

—I/t; 0 = ay 8—%
The particular case Pr; = 1 corresponds to the Reynolds analogy [370], for which
turbulent momentum and thermal transfers lead to similar turbulent boundary layer
profiles for the mean velocity and temperature. Finally, the ideal gas law provides a
relation between the mean temperature and pressure, that is P = prT.
As a further illustration, the transport equation for the specific internal energy e
is also briefly examined for an ideal gas, that is, with p = (7 — 1) pe. This equation
can be written as

0 +ul.2+8 +ui2+ 1_ 9 )\8T+‘_‘
ar\" TP ) T [\ TP TP T e Mo, T

The Reynolds decomposition is then introduced, with e = E + ¢/, and the total
mean energy is defined by E; = E + U;U; /2 + k;. A mean equation is obtained by
applying the averaging operator. More details can be found in reviews by Vandromme
[443] or by Knight [394]. Only the simplified usual form of this equation is given
below,

O(pE 0 _ _ 2 -
(gt 2 o [(pE, +P+ §pk,) Uj] -
0 oT -
gj |:()\ + A 8_x] +2(p+ ) UiSij]
where the gradient-diffusion assumption has again been used for second-order cor-
relation terms.

As mentioned in the introduction, when the density is assumed constant, the mean
temperature is a passive scalar. The mean velocity field is consequently not coupled
to the transport equation for energy. This is no longer the case for an incompressible
flow with variable density, thatis p = (T, and when buoyancy effects are taken into
account. The gravity force —pgds3; is then included in the Navier-Stokes equation,
and the Boussinesq approximation [14, 405] is usually applied to derived averaged
equations. Density variations are thus neglected in the fluid dynamics equations,
except for terms involving buoyant effects. For instance, this leads to an additional
term in the turbulent kinetic energy equation (9.7). Usually denoted G, this term is

expressed as G = pg360'u’;, where the coefficient of thermal expansion is § = 1/ T
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for an ideal gas. A transport equation for the temperature variance 672 can also be
established and modelled, a review is provided by Hanjali¢ [385].

9.2.4 High-Reynolds-Number Form of the Model

Equations of the k;—¢ turbulence model for an incompressible flow at high-Reynolds
number are summarized in what follows. The mean flow field is governed by

oU;

ox =0
dipUp)y 9 - 2 0
d_l‘ - _axi (P + 3pkt) + 6‘xj [(M+Mt) Slj]

Pr Pr;

d(pH) 0 wo o\ OH oP oWU;P) _ OU; h
_— = — | — — + Tij=— + pe
dt axj' 8xj ot axj' 8)6./'
where the turbulent viscosity is expressed from the turbulent kinetic energy k; and the

dissipation for a homogeneous flow ¢”, as y1; = C " pk,2 /€. The heart of the model
consists of the two transport equations for k, and €, which take the following form,

dipk) _ 0 |:(M+ﬂ)%:|+fp_p€h

C?l‘ B 8xk Ok, 8xk 9.17)
d(pe") 0 e\ O€ eh i ’

= — ) — —(CaqP - C.

dt Oxy pot oe )] Oxp + k; ( 1P 2P )

where the production termis givenby P = 2, 5’12] The model contains five constants
which have been determined by comparison with experimental data for simple flows
[401]. As an illustration, the case of the constant C; is examined in the next section.
Finally, the following values are retained in the standard form of the model,

C, =009 Cq=14 C2=192 04, =10 0. =13 (9.18)

Knowledge of k, and €" provides an estimation of the turbulent velocity scale
u' = /2k;/3 and of an integral length scale from L ; =~ u’3 /€. Moreover, from the
expression of the turbulent viscosity v, = u’ x I, = C,k?/€", the mixing length is
given by L, ~ /372C,k./* /el

The k;—e turbulence model has been successfully used in various configurations.
The mean flow field computed behind a ducted diaphragm is shown in Fig. 9.1 for
instance. More precisely, streamlines are plotted in different vertical planes to take
into account the three-dimensional nature of the mean velocity field. The jet-like flow
coming from the diaphragm aperture is attached to the top wall due to the Coanda
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z2/h

z2/h

z2/h

xl/h

Fig. 9.1 Computed mean flow field behind a diaphragm [416] by using the standard k;,—e model.
The duct height is 2.294 and the duct span is w = 2.86h where &7 = 35mm is the aperture
size. The Reynolds number based on / and on the maximum mean velocity U,, = 20m - s~ is
Rej, = 4.8 x 10*. Streamlines in x 1Xx2-planes computed with the U, and U, components of the 3-D
mean velocity field at three spanwise locations x3/w = 0.1, 0.5 and 0.9

effect, and there is a reattachment to the bottom wall in the second part of the outlet
duct.

Unfortunately, as for most of the turbulence models, adaptations are required for
specific flows such as for axisymmetric jets [418, 438, 439] or for radial jets [406,
420] to name a few. Boundary layer flows are discussed in Sect.9.2.6.

9.2.5 Determination of the Constant C,

The k;—e model can be written for specific flows in order to determine the empirical
constants. Consider, for instance, the case of decaying turbulence behind a grid,
for which experimental results have been presented in Sect. 6.3. The two transport
equations (9.17) take the simplified form,

6]([ h
Up— ~ —
03x1 ¢
U aéh - (€h)2
08)61 — €2 kt

where Uy is the uniform mean flow velocity. These two equations can then be com-
bined as follows,
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1 O el 1. Ok
—Up— = —Cop— = Cop—Uy—r
Eh OaXI 2 k; 2 k[ OaXI

6h ( kt )Cez

€h0 ko
where k;q and €, are two constants. Therefore, the solutions for the turbulent kinetic
energy and the dissipation rate are

and solved to obtain

kt |:1 + (C 1) €0 X] :|_C62_1 (1 + X1 )_n
—_— 2 _— —— =
ko ‘ ko Uo OcoUo

eh ( x1 )—(n-H)
— =1+
€h0 OoUo

where the two constants are given by

and

n+1 1 k:o ko
0 = — =n—
n Co—1lep €10

€2 =

The constants k;¢ and GZO correspond to the initial values at time t = x; /Uy = 0,
and an integral time scale of turbulence is defined by ©. = k; /€. The measured
value [100, 135] of n is n ~ 1.3, which yields C¢; >~ 1.77. This is not exactly the
recommended standard value in (9.18), which results from other additional factors.
Finally, the evolution of the turbulent viscosity v, = Cﬂkt2 /€ is given by

Uy

( x| ) 1-n
V10 OoUy

which indicates that decaying turbulence is not a self-similar flow since n # 1, as
already noted in Sect. 6.3.

9.2.6 Low-Reynolds-Number Form of the k;—e Model

Treatment of wall-bounded flows requires modifications of the k;—¢ turbulence model
in its standard form (9.17). The first low-Reynolds versions of the model were intro-
duced by Jones and Launder [392] and by Launder and Sharma [400]. The model of
Chien [374] is one of the several significant developments, and reviews can be found
in Patel et al. [415] in Celi¢ and Hirschel [372] and in Wilcox’s book [449]. Two main
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changes are introduced in these models. First, the constants are now functions of a
turbulent Reynolds number defined as Re; = kt2 /(ve), which tends to zero as x; — 0,
and also of the wall distance x; . For instance, C, becomes C, x f;;(Re;, x; ). The
Van Driest model (3.22) introduced in Chap. 3 is an example of such semi-empirical
damping functions. Secondly, an additional term is included in the dissipation equa-
tion. From the equation for k;, the value of the dissipation at the wall verifies [387]

0%k ok \
i =0)=v 2; =2V((;/_t)
*2 x2=0 *2 x2=0

and moreover, it can be shown that ¢ = ¢ at x, = 0. The dissipation equation is
then often written for an auxiliary variable € — €| x,=0 for numerical purposes, in
order to apply a Dirichlet boundary condition and to ensure a bounded value of the
Reynolds number at the wall.

An alternative to low-Reynolds-number forms of turbulence models, which
requires a relatively fine mesh near the wall with AxiIr =~ 1, is to use wall func-
tions. This alternative is simple to implement but is based on a strong hypothesis.
The first point of the mesh in the normal direction to the wall is indeed assumed to
be in the logarithmic region of a boundary layer. Values of 1, and k; can thus be
imposed at this point, as well as the value of " or 9€" /Ox,.

9.2.7 Realisability and Unsteady Simulations

Turbulence models should satisfy additional constraints, imposed by fundamental
physics principles such as the invariance of the formulation by a Galilean transfor-
mation [434], or by realisability conditions for the Reynolds stress tensor for instance.
An introduction to this topic can be found in Schumann [427], and it follows that

ubu/ﬁ det(uﬁlu:,j) >0

where the second relation is the Schwarz inequality. Recall that there is no summation
on Greek indices.

The renormalisation group (RNG) approach provides a more general framework,
and was applied by Yakhot et al. [452] to the k,—e turbulence model. In the resulting
RNG k;—e model, a new set of constants, see (9.18), is obtained in the high-Reynolds
number approximation,

C,=0.085 Cq =142 C =168 oy, =0.=0.719%4
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Moreover, an additional term must be considered in the dissipation equation, and
can be included by replacing the constant C¢; by the function C¥, = C2 +C /ﬂ73 11—
n/n0)/(1+ Bn’) where ) = Sk; /e, no = 4.38 and 3 >~ 0.012. In practice, this smart
approach has a rather weak influence on turbulence model closures and results.

This is a good opportunity to make a digression about unsteady simulations of
Reynolds-averaged Navier-Stokes equations. Unsteady RANS (URANS) simula-
tions can be obtained through the use of a time-marching algorithm. The value of the
constant Cy ,_and asa resu_lt v, i§ also often decreased [366]. Consider a mean shear
flow Uy = U;(xp) with Uy = Uz = 0. Schwarz’s inequality for & = 1 and § = 2

gives
2 - 2 _
(gkt - 2VtSll) (gkt - 2VtS22)

5 2
(211812)" < (2ki/3)*
9C. 8T, < (€"/k)?

(214512)2

IA

by noting that Si2 # 0 and Si1 = S» = 0. There is thus an implicit low-pass
filter imposed by the mean shear and controlled by the value of C,,. As a result,
no development of the energy cascade can occur with grid refinement in numerical
simulations. Examples and discussions can be found in Spalart [430] and Iaccarino
et al. [389]

9.3 The k;—e Model for Compressible Flows

9.3.1 Favre-Averaged Navier-Stokes Equation

The opportunity is taken in this chapter to introduce the Favre average in order to
extend the k;—e turbulence model to compressible flows or to variable density flows.
A natural first idea to generalize Reynolds-averaged Navier-Stokes equations for
compressible flows consists in applying the Reynolds decomposition to the density,
by writing p = p + p’. Consider for instance the conservation of mass. One obtains

ap 0 ,_-
— 4+ —(pUi + p'u}) =0
o T o (U P)

A new unknown appears with the correlation p’_u; and needs to be modelled. It is
relatively easy to guess consequences for other governing equations when the density
decomposition is introduced. To overcome, at least in part, this difficulty, Favre [382]
proposed to define a new averaging operator defined by
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F

@ 9.19)
p

corresponding to a density-weighted average, and Favre’s average is indicating by
an over-tilde sign. This means that for any variable f, one has the following Favre
decomposition

— - . / £/
f=F+f" with pf”=0 butwith f”=—”f £0

p

Note that the fluctuation f” is non-centered. Returning to the mass conservation
efluation, the Favre decomposition is then introduced for the velocity, that is u; =
U; + u}, which yields

a(ﬁ—’—p/) 8 7. ”m __
o o (0Ui + pui) = 0

By taking the statistical average of this equation, one obtains

op 0 _~
or T ox, PUN =0

This compressible form of the mass conservation has the same structure as the
incompressible form obtained by using the Reynolds variable decomposition, which
clearly illustrates the interest of the Favre averaging. The Reynolds and Favre averag-
ing are equivalent for incompressible flows, and only differ when significant density
fluctuations occur.

The Favre decomposition is now considered for all variables, except for density
and pressure. Moreover, the property (2.1) regarding the product of two variables f
and g, takes the form

0fg=pFG+pf’q" (9.20)

From these rules, the Favre-averaged Navier-Stokes equation are straightforward
to derive

A(pU;) N opu:Uy) _ 0P 9 (ﬂj —W)

o ox; ox, ox,

and again, the structure of the averaged Navier-Stokes equation is preserved for

compressible flows. The Boussinesq assumption for the closure of the Reynolds

tensor —pu; u’j/ is generalized as follows,
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according to relation (2.11) for the deviatoric part of the mean velocity gradient
tensor. The turbulent kinetic energy is now defined by

To keep notations as simple as possible, we will still continue to denote k; as the
turbulent kinetic energy when Favre averaging is used. There is generally no ambi-
guity in interpretation. The transport equation for the conservation of enthalpy (9.14)
is established in the same way. This yields, for an ideal gas,

d(pH) OPHU;)) 0 (NOH —=\  OP ~ OP
= — —— — ,h// —_— U_
o ax;, o\ on, M) T ar TYias
oP T op  _ oUi
U U 4TS o e 9.21)

The Reynolds decomposition is applied to the heat flux g; = —(\/cp)0h/0x;,
but the mean component is approximated by Q ; i~ =/ cp)(‘?H /Ox;. This is a
quite reasonable approximation for mean molecular transport terms. Similarly, the
dissipation term is approximated by Tij = T;j = 2uS;;. Finally, the ideal gas law is
directly given by P = rpT = prT.

Using the density-weighted averaging clearly simplifies the derivation of the mean
flow equations with respect to the usual Reynolds decomposition for the density.
Some difficulties nevertheless appear, in the new term u_’]fﬁlz' /Ox since fluctuations
are non-centered, or in the correlation term between the pressure gradient and the
fluctuating velocity, u’J’ Op’/Ox . By observing that u; = u} — u!, the latter can be
rearranged as follows,

o0 oy owp O
faxj fax] o Ox; Ox;
~—— ——

(@ (®)

The first term (a) is a turbulent transport term while the second term (b) is the
so-called pressure-dilatation correlation, where the dilatation is the divergence of the
fluctuating velocity field, denoted d’ =V - u'.

The transport equation for the turbulent kinetic energy is more tedious to establish,
and details are provided in Sect. 9.8. This equation can take the following form,
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(pke)  O(pk,Uj) ——0U; ou/
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and can be compared to its incompressible form (9.9). The convection of k; by
the mean flow is now balanced by a production term related to the mean shear, a
destruction term related to viscous effects, three diffusion transport terms, and two
new contributions arising from the non-centered fluctuation of the velocity, that is
u’J’ # 0, and from the compressible feature of the fluctuating velocity, that is d’ # 0.

The term u_’j’aﬁ /Oxj in Eqs.(9.21) and (9.22), which is related to the turbulent
mass flux, can be modelled through a diffusion-gradient assumption,

— 0P pu; P 1y 9p OP
o // (g 2B Op
Gy =-u; 8x, p 8xi 5 Pr, Ox; Ox; ©-23)

as proposed by Jones [391] or by Sarkar and Balakrishnan [423] for instance, where
Pr; is the turbulent Prandtl number previously introduced, see expression (9.16).
Other strategies are possible, and the reader may refer to Krishnamurty and Shyy
[397] or to the book by Wilcox [449]. Modelling of the pressure-dilatation correlation
p'd’ in Eq.(9.22), is discussed in the next section since a similar dilatational term
also appears in the equation for the dissipation rate.

9.3.2 Compressible Form of the Dissipation Rate

The transport equation for the dissipation rate in the incompressible form of the k;—e
model is semi-empirical, as discussed previously in this chapter. It is therefore illusive
to derive an exact equation in the compressible case, and to model this equation in a
second step. The approximation of the exact dissipation rate € by its expression for a
homogeneous flow €” is still retained, but must be now reformulated for compressible
turbulence. As a starting point, one has

//

2
/)6—7'”a - =2pusije]; = 2peije]; — g,udd” ~ 2vpele]; — gypd”z

by assuming a constant molecular viscosity , and where d” = V-u”. The dissipation
rate is then split into two contributions associated with the incompressible part of
the velocity in the first term, and with dilatation in the second one. The following
relationship can be obtained using the Favre average defined by (9.19),
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where the underlined term is usually neglected. This assumption holds for high-
Reynolds number flows or for homogeneous turbulence. The dissipation rate is then
given by

— 4 —
=+l with el =pwlw!  and  pel = gudﬂ (9.24)

The dissipation rate related to the incompressible part of the velocity, also called
the solenoidal dissipation rate e?, is computed from a transport equation similar to
the one of the k;,—e model in its incompressible form. Therefore, only the dilatational
dissipation EZ including compressibility effects, needs to be modelled. Various mod-
ellings have been proposed in the literature for EZ, as well as for the pressure-dilatation
correlation p’d’. Many of them are built as follows, eZ = f(M;) x ei’ where f is a
function of the turbulent Mach number M; defined by

2k,

C

M[:

The reader may refer to the pioneering studies by Zeman [454-456] and by Sarkar
etal. [422-424] Variants and applications to shear flows can be found in Lakshmanan
and Abdol-Hamidn [398] in Dash et al. [377] or in Krishnamurty and Shyy [397]
among others. A more general overview can be found in Chassaing et al. [373] or in
Gatski and Bonnet [384] for turbulence modelling aspects.

9.3.3 Compressible Form of the k;—e Model

The full equations of the k;—e turbulence model in its compressible form are presented
below. Equations for the mean flow are similar to the incompressible case provided
that the Favre averaging (9.19) is used, and that the complete expression of the
deviatoric part of the mean velocity gradient tensor (2.11) is considered. Thus, the
conservation of mass and of momentum can be written as follows,

op | 0GU) _

ot oxj
o _(7- 8(_ﬁlﬁ) 9 = 2 9 S
PU) | 0@UiU; = =5 (P + Spk) + o—[(u+ ) Sij]

ot 3)6./' Ox; 3 axj'
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These equations must be associated with a conservation equation for energy, such
as Eq. (9.21) for the mean enthalpy. The turbulent viscosity 1, is now defined from

the turbulent kinetic energy and from the total dissipation " = eﬁ' + 62,
2
=1
M = Cﬂ’pe_h

as explained in the previous paragraph. The two transport equations for k; and the
incompressible part of the dissipation rate E? take the following form,

O(pk) | O(pkU;) 0 ( u,)ak, h
ot + Ox; _ax., 'u+0k, Ox; +P+Gr—pe

8(56?) 8(/36?[7]-) — 9 Ht 36? ef - h
i el ool | Gl sl s [CaP+Gp) — Capel]

O¢

The compressible part of the dissipation rate is computed from a specific model,
which usually takes the following general form ef[ = f(M;) x e?. The production
term P is given by

——0U; = 2 _— ~
P = —pufuj=— =2,(S;))* = S(uV - U+ k) (V - U)
Xj

by generalising Boussinesq’s assumption. Finally, the values (9.18) of the constants
established for the incompressible form of the model are still used.

Applications to free shear flows of these compressible and high-Reynolds-number
forms of the k;—e model can be found in Dash et al. [375, 376] or in Thies and Tam
[439]. Regarding perfectly expanded supersonic jets, numerical predictions obtained
by different approaches are discussed in Barber and Chiappetta [365]. A conservative
form of the model has been derived by Sinha and Balasridhar [428]. As an illustration,
the case of a supersonic round jet at Mach number M; = 2 is considered in Fig.9.2.
The turbulent mean flow is calculated from a compressible form of the k; — € model
including the model of Zaman [454] for the compressible part of the dissipation and
the term (9.23). The turbulent kinetic energy field is represented through the quantity

k,1 / 2/ U;, which indicates a normalised level of velocity fluctuations. In the present

case for the hot jet at 7/ Too >~ 2.8, kt1 2 /Uj reaches around 15 % in the annular
shear-layer. The jet exit temperature and the ambient temperature are respectively
denoted 7 and T, U is the jet exit velocity. The faster decrease of the velocity with
increasing jet temperature is reasonably well retrieved by the model. Note that the
small wiggles for the hot-jet mean velocity profile are caused by a slight mismatch
between the jet exit pressure and the ambient pressure in the calculation.
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Fig. 9.2 Turbulent mean flow of a round supersonic jet at M; = 2 computed from a compressible
form of the k;—e model [507]. At the top, maps of the Mach number and of /k;/U; for a hot jet,
T;/Ts =~ 2.8. At the bottom, computed mean axial velocity profiles for a cold jet 7} /T == 1
—-— and a hot jet T/ T, >~ 2.8 — , and measurements of Seiner et al. [554] o. All axis are
normalised by the nozzle diameter D, and the Reynolds number of the cold jet is Rep ~ 4.3 x 10°

9.4 The k;—w; Turbulence Model

Turbulence models based on k; and w; are currently widely used. The turbulent
viscosity is still built with the knowledge of two turbulent scales, namely the turbulent
kinetic energy k; and the specific dissipation rate w; ~ €’ /k;. This variable w, has
the dimension of a frequency, and can be linked to the square of enstrophy, where
enstrophy is the root mean square fluctuating vorticity. This quantity was introduced
in Chap.5. The first two-equation turbulence model was historically proposed by
Kolmogorov [396, 433], and it is precisely based on k; and w;.

Various formulations have been developed and improved in the literature, but the
transport equation for the turbulent kinetic energy often retains the following usual
form,

d(pk o) Ok
(pk) _ —[(u+ ﬂ) _f} P - B punk, 9.25)
dt Ox;j ok ) Ox;

t
where (3* is a constant of the model. Its structure is quite similar to Eq.(9.10), and
there is even a direct link between these two equations by the change of variable
" = Brwk; with * = C,,. The general form of the transport equation for the
specific dissipation rate w; is given by
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The three terms collected in (a) are respectively a diffusion term, a production
term and a destruction term. This transport equation, by including only (a) on the
right-hand side, has the same structure as Eq. (9.13). Combined with Eq. (9.25), they
provide the baseline k;—w; model derived by Wilcox [446]. Standard values of the
constants are oy, = 0.5, 0, = 0.5, f = 3/40 and o = 3/3* — 0,,k*+/B*. In this
model, the turbulent viscosity is expressed as

k
= pt (9.27)

Wt

The additional cross-diffusion term (b) has been introduced by Menter [410],
and comes from the transformation of Eq. (9.13). This change of variable mentioned
above from €” to w,, also provides values for the constants 3 = C,,(C2 — 1) and
0, = o¢. In the shear stress model of Menter, known as the k; — w; — SST model
and combining Egs.(9.25) and (9.26), each constant is calculated as the sum of
the value provided by the model of Wilcox and weighted by Fi, and of the value
provided by the transformation of the k;— model and weighted by 1 — F;, where
F is a blending function [410]. Furthermore, the turbulent viscosity is now a more
complex function, written symbolically as yp; = p, (k; /wy, ks /w). Through another
blending function, the turbulent viscosity becomes proportional to k; /w in boundary
layer flows, where w is the norm of the vorticity, and i, is given by expression (9.27)
elsewhere. As pointed out by Menter [410], the production term P in (9.25) must
therefore be computed according to the two definitions of the turbulent viscosity in
the SST model.

Successive variants and numerical applications can be found in Wilcox [449,
450]. The k;—w; turbulence model proves to be numerically robust, especially for the
prediction of wall boundary flows, and does not require damping functions. A weak
point of this model is its sensitivity to freestream values in external aerodynamics and
improvements have been proposed to correctly represent free stream turbulence [395,
408, 432]. Extensions to compressible flows [421, 448] have also been considered.

9.5 The Spalart and Allmaras Turbulence Model

An alternative to the determination of the turbulent viscosity for evaluating the
unknown Reynolds stress tensor in (9.1) is to solve a transport equation for v;.
In this way, a complete turbulence model is also obtained. A possible starting point
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is to consider the expression of the turbulent viscosity, e.g. relation (9.27) for the
k;—w; model. It is then straightforward to derive the following transport equation,

dv, 1dk, k, dw;

dt  w dt  W? dt
in which the formulation of each term must then be revisited to remove the depen-
dence with respect to k; and w;. Independently, Menter [411] has developed a turbu-
lent viscosity equation derived from the k;— model.
One of the most popular turbulence models for aeronautical applications in this
framework, is the Spalart and Allmaras model [431]. A semi-empirical transport
equation is assembled term by term to match selected requirements, which yields

vy S+ - {V [+ Vi ] + (V“)z} (2 ’ (9.28)
— = 1% _— . 14 1% 1% C 1Z — C —_— .
ar by t Pr, t t by t wi Jw dw

for the auxiliary variable 7; related to the turbulent viscosity by vy = 7y f,,, and
where cp,,, cp, and ¢y, are three constants. The function f,, allows the viscosity to
be equal to v; = ku,d,, in all regions of a boundary layer, where d,, is the transverse
distance to the wall. The first term ¢y, Qi isa production term, where Qisa vorticity
magnitude sensor equal to u,/(kx7) in the logarithmic region of a boundary layer
and equal to the mean vorticity magnitude £2 elsewhere. The second term in brackets
describes diffusion in a non conservative form for ;. The third term is a destruction
term and f,, is a damping function associated with near-wall corrections [431].

9.6 Concluding Remarks

Numerical results obtained from different turbulent-viscosity models have been com-
pared in the literature, for instance in Menter [409], in Singer [232], in Wilcox [449]
or in Celi¢ and Hirschel [372]. A first view of these models can also be obtained by
writing simplified equations in the case of usual flows, in order to well understand
their behaviour. The compressible form of the k;—¢ has been introduced in Sect. 9.3,
but similar corrections can be made for other models, as formalized in Catris and
Aupoix [369]. Realisability conditions can also be enforced in the different models.
More specific topics including rough walls, rotating flows, adverse pressure gradient
flows or shock wave boundary layer interaction are deliberately not addressed here.

The k;—e turbulence model is not as commonly used for predicting aerodynamic
flows [372] with respect to the k; —w; —SST model or the Spalart-Allmaras model for
example. Alternative approaches have also been developed [425, 426] for turbulent-
viscosity turbulence models. To relax the constitutive relation based on Boussinesq’s
hypothesis (9 2) a transport equation must be solved for each of the six Reynolds
stresses —put; u . One of the first Reynolds stress models (RSM) was developed by
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Hanjali¢ and Launder [386] to compute the anisotropy in a channel flow, induced by a
smooth wall on one side and a rough wall on the other. Full second-moment Reynolds
stress models have been deeply investigated by Lumley [250], Launder [399], Gatski
and Speziale [383, 436] and Speziale et al. [437]. Transport equations for Reynolds
stresses were initially combined with a transport equation for the dissipation, see for
instance Eq.(9.13), in order to have access to a turbulence length scale. A transport
equation for the specific dissipation rate w; can also be used [371, 449].

9.7 Equation for the Dissipation in Incompressible
Homogeneous Turbulence*

Starting from the Navier-Stokes equation for the fluctuating velocity (9.11) developed
below for an incompressible flow, and by assuming a constant molecular viscosity ,
d(pul) 0 - -
o T om [o (i Uk + Uit + ujup) ] =
op’ 0 ( — ou';
— — + — | pulu), + p—= 9.29
ox;  Oxk (p it T 1 Oxg ©:29)

the following equation is then built

Ou; [Eq. 9.29)]
Va—x]— q. (9.29)

Using the incompressibility condition for the mean and for the fluctuating velocity
fields, each term can be recast as follows,
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The transport equation for the dissipation in an incompressible homogeneous flow
is thus obtained by grouping all the previous terms, and by multiplying them all by
a factor of 2 to obtain Eq. (9.12). It yields,

d(peh) a(pthk) _ L@(%%+%%) oy O 820,
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9.8 Favre-Averaged Turbulent Kinetic Energy Equation*

Starting from the Navier-Stokes equation, written in its non-conservative form, it is

possible to establish an equation for the turbulent kinetic energy pk, = pu’ "ul /2.
The exact Navier-Stokes equation is multiplied by u, that is

" 8”1 + Ou; _ 8p %
il TP ]0x T o Ox;

Let us examine each term of this equation. The term which involves a time deriv-
ative can be written as

3 2 Ot

2 D () e
2
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Taking the statistical average of this last relation, it yields

8ul — ou; 8 ufz ug’z Op
= pu; — + — p— —_— (9.30)
8t - ot ot 2 0Ot
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A similar development for the convection term leads to

u; — 0U; oU; ou
u;/pujgj = pu?'Ujo + pu//u/j/a + pu//uja; (9.31)

The last term of (9.31) which still involves u ;, can be recast as follows,
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Thus, by grouping expressions (9.31) and (9.32), and by applying the statistical
averaging, one obtains

(9.32)
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For the pressure term, one obtains
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The two terms (a) and (b) are specific to compressible flows. The term (a) is
usually denoted G s and the term (b) is called the pressure-dilatation correlation.
Finally, the viscous term is rearranged as

0Tij 0 —— ou’!
nZ 1" i
4 = = 9.35
' Ox; 8x1u i Tij i Ox;j ( )
——
= pe

The transport equation (9.22) for the turbulent kinetic energy k; is finally obtained
by summing the different contributions, namely expressions (9.30), (9.33)—(9.35),
which leads to [449]
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Note that by adding the two terms (9.30) and (9.33), the conservation of mass has
been used
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Chapter 10
Experimental Methods

Three methods are frequently used to measure turbulent flows: thermal anemometry,
laser Doppler anemometry and particle image velocimetry. Thermal anemometry
delivers continuous signals for velocity and fluid temperature at one or several points.
It makes use of tiny sensors introduced in the flow. Wall shear stress measurements
are also possible with sensors integrated in the wall. Laser Doppler anemometry,
based on the frequency shift of illuminated particles carried by the flow, provides
velocity at one or several points in the flow at a large series of discrete times. Particle
image velocimetry, where cameras observe the displacement of small particles by
the flow, provides instantaneous velocity maps at a moderate frequency rate. These
methods are successively presented in this chapter.

10.1 Thermal Anemometry

10.1.1 Main Lines of Operation

Thermal anemometry relies on the use of a fine metallic wire, usually made of
platinum or tungsten, which is heated electrically and exposed to a flowing fluid.
Its temperature, which is a function of the fluid temperature, fluid velocity, and
the rate of heating, may be determined by measuring its electrical resistance. For a
metallic wire, a quasi-linear relation links the electrical resistance of the wire Ry, to
its temperature T,

Ry = Roll + X(Tw — To)] (10.1)

where Ry is the wire resistance at a reference temperature T, and x the first order
temperature coefficient of resistivity of the wire material, provided by the manufac-
turer, also measurable using a thermostat or an heated jet. The wire, if it were an
ideal sensor, i.e. without any mass, heat capacity, and boundary layer on its surface,
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would respond instantaneously to any velocity or temperature change occurring in
the flow. Its heat balance would then be simply written

0= RAI22 — (T4 — T)F (uy) (10.2)

where Ry, is the resistance of the ideal wire, I}, the current intensity through it,
Ty, — T the temperature difference between the wire temperature 77, (¢) and the
incoming flow temperature 7'(¢), and F'(u,) a function of the velocity component u;,
normal to the wire. The first term is the Joule energy brought to the wire, and the
second the heat loss by forced convection, the wire being comparable with a two-
dimensional body, as explained by Knudsen and Katz [10] or Corrsin [709]. The
difference T}, — T is a driving factor for the cooling rate of the wire, and in hot-wire
anemometry it leads to the overheat ratio of the wire defined by

ar = - ~ T (10.3)

where R is the resistance of the unheated wire placed in the flow, given by Eq. (10.1)
for the temperature 7. A real wire, although very fine, is not devoid of mass and heat
capacity. The heat balance of a real wire has now a more complicated form

dr,
mwcwd—;" = Ryl2, — (T — T)F (uy) (10.4)

The left-hand side of (10.4) expresses the rate of change of heat kept by the real
wire, where m,, is the mass of the wire and ¢,, the specific heat of the wire material.
The wire resistance is now denoted by R,,, the wire temperature by T,,, and the
electrical current by I, all without the star index, as the variables of a real wire
differ from those of an ideal wire.

An anemometer is the association of a hot-wire sensor and an electronic circuit.
By itself or combined with a special data processing technique, any anemometer has
to properly correct the thermal inertia of the real wire so that Eq. (10.2) is recovered
and permits proper values to be obtained for the instantaneous velocity u,, (f). Over
the years [701], different types of anemometers have been developed according to
the way the wire is operated: at constant current, which leads to the Constant Current
Anemometer—in brief CCA, at constant resistance or temperature, which leads to
the Constant Temperature Anemometer—in brief CTA, at constant voltage across
the wire, which leads to the Constant Voltage Anemometer—in brief CVA.

Hot-wire anemometry is usually reserved for low turbulence levels. All governing
equations can thus be linearized around a mean operating point, leading to two very
useful results: expression of the time constant of the wire, and definition of the
wire sensitivity coefficients to velocity and temperature fluctuations. However, an
exception exists for CVAs where a recent approach permits to cope with large velocity
fluctuations [695].
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Fig.10.1 Hot-wire sensor and wall pressure pinhole microphone to investigate a turbulent boundary
layer. Courtesy of Edouard Salze (LMFA)

10.1.2 The Wires and Their Positions in a Turbulent Flow

Typical wires have a diameter d,, in the range 1-5 wm and a length [, in the range
1-3mm, see Fig. 10.1. Choosing a wire is always a compromise. On one hand, the
aspect ratio, l,,/dy, has to be large to offer a correct directional response [709]. On
the other hand, the length [, has to be small to provide local measurements [750].
The whole probe which consists of a stem, two broaches also called prongs, and
the sensing wire has also to be built to reduce aerodynamic perturbations [692, 702,
703].

The two usual configurations for hot wires are illustrated in Fig. 10.2. For a single
wire placed normal to the mean flow U7, the instantaneous velocity u, (f) cooling the
wire is given by Pythagoras’ theorem as

- 2
un(t) = [(D + ) () + (2]
which simplifies for small fluctuations into

ﬁmfﬁm

:(_J +u/ t
o 1+ u (@)

_ 1
u (1) = Uy + u) (1) + 5

Fluctuations u} (r) are not included, being of no cooling effect since they are parallel
to the wire. When the second order terms are not small, it becomes interesting to
move the wire longitudinally at a constant speed to create an artificial higher mean
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Fig. 10.2 Two classic positions for hot wires. On the left, a single wire is set normal to the mean
velocity and responds to u, ~ U;j + u/l. On the right, two wires are inclined to the mean flow,

and respond to (1) = (l_ll + u’]) cos P(1y — “/2 sin q_ﬁ(l) for wire (1) with normal n(j), and to
un2) = (U1 + u}) cos ¢ + ity sin ¢(2) for wire (2) with normal nz)

velocity U;. This technique is called the flying hot-wire as the wire acts as an airplane
through the flow. It was initiated by Panchapakesan and Lumley [549] for jets and
quickly adopted by Hussein et al. [539] who clearly showed the difference between
a stationary probe and a moving one. Complex flows around airfoils can also be
captured using flying hot wires as explained by Bruun [699].

Probes more robust than wires consist of a thin metallic material deposited on a
small quartz cylinder, and overcoated by a thin layer of quartz. They respond in a
similar way to wires and permit measurements in water, liquid metals, and gases in
industrial conditions.

The right-hand side of Fig. 10.2 illustrates an X-probe which consists of two wires
closely spaced and inclined with respect with the mean flow. This set-up permits

to measure u} () and u(r) and to deduce the Reynolds stress —puu), which is a
fundamental quantity in all turbulent flows. Figure 10.2 is sketched for a known
mean velocity direction U;. Nevertheless, an X-probe may be used, even if the mean
velocity direction is not known, but one has to check that the velocity lies in the plane
(1)—(2) to ensure u/3 (t) =~ 0. In that case an exact 90° angle between the two wires
simplifies the approach [699]. Other configurations of interest are:

e three hot-wire probes give access to the three velocity components in a 3-D flow.
Commercial probes are provided with mutually orthogonal wires to ease calibra-
tion and data processing since the probe frame has to be connected to the flow
frame [699, 704],

e arrays of single or X wires are used to investigate mixing layers and orthogonal
modes decomposition [220],

e arrays of 4-12 wires distributed on tetrahedrons permit to obtain the vorticity
components [743],
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Table 10.1 Physical properties of hot-wire and hot-film materials (f annealed) at 7y = 293K: p,
electrical resistivity, y temperature coefficient of resistivity, p density, ¢ specific heat and A thermal
conductivity

Material pe 2-m |y K7! pkg-m™3 |cJ-kg7'-K' [ AW.m™!l.K~!
Copper 161078 | +4.01073 8 900 385 400
Nickel 701078 | 4+6.01073 8 900 438 90
Platinum 111077 | 4391073 |21500 130 70
Pt-10%Rh  [1.91077 |[+1.71073  |19900 150 40
Silver 1.6107% | 4+3.81073 | 10500 235 428
Tungsten 601078 | +371073 | 19300 140 170
Tungsten’  [6.0107% | +4.11073  |19300 140 170

e for temperature measurements, an additional cold wire is placed close to a single
wire or an X-wire. It behaves as a resistance thermometer [708],
e finally, thin films can be glued onto walls to obtain wall-shear stresses.

Electrical and thermal properties of materials used for most hot wires are reported
in Table 10.1. Some basic values can therefore be estimated, such as the reference
resistance Ro given by the classical expression Ry = 4pely/ 7rd,2v where p, is the
electrical resistivity of the wire material. For example, Ry ~ 3.3Q for a Spm
tungsten wire, 2mm long, and Ry =~ 28 Q2 for a 2.5 wm tungsten wire, 3 mm long.
For a},, = 0.80, the resistances become 6 and 50 €2 for these two wires respectively
and the wire temperatures are then around 500 K, a limit which should be respected
to avoid wire deformations.

10.1.3 Heat Transfer Relationship for Ideal Wires

Cooling laws associated with heat transfer by forced convection around long cylin-
ders, a geometry well suited to describing hot wires, are available in many books
or reviews, by Knudsen and Katz [10] or Comte-Bellot [704] among others. These
laws are expressed in terms of dimensionless groups which make them general. For
forced convection and subsonic flows, the relationship is

Nu* = AP 4 Bp933 Re” (10.5)
with A >~ 0.20-0.30, B >~ 0.60-0.65, n >~ 0.45-0.50, and the following notations

— Pln d’w Nll* R:UI:UZ

Re - —ww
n Tl NT —T)

Pr =

>~ =
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Table 10.2 Physical properties of usual fluids and substrates for hot films at 7y = 293K

Fluid/wall |Pr 5 pkg-m™ |, T-kgT! K7 [ AW-m™H.K7! |pkg-m™! 57!
Air 071 [1.40 |12 1005 0.0257 1.82 1072
Helium 0.70 | 1.66 |0.17 5180 0.157 1.86 1072
Water 7.0 1 000 4180 0.60 1.00 1073
Mercury | 0.022 13 600 140 93 1.55 1073
Quartz 2 650 710 6-11

Kapton 1420 1090 0.10-0.35

Plexiglas 1190 1470 0.21

Tufnol 1320 1500 0.29

Wood 580 2500 0.13

for the Reynolds and Nusselt numbers of the wire and for the Prandtl number of
the fluid. Variables without subscript denote the value at the fluid temperature 7 in
subsonic flows. In supersonic flows, the stagnation temperature 7; seen by the wire
when not heated replaces the static temperature 7' [3, 723]. Table 10.2 indicates values
of the physical parameters at the reference temperature of 7y = 293 K. Some laws
available in the literature [704] slightly differ from (10.5) mainly by the correcting
factor 0.5(T;, + 7)°13. This introduces complexity and is left outside the scope of
this presentation. For experiments in air, Eq. (10.5) takes the simple form

Nu* ~ 0.24 + 0.56 Re’>° (10.6)

Returning to the physical parameters themselves, i.e. to u,, R, R}, I;, and using
the general heat balance Eq. (10.2), (10.6) then becomes

Rl _ A+ B, (10.7)
Ry —R

where

LA )
A~024"7%%  and B~ 05622/ pdu /1
Rox Rox

The relation (10.7) is known as King’s law [722]. Although audaciously estab-
lished assuming a potential flow around the wire, it highlights two main properties:
the nonlinearity of the heat exchange law of the wire, as illustrated in Fig. 10.3, and
the robustness of the law regarding supersonic flows, as illustrated in Fig. 10.4. The
first property reveals a problem one has to cope with when doing turbulence mea-
surements, the second property shows the usefulness of hot-wire anemometry for
high speed flows.

The fluid characteristics p, . and A which enter into A and B depend on the
temperature 7. One can estimate this effect by assuming power laws of the form [30]
p~ Tfl’ B~ TO.SO’ A~ TO'SO, which giVCSA ~ TO.80 and B ~ T0‘8070‘5070‘4O ~
77910 Hence B is almost independent of 7. Moreover, B,/u, becomes more and
more important compared to A when u,, increases, so that one can admit that the fluid
temperature appears only through R in Eq. (10.7).



10.1 Thermal Anemometry 275

Fig. 10.3 Time variation of

the wire resistance R}, (1) RX,(t)
with the velocity u, () when
the wire is fed by a constant
current, according to King’s
law (10.7). Note the curve
nonlinearity. For small
amplitudes, the curve may be
approximated by its tangent 0
at the mean operating point P

King’s law

U, (1)

Fig. 10.4 King’s law for 10
different Mach numbers M,

in continuous regime, Nu* ~ 0.56 Rel/2 - 760
Knudsen number Kn < 0.01. 5 50°
Note that Nu* becomes
independent of M as soon as .
M > 1.3. Data from Barre M=0.3 o n
et al. [693] for
0.3 <M < 1.5, and 0>
Kovszanay [723] for P
1.15 <M < 2.03 1

Nu*
(98]
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10.1.4 Constant Current Anemometer

A diagram of a Constant Current Anemometer (CCA) is shown in Fig. 10.5. For
preliminary tests, the wire is incorporated in a Wheatstone bridge to measure R and
adjust I, for a chosen a},. Afterwards, only the left part of the bridge is kept. The
DC part is recorded per se and the AC part is the input to a high gain amplifier which
includes a resistance-capacity (R-C) network to compensate the wire thermal lag,
an approach valid for low turbulence levels. CCAs were developed around 1930 by
Dryden and Kuethe [710] and were used for many years, for example, by Klebanoff
and Diehl [632] for boundary layers, by Corrsin and Uberoi [521] for heated jets, by
Comte-Bellot and Corrsin [100, 101] for grid turbulence, by Kovasznay [723, 724],
Morkovin [732] or Barre et al. [693] for supersonic flows.
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thermal lag
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Fig. 10.5 Block diagram of a Constant Current Anemometer (CCA). The large resistance Rp
imposes a constant current in the wire. A gain increase with frequency, shown in the insert, and
a phase lead are applied to the AC part of the wire signal to compensate the thermal lag. The
compensation circuit is correctly adjusted when a square-wave input signal gives a square-wave
output signal

The equations governing the resistance R, (f) of a real wire and the resistance
R;, (1) of the corresponding ideal wire, are obtained from (10.1), (10.2) and (10.4)

MayCop ARy
Rox dt

= Rul? — (Rw — R)f [un(0)] (10.8)
0= R%I2 — (RY — R)f [un(0)] (10.9)

where f(u,) = F(u,)/(Rox). Of course, all variables should mention that the wire
is operated by a CCA, but for simplification R,, stands for R, |cca, R}, for Ry, |cca
and I, for Iylcca or I, lcca. The elimination of f[u,(¢)] between Eqs. (10.8) and
(10.9) gives

MyCyw 1 dRyw Ry, — Ry

Rox RIZ di — R:—R

and provides also the compact equation

MyCw 1 dRy n Rw — R
Rox RIZ di Ry, — R

1 (10.10)

first established by Corrsin [709]. Thus Ry, (7) is governed by a first-order differential
equation which is nonlinear because R}, is time dependent. Before considering that
general case, let us examine the widely used simplifications for low turbulence levels.

At low turbulence levels, that is for small fluctuations, the above equations can be
linearized and two notable results emerge, the concept of the time constant and the
concept of sensitivity coefficients. Linearization implies splitting of all variables into
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their mean and fluctuating parts assumed of small amplitude. Thus R}, = R* +r
with 7% & R%,, Ry = Ry + 1), With 7}, & Ry, and R = R + 1/ W1thr < R
Substitution in Eq. (10.10) gives, after some algebra, Ry, = R* and

MawCw Ry — Rdr{u , "
Rox R i wTTw (10.11)

The differential equation governing r,,(f) now has constant coefficients, and the
factor in front of dr,,/dt has the dimension of a time. This factor is called the time
constant of the wire when operated in a constant-current mode. For clarity, we note
it MS)CA, so that

MuwCw 1 Ry — R

_ oo dr. -
MECAZW 4 ) — % with MSCA = —— 10.12
w g TTe =T v Rox I, R o1

whatever the nature of the fluctuation, velocity or temperature. Two other forms can
also be written using Eq. (10.6) or (10.7)

2
FICCA — (1 4 gy Pelw o peea _Mecw Lo 1013
w 2 ome M T R f(Un) o '

As orders of magnitude, for a tungsten wire with dy, = 5pm, M CCA — 420 s,
l_],, = 50m.s~! and a aqy = 0.80. For Un = 100m.s~!, MCCA is reduced to 305 s.
The fact that M$ CCA decreases when U, increases, allows the investigation of high
speed flows. The solution of Eq. (10.12) has the classic exponential form

Ty = Ty exp(—t/MS)CA) and MCC ]wr + r r*

in the time space, see Fig. 10.6, and in the frequency space respectively. The amplitude
loss a/a* and the phase lag v of a real wire compared to the ideal wire are thus

aja* = [1 + (MS,CAw)2]_1/2

with  tany = MSAw
The purpose of the compensation amplifier is to correct the amplitude loss and
the phase lag, and thereby recover the ideal signal r,;. In practice, the output voltage

e™ = rp I is acquired during the experiment.

Also for small fluctuations, sensitivity coefficients can be defined. Taking the
log derivative of King’s law (10.7), when I, is a constant, and recalling that R =
Ro[1 4+ x(T — Typ)], one obtains for the fluctuations

- _a, BV U, u, xT

0
Ry, 2 A4BJU, Un 1+xT—To) T
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MSVA MSCA t

Fig. 10.6 Response of a constant current anemometer to a square-wave signal added to the cur-
rent heating the wire and comparison with the similar curve corresponding to a constant voltage
anemometer. Each curve obeys an exponential decay and the time constant is the time at which the
dropis 1 — e™! =~ 63 %. Note that MG¥A < MSCA, refer to Egs. (10.13) and (10.28)

At sufficiently large velocities, Bv/ U, > A, and from Table 10.1, x7 ~ 1 and
x(T — Tp) < 1if T stays close to Ty. The previous equation can thus be written in
a simple form,

o _ Gt O
R, 20, T
which gives at the CCA output,
e/* u/ /
—SCA = gCCA 1 4 ECA — (10.14)
Ecca " Un
where
~% R*
SSCA=—a—“’x Cc Sg/CA=1x Cc Co=—"-—"2—
" 2 Ry, + Ry +rL

The factors SSCA and SgCA are the CCA sensitivity coefficients to velocity
and temperature fluctuations respectively. Comparison with other anemometers is
reported in Table 10.3.

For large fluctuations, the time dependence which appears through the coeffi-
cients of Eq.(10.10) introduces higher harmonics in the solution due to parametric

Table 10.3 Sensitivity coefficient of anemometers according to King’s law, when Bv/U, > A,
xT >~ 1 and x(T — Tp) < 1

CCA CTA CVA
Su’ _l ar x CC l 751:1} — X LS
" 2" 4 2(1 +2az,)
Sor 1 x Cc — _1 ;_ X Lg
2ay, 1+ 2az,

See expressions (10.14) and (10.31) for the factors C¢ and Lg respectively
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excitation. This problem was pointed out by Corrsin [709] using Fourier series, then
studied by Comte-Bellot and Schon [707] using an analog computer. Numerical
results are reported by Comte-Bellot [704]. These harmonics generated at the wire
level are not at all suppressed by the compensating circuit. Even worse, they are
amplified as if they were true turbulence. Large errors appear on odd moments, such
as the skewness factors, due to cross moments between harmonics, but fortunately
mean quadratic values and power spectral densities (PSD) are only slightly affected.

10.1.5 Constant Temperature Anemometer

A diagram of a Constant Temperature Anemometer (CTA) is given in Fig. 10.7.
The idea is to use an electronic feedback amplifier to maintain the wire at a nearly
constant resistance. Thus dRy,/dt ~ 0 gives dTy,/dt ~ 0 thanks to Eq.(10.1), and
in Eq. (10.4), any thermal lag effect due to the wire is suppressed. The wire overheat
is chosen once and for all by adjusting the resistance R3 in the adjacent lower arm
of the bridge. The factor m which appears in the right arm of the bridge is called
the bridge ratio. Often m = 20 so that most of the supply current goes through the
active left arm of the bridge which includes the wire rather than through the passive
right arm. Also, the top resistance R; is chosen to be large compared to R,,, usually
20 or 50 Q2 to increase the CTA output voltage and ease its acquisition. In Fig. 10.7
all resistances are expressed in terms of the resistance Ry, that the equivalent ideal
wire would have. Thus, if R}, =5Q and R =20Q,n = 4.

Ecta

ij cr, R> = mnR},
b

_l’_

CTA

Tw I output
J V) Ba = mpy, P
mrrp
——

Fig. 10.7 Block diagram of a constant temperature anemometer (CTA). The Wheatstone bridge
is kept balanced at all times by a feedback amplifier, so that the wire resistance R,, is maintained
constant. The current intensity I, sent back to the wire is the leading indicator, it increases when
the incident flow velocity increases, it decreases when the incident flow temperature increases. The
CTA ouput Ect4 mimics the I, change
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The CTA was pioneered by several independent workers around 1950, e.g. by
Weske [745], Ossofsky [734], and Ling and Hubbard [721, 728] making use of the
newly existing operational amplifiers. Many studies were later conducted to improve
the circuitry, its comprehension and stability, for example by Perry [735], Fingerson
[711], Watmuff [744], Weiss et al. [749] and most importantly by Freymuth [713,
714,716-718].

For an ideal CTA where the bridge is kept perfectly balanced at all times, the
current intensity [, (f) obeys King’s law (10.7) where Ry, = cst. The top bridge
voltage E7. (1) is thus

R 1/2
(A +B\/un(t)):| (10.15)

* * R:U
E¢r (1) = (R + Ry, + 1) R

where R}, denotes R}, |c74. Of course, that value differs from that associated with a
CCA. The curverelating E7.4 to u,, ata given flow temperature is the CTA calibration.
It is then common practice to admit that any measured Ecy4(7) value is the ideal
E¢r4(t) quantity, and to invert the curve to deduce u,(¢) from an acquired signal.
Several procedure are described for single or X-wires, using polyfit polynomials
[698] or look-up tables [729].

Sensitivity coefficients can also be defined for small fluctuations in that ideal
situation. The log derivative of (10.15) yields for the incident velocity fluctuations

eCTA crA U n . cra 1 BV _ ~ 1
= =S, with S, -
Etyy ™ U, “ T 4A4BJD,

and for the incident temperature fluctuations

eCTA _ SCTA‘Q with SCTA 1 xT N 1

Efy T o 2ap 1+ x(T—Ty)  2a

the approximate values being based on the conditions B\/Z_T,, > A x ~ 1T,
T >~ Tp.

For a real CTA, the electronic circuit implies more parameters than in the ideal
CTA that was considered above. According to the well accepted analysis of Freymuth
[713,716], three equations are needed to model a CTA. The first deals with the bridge,
the second with the feedback amplifier and the third with the hot wire.

For the bridge, the voltage difference 6 = Vj;, — V,, constitutes the input signal
to the feedback amplifier. As there are many reactances in the circuit, the cable
inductance )y, the capacitance Cr, see Fig.10.7, and often additional ones in the
lower right arm of the bridge, lumping all these into a single term Mp is convenient
as suggested by Freymuth [713] and used by Weiss et al. [749]. Ohm and Kirchhoff
laws for the circuit then give
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R* (R* — R dE
n w( w w) E +MB_
(nR%, + R?, + 1) (nR%, + Ry + 1) dt

R*, R
S My et g (10.16)
Rr nR}, + Ry + 1L

where E stands for Ecra, Ry for Ry | c14, R, for R}, |c7a. The voltage for an electronic
testis E7.

The feedback amplifier usually has two stages [718], each one characterized by
a first-order frequency response. The gain-bandwidth products of these stages are
GBP; and GBP>. Those are inalterable and characterize their dynamics. Hence,
GBP| = G1/27M1,and GBP,; = G, /2mM; where the gains of the stages are denoted
by G1 and G, and their first-order time constants by M and M,. Furthermore, it is
assumed that the second stage generates a constant but adjustable offset voltage Ej.
Combining the dynamic responses of the two amplifier stages leads to

d’E dE
M'— +M—+E=E,+Go 10.17
2 TM -+ b+ ( )
where G = GGy, M' = My + My and M = M {M,.
For the hot wire, the energy balance is directly deduced from Egs. (10.1) and (10.4)

MyyCop ARy Ry
xRy dt ~ (nRY, + Ry +11)?

E* — (Rw — R)f (Un) (10.18)

There are three unknowns, §, Ry, and E, and to solve Eq. (10.16)—(10.18) one has
to find a way of estimating G, M’, M", E}, and Mg. This requires the linearization
of the equations and the use of the electronic test signal e/;..

To linearize CTA equations, small perturbations are defined as follows, &', " and
¢’ around the mean (or static) values 5=0, Ry = R;, and E = E},. Substitution in
Egs. (10.16)—(10.18) gives

_ R* d / R* R*
=k o 2’,+MB—e—n “ w I er (10.19)

(nR}, + Ry, +rL) dt  Rp (nR%, +R% +rp)

d2 / d ’

My M+ =G (10.20)

Moty 1 dr [1 Ry — Ry 1) (R}, — R)] r,

xRo f(U,) dt nR:, + R, + 1L Ry,
R —R 1 d

B 2%5 ~ Ry =R L (10.21)

7D dU, "
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The elimination of ¢’ is achieved by combining (10.19) and (10.20). The resulting
equation between ¢’ and r’ is then derived with respect to time so that dr’/dr can be
eliminated using (10.21). The important result is that a third-order linear differential
equation with constant coefficients now governs ¢, its form is

d?e d*e de’ , , de’,
C3ﬁ+C2ﬁ+C]E+€ = Cuun—i—C,eT—}-CnW (1022)

and the most important factor is C3

C3 _ M//lmwcw 1 (nR:U + R:U + rL)2
G XRo f(U,) 2Ry, — RnR*

which gives the cut-off frequency of a CTA, f. = 27(C3)~!/3. Figure 10.8 illustrates
the pulse response specific to a 3rd-order system submitted to an electronic square
wave input. Using that signature, Freymuth [713] gave a practical rule, f, =
1/(1.3719), where 7 is the time at which the pulse crosses the time axis for the
first time. Figure 10.9 displays an experimental result and a numerical simulation.
The transfer function output/input, as considered by Weiss et al. [749] see Fig. 10.10,
is a useful addition. Adjustment of a CTA has to be conducted at every mean operat-
ing point as f (U,) appears in C3. At least, an adjustement at the highest flow velocity,
rather than at the lowest one, is advised to obtain stability. At high velocity the feed-
back effect is minimal, since the wire thermal lag is small, insuring oscillation-free
behaviour at lower velocities.

The effect of wire overheat is illustrated in Fig. 10.11. For a good feedback effi-
ciency, the wire overheat has to be high. Hence, it is often advised to set a,, = 0.80,
but values of a,, down to 0.20 may still work for RMS and PSD measurements if
the frequency correction suggested by Weiss et al. [746] is included. However, the
cold wire technique that one would like to use to obtain instantaneous temperature
fluctuations is ruled out.

Fig. 10.8 Square-wave
responses (arbitrary units): a
exponential decay for a 1st
order system, the case of a
CCA or a CVA, see also
Fig. 10.6; b oscillations for a
2nd order system; ¢ a large
initial pulse followed by
small decaying oscillations
for a 3rd order system
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Fig. 10.9 Pulse for a 5 um tungsten wire, — experimental curve, —— numerical simulation using
(10.16)=(10.18). The CTA is a DISA 55M10,n = 3.47. U, = 10m-s~!, a,, = 0.80, fr = 100kHz,
¢ = 100mV peak to peak, R4 = 10002, G = 1000, M’ =2.22 x 10755, M” = 1.23 x 1071052,
Ep, =199V, Mp = —8.55 x 1095, 1, = 1 Q. Courtesy of Julien Weiss (ETS Montréal)

Fig. 10.10 Transfer
function for the same
conditions as in Fig. 10.9.
The curve presents a plateau
up to f. >~ 40kHz and
afterwards a —60 dB/decade
slope characteristic of a 3rd
order system. Courtesy of
Julien Weiss (ETS Montréal)

Fig. 10.11 Improvement of
a CTA frequency response
with wire overheat

ay = 0.20 0, 0.40 [J, 0.60 ©,
0.80 x. Same conditions as
in Fig. 10.9, except for Ej,
which are 0.8, 1.6, 2.4 and
3.4V for the four a,, values
respectively. Courtesy of
Julien Weiss (ETS Montréal)

Ty (dB)

0.8

0.6

0.4

f (Hz)

60 90 120
f (kHz)



284 10 Experimental Methods

Input signals with large amplitudes induce nonlinearity because of a joint effect
between the electronic circuit and the thermal inertia of the wire. Freymuth [714]
pointed out that a second harmonic is generated, of the order of 20 % of the funda-
mental signal, around half the cut-off frequency f./2. Confirmation of this result is
brought by Weiss et al. [749] with experimental tests and numerical simulations.

10.1.6 Constant Voltage Anemometer

Figure 10.12 illustrates the Constant Voltage Anemometer (CVA) principle. There
are two independent circuits to operate the hot wire, one to fix the wire voltage Vo,
and the other to modify the wire current /,, according to the incident flow. In the
voltage output E%YA, the lower index 7 recalls that the instantaneous output voltage
depends on the capacity C. The CVA concept was elaborated by Mangalam et al.
[730] and Sarma [736] in the 1990s. Prototypes and commercial units were then
widely used, in high-speed boundary layers by Sarma et al. [739], Comte-Bellot and
Sarma [706] and Weiss et al. [748], in shock tubes by Norris and Chokani [733], in
pulsed synthetic jets by Truzzi et al. [741].

Ry Rp
1
L
~— I ~— Ir
Rq
L Rap G Raa
=
% + —— ——
v Iy— I,—
1
Ic Tw[ T hot wire
CVA CZ Ry
output 7/ i i “
lead
TL

Fig. 10.12 Block diagram of a Constant Voltage Anemometer (CVA). The wire voltage V,y =
(Ry + r1) 1y is fixed by the DC supply V; and resistances Ry and Rr. The current through the wire
whose intensity /,, changes with turbulence is supplied by a feedback amplifier, the only path is
through resistance Ry, + Rap, chosen large so as to yield a large voltage output E%_VA
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The Ohm—Kirchhoff laws applied to the network of Fig. 10.12 give

R +Vi =0
Vw — Rplp =0
Vw = Ry + 1)1y
EYA — Ryply = Vg

10.23
V — Roala = Vo (10.23)

I. = CdVg/dt
Iy =1,+1,
Iy =1y +1Ir

where Ry, stands for R, |cva and I, for I, |cva. Resistor Rz, which is large compared
to Ry, + Rap, is neglected in the above equations. If needed the complete equations
are available in Sarma [736]. From (10.23) one can easily deduce V,, = V{RFr/R;,
which shows that the wire voltage V., is indeed constant, as V is a stable DC source.
The setting of V,, is made by adjusting V| manually or by a PC. After some algebra,
one deduces from (10.23) the CVA instantaneous output voltage

ESYA=v,|1+R 1+ ! +TRd ! (10.24)
fe — 7w 2 Rr Ry + 11 ¢ 2dl‘ Ry + 11 ’

where Ry = Ry, + Ryp. Note that T, = Ry,R»,C /R is a time constant whose interest
is presented further below.

The equations governing the resistance Ry, of the real wire and the resistance R},
of the corresponding ideal wire, are issued from (10.1), (10.2) and (10.4)

MayCap ARy VIZU
—— =Ry——— — Ry —R n 10.25
Ron dr = Ry~ Re = R G (10.25)
V2
0=R,,—— — (R}, — R)f (un) (10.26)

Y (R, +rp)?
The basic equation which links R,, to R}, is then obtained by eliminating f (i)

1 mycw dRyw Ry Ry, Ry —R
VZ Rox dt  (Rw+r.)? (R, +r.)? Ry, —R

(10.27)

This is the equivalent of Eq. (10.10) for a CVA. The linearization of Eq. (10.27)
leads after some algebra to

dr!
w _"_ r/ — r/*

1 7CVA
M w dr w w

with

VA _ MypCw 1 1+aj,

_— _ L 10.28
W T Rox fOm (+2ay) M (10-2%)
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where M,S,VA is the time constant of the wire when operated in a constant voltage
mode. The factor Ly = (1 + rz/Ry)/[1 + rL /Ry, (1 + 2a,)] is due [705] to the
cable resistance ry: it reaches 10 % when I_Q;‘U ~5Q, ay, ~ 0.80 and r;, ~ 1Q.
Thanks to the dividing factor (1 4 2aj,) which appears explicitly in (10.28), MS,VA
is smaller than MSCA, see also Fig. 10.6. The measurement of MSYA makes use of
an additional CVA board [739] which includes a square wave generator.

The correction of the thermal lag of the real wire is based on the linearized form
[696] of Eq.(10.24)

Ry v
R, +r)? "

/

d /
e = (r;ﬂ n Tcﬂ) (10.29)

dt

which shows that 7, already brings a partial correction, as the fully corrected signal
which is desired is

R _ dr!
= _mm (r;, —i—MS,VAd—;”) (10.30)
w

Obtention of a software procedure to connect the raw signal acquired at the CVA
output e’ to the fully corrected signal ¢™* can be established as follows. The difference
between (10.29) and (10.30) gives

R> — dr!
e, =——— "V, (MSVA — T
T

and furthermore, the difference between (10.30) derived with respect tor and mul-
tiplied by 7., and (10.29) derived with respect to ¢ and multiplied by MS,VA, gives

de™*  _ ~yader, R _ dr,
Tci - MS;VA fe=— = 2 B V(T — ]VIS;VA)i = e/Tc —
dt dt (R}, + 1) dt
and finally,

de}c (1) de’™* (1)
- T.
dt dt

*(t) = ey (1) + MEYA

In terms of the ith and (i — 1)th samples acquired at a sampling frequency f;
this gives

e (D) + MGV [¢, () — € (i = D] + Tofs (i = 1)
B 1+ Tfs

e (i)

This two-step procedure has two advantages, it ensures a constant frequency
bandwidth whatever the flow conditions or wire overheat [739], and it increases the
efficiency of data acquisition.
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To express the CVA sensitivity coefficients, Eq.(10.24) where T, is set to zero is
now linearized and differentiated. After some developments [705], one obtains

e/* u/ 0/
—_* = S’SVA_—n + SgVAT
Etya " Uy « T
where
cva _ | dyy CVA 1
S, =z—"7"——Lsy and S3" =———Lg (10.31)
n 2 (1 +2azx,) 1+ 2az,)

The factor Ls = [1 4 (R +r1) (1/Rs + 1/Rp)] ™ [1 + ro /Ry (1 +2a2,)]
involves the CVA circuit and the wire cable resistance rz. It is around 8 % when
RY, ~5Q,a, ~0.80,r, =~ 1Q, Ry = 100 Q2 and R = 400 Q.

When large fluctuations are present, all equations are nonlinear, especially
Eq. (10.27) where the time-dependent coefficients are clearly visible, resulting in the
generation of higher harmonics in the CVA response due to parametric excitation.
A procedure to eliminate all nonlinearities is proposed by Berson et al. [695, 696].
It can be entirely conducted during data processing, and has three steps. First,
Eq.(10.24) is solved to deduce Ry, (t) from ESYA. Secondly, Eq.(10.27) is solved
to deduce R} (1) from Ry, (?), and third, f(u,(¢)) is obtained from R}, (¢) and the
calibration data set. At this point, note the clear advantage of CVAs over CCAs
or CTAs.

10.1.7 Some Additional Remarks

The calibration of a probe is a prerequisite for any turbulent investigation. Indeed,
one has to know how to connect the anemometer output to the incident velocity, yaw
angle and possibly pitch angle of the wire. For calibration the probe is placed in a
smooth flow, such as the potential core of a jet or the free stream over a boundary
layer, to quickly collect accurate data. The incident velocity must cover the range
of interest. It is usually measured with a Pitot tube, except at low velocities where
rotating arms or linearly moving carriages are needed [699]. For X-wires, a rotating
ring is added to change the yaw angle of the probe, usually in the range between 45
and +45°. Enough data must be acquired so that the calibration tables or curves can be
inverted to obtain instantaneous velocity components when subsequently conducting
experiments in a turbulent flow. Details regarding this important topic are available
in Lueptow et al. [729], Browne et al. [698] or van Dijk and Nieuwstadt [742]. At
this point, note that all calibration data are obtained in a smooth flow where no time
dependence occurs. They therefore deal with ideal wires without thermal lag, and
are associated with quantities denoted by a star superscript in the preceding sections.
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When performing turbulence measurements, the flow temperature might differ
from the reference temperature at which the calibration was recorded. If the differ-
ence is only of a few degrees, one can shift the calibration curve using the sensitivity
coefficients listed in Table 10.3. For larger differences, calibration curves at differ-
ent temperatures are needed, as reported by Brunn [699]. With a CVA, a cold/hot
sequence for the wire, just adjusting V5, as shown by Sarma and Comte-Bellot [737],
avoids the use of an extra thermocouple to get the flow temperature.

The two ends of a wire which are soldered to metallic broaches are necessarily
at ambient temperature or close to it. Very demonstrative temperature distributions
along hot wires were obtained by Champagne et al. [700] using an infrared detector.
There are at least two consequences. The wire has a sensitivity greater in its central
part than near its ends, and a fraction of the Joule heating goes towards the broaches
instead of being convected away by the flow. Many papers are devoted to this subject,
by Corrsin for CCAs [709] or by Li for CTAs [726]. For a 5 um tungsten wire, 2 mm
long and overheated at a,, = 0.80, the thermal loss to the broaches is 20, 11 and 9 %
at U; = 10, 30, 60m.s~! respectively [704].

The velocity value indicated by a wire cannot be a perfectly local one, because the
wire can only provide an average value over its length. The small scales of turbulence
are obviouly the most affected and an early example is provided by Wyngaard [750]
who studied turbulence in the atmosphere. Analytical expressions and numerical
simulations, as well as a lot of work on the subject, are given in the review by
Comte-Bellot [704].

When placed close to a wall, for xou-/v < 5, a wire is submitted to an extra heat
exchange with the wall, and an ordinary calibration curve is obviously no longer
valid. The only way to cope with this problem has been suggested by Khoo et al.
[627] who calibrates the wire in a Poiseuille flow between two disks, the bottom one
is at rest and the top one is rotating at a constant speed. The velocity profile is thus
known analytically over the gap where the wire is placed for calibration.

The background noise of an anemometer is usually white noise that is amplified
by the electronic circuit and hence results in a f> spectrum at the anemometer output.
It is an important quantity to know as it limits the highest part of the spectra where
turbulence contributions are small. Noise measurements are easy with CCAs or
CVAgs, just using a resistance in place of the wire [747]. For CTAs, one has to
keep the wire connected to maintain the CTA stability and to place the wire in an
enclosure which insures #;(f) = 0. Numerical estimates have been developed by
Freymuth [712] or Weiss and Comte-Bellot [747].

The wire support, i.e. broaches and stem, creates acrodynamic perturbations which
have to be minimized. Ligrani and Willmarth [727] even manufactured a subminiature
probe to approach a wall. Nowadays, with commercial probes, the only possibility
is to estimate the importance of the pertubation and its consequence on the angular
sensitivity as suggested by Adrian et al. [692] for X-wires and 3-D probes. For
supersonic flows, stubs are advised to be kept near the broaches so that the shocks
attached to the broaches do not perturb the active part of the wire [723].
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10.1.8 Illustrative Examples

10.1.8.1 Measurement of ul(t), u1 , E(l) and L(l)

All these quantities concern the longitudinal velocity fluctuation u} () and a single hot
wire oriented normal to the mean velocity U; suffices, see Fig. 10.2. The anemometer
output must be acquired versus time at a high enough sampling frequency f; and over
asufficient observation time At to cover the whole expected turbulence spectrum. For
CCAs within the assumption of small fluctuations presented in Sect. 10.1.4, use of the
sensitivity coefficient indicated in Table 10.3 suffices to obtain ”/1 (t). For CTAs, after
having checked that all turbulence frequencies are well below the cut-off frequency
of the feedback circuit, the perfect response presented in Sect. 10.1.5 may be used for
small and large fluctuations. Thus, u; (¢) is first obtained by inverting the calibration
curve, then U; is computed and finally u’l () is obtained by the difference u; (r) — U,.
For CVAs and small fluctuations the software correction described in Sect. 10.1.6
and use of the sensitivity coefficient indicated in Table 10.3 are sufficient. For CVAs
and large fluctuations, the Berson et al. routine [695] presented in Sect. 10.1.6 is easy
to program.

The power spectrum ¢ (f) of u} (t) in the frequency domain f is easily obtained by
a signal processing routine. This spectrum 1 (f) and the one-dimensional spectrum
Eﬂ) (k1) defined in Chap. 6 are such that

W= / B df = / ED (k) dk; =2 / ED k) dk,

The link between the two spectra is provided by the Taylor hypothesis which
connects f and k; by stating that over a short time a turbulent structure is convected
over the wire by the mean velocity Uy, see Sect.7.5.2. Hence, it can be written

2 2 (1) (_]1 Ul
ki = — dki = — d d E);/(k)=— =—k
1 Ulf 1 o Iif an 11 k) 4 7v/}(f o 1)

Spectra are plotted on log-log scales when power laws are of interest and on lin-lin
scales when a direct estimate of the energy is desired. This is illustrated by Fig. 10.13.
One has just to write

E:/O E\} (ki) dky = /0 ki EX (ky) d In kg

and to plot k1 Eq; versus In(ky). For the correlation length Lf?, one has to remember,
see Sect.6.1.4, that
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Fig. 10.13 Plots of two von Karman E (k) spectra, in solid line for k; = 3 and in dashed line for
k; = 1.5 (arbitrary units here). On the left, k and E(k) on log-log scales to observe the —5/3 law.
On the right, In(k)/ In(10) and k x E(k) on linear scales. This latter plot clearly shows the factor 2
between the two energy spectra. Moreover, the first mean rule of an integrale allows the turbulent
kinetic energy k; to be estimated by eye. Indeed, for the largest spectrum, use of the equivalent area
of the grey rectangle gives 1.25 x In(10) x 1.05 >~ 3
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10.1.8.2 Measurement of ' (¢), u} (¢) and —puju,

As soon as component u’2 is considered, an X wire is needed and two anemometer
channels are required. For small fluctuations, Fig. 10.2 illustrates the connection of
u/2 with variations in the flow direction relative to the wire, i.e. dp(1) = +L/2 / U, and
d¢py = —uy/U;. Commercial probes are often available with orthogonal wires, so
that the half sum of the two anemometer outputs is directly related to ) and the half
difference to u’2 Sensitivity coefficients indicated in Table 10.3 are then used around
a mean velocity given by Uj cos(w/4). The full reconstruction of the u;(t) — u(¢)
velocity field requires bilinear interpolation schemes which insure that a unique
velocity vector is obtained and followed in time. The procedure using calibration
curves is well described for CTAs by Browne et al. [698]. Additional references are
available in reviews [699, 704].
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10.1.8.3 Measurement of 0’ (¢), 0”2 and uy o’

If only variances and correlations are required, a single hot wire, placed normal to the
mean velocity and operated at different overheat ratios can be used. The responses

lead to a system of algebraic equations where the unknowns are u’lz, 0 and u}0'.
Alternatively, if one desires to know the instantaneous fluctuation 6’(r), an almost
unheated wire acting as a resistance thermometer is needed, this approach is called
the cold wire technique.

For the multiple overheat ratio method, a wire oriented normal to U; responds to
both u’1 and 6, as mentioned by Corrsin [708]. For small fluctuations, the anemometer
response can be expressed using the sensitivity coefficients given in Table 10.3

e U 0’
E uy U, 0 T ( )

Squaring and averaging this response yields

e/*2 5 u/lz ) 9/2 S
/
52 = S TS0 TS Sl (10.33)
1

Coefficients Su/l and Sy are independent functions of a},, thus choosing different
ay, values leads to a system of algebraic linear equations which is easily solved for

the three unknowns u’lz, 02 and u’l 0'. At least three values of aj, are needed, but a
larger number improves the accuracy. CVAs are best suitable for this method, as aj, is
easily adjusted using the external command of V,,, without modifying the frequency
response of the anemometer.

For the cold wire method, a hot wire is operated at an extremely low overheat
ratio. It works as a resistance thermometer and responds to ¢’ only. Indeed one can
observe in Table 10.3 that Sy > S, when ay, tends towards zero. The wire can be
operated by a CCA or a CVA. A CTA is not appropriate as the feedback loop looses
efficiency as seen in Sect. 10.1.5. Even if it is fine, the wire has thermal inertia. From
relations (10.13) and (10.28), one obtains

) _ |
CCA _ jyCVA _ MwCw - when & — 0 (10.34)

Two substantial extensions can be brought to (10.34). The acceptance of large
velocity amplitudes and the possibility to introduce instantaneous velocity values in
the function f. Indeed, the general heat balance of the wire, given by (10.8) for a
CCA and by (10.25) for a CVA, can be explicited in both types of system as

1 Moy Copy ARy (1)
flu1 =12, xRy  dt

+ Ry (t) = R%, (1)
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For a cold wire I,,, >~ 0.3mA, a constant value for a CCA and a nearly constant
value for a CVA, so that 112” ~ 1.10~7 A%. Regarding f (u;) = A+ B./uy, an estimate
is possible for the chosen wire and the flow under consideration, using expressions
of A and B indicated after Eq.(10.7), for example f(u;) ~ 1 x 10~* A2, so that
flur(®)] > 15). The above differential equation thus simplifies to

ARy (1)
dt

Moy Cap 1
XRo f [ui(?)]

for either a CCA or a CVA. Formulation (10.34) was used by Lemay et al. [725] on
the axis of a hot jet. Formulation (10.35) with the in situ measurement of 1/f [u(¢)]
was pioneered by Berson et al. [696] in an acoustic resonant tube. Once (10.34) or
(10.35)isresolved for R}, , the flow temperature 7' is obtained by using the relationship
T(1) = To + (RY, (1) — Ro)/(Rox).

M (1) +Rw(t) =Ry (1) Myt = (10.35)

10.1.8.4 Measurement of W and (pu1)’6; in Supersonic Flows

In a supersonic flow, there are three inherent variables, p, u; and T, leaving aside
the velocity components u», u3 and the pressure p connected to 7 by the state law of
the gas. Upstream of the wire, there is a detached bow shock whose thickness and
distance to the wire depends on the flow [723, 740]. In all cases, the wire is subjected
to a subsonic flow and the heat-transfer law mentioned in Sect. 10.1.3 still holds, as
illustrated in Fig. 10.4. However, one has to note that the wire now responds to the
mass flow rate pu; and to the total temperature 7; = T[1 + (v — 1)/2M 2]. Two
assumptions are then usually introduced to proceed further. First, all fluctuations are
assumed of small amplitude permitting the use of the sensitivity coefficients given in
Table 10.3. Indeed complete calibration data would require complex wind tunnels.
Secondly, a strong Reynolds analogy is introduced which states that the correlation
coefficient between ¢ and u] is around —1, i.e.

2 a2
VUi o'

Gaviglio [719] reports several examples for boundary layers over adiabatic or
heated walls. The underlying mechanism is that the warm low speed fluid heading
away from the wall creates u; < 0 and #" > 0. It can be compared to the momentum
transfer across an ordinary isothermal boundary layer, as seen in Sect.2.4.2, where
the low speed flow heading away from the wall creates | < 0 and u; > 0, with
a correlation coefficient of the order or —0.40. Gaviglio [719] also reports that in a
subsonic boundary layer over a heated wall, the correlation between ¢’ and ] is of the

order of —0.60. In a supersonic flow one therefore refers to a strong Reynolds analogy
as the correlation between 6’ and u} is much higher. Other experimental results are

=—1
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reported by Barre et al. [693], Comte-Bellot and Sarma [706] and Weiss et al. [748]
for boundary layers.

Another approach to analyse the results is suggested by Kovasznay [724] and
Morkovin [732] who introduce three distinct modes of disturbance for the field: the
vorticity mode, the entropy mode and the sound-wave mode. This allows one mode to
be completely neglected, for example the acoustic mode is usually neglected inside
boundary layers or jets.

10.1.8.5 Measurement of the Wall Shear Stress 7,

The measurement of the wall shear stress 7, gives access to the friction velocity
ur = (Tw/p)'/?> whose importance has been seen in Chap.3. A hot film is flush-
mounted on a wall, as sketched in Fig. 10.14. The thermal law for its cooling was
studied by Lévéque as reported by Knudsen and Katz [10] and by Haritonidis [720].
The main assumptions are as follows: steady laminar flow along x1, constant film
temperature T,, and constant outside temperature T,. The general equation govern-
ing the temperature 7 in the thermal boundary layer is

or  , or  ,or _ T
u1 ox] ”28x2 1 0x3 _aax%

and as up = uz = 0, it can be simplified as

c or O*T
X)—— = O —F5
28)61 (")x%

xT2
Too =cst

up = zoul /v

/ Ty = cst

G T

0 hot film L

thermal
boundary layer

Fig. 10.14 Shear stress 7,,. Approximate dimensions are: width £ 2~ 0.1 mm along the flow direc-
tion x|, thickness about 2000 A along x,, spanwise extent / ~ 1 mm along x3. The material is usually
platinum or nickel. The thermal boundary along the film is supposed to be fully included in the
viscous sublayer of the flow
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where o = A/pc,, is the thermal diffusivity of the fluid and C = uz /v the slope of
the velocity profile in the viscous sublayer according to uf“ = x; . This equation can
be recast into an ordinary differential equation

using the new variable n = x,(C /9ax1)1/ 3. The solution is written as

Tw—T 1

n o0
/3 / /3 ’
= - d h —3) dn’ ~0.893
To — T 0_893/0 exp(—n~) dn where /O exp(—n"~) dn

The heat flux to the wall dgy, at location x; is therefore

c \'?or
=\ -
=0 (9ax1) on

A c \'?
= Tw—T.
0.893 (9ax1) (To = Too)

orT
dgy, = =\ ——
X2

n=0

and the amount of heat taken away by the flow is

c I 3 e\
dae=1[ dgndx = ——=|—-— Tw — T,
qr A qx,ax1 0.893 2 ( 90 ) (Tw 00)

This amount of heat is also the Joule energy provided to the film, so that

Ryl 13 1IN L%\
w3 with b= —— oo (22 (10.36)
Ruw — R 0.893 2 Ry \ 9pA

An additive constant @’ is usually introduced in this law because of the heat loss
to the substrate as pointed out by Bellhouse and Schultz [694]. Thermal insulation
beneath the hot film is therefore advisable and Table 10.2 indicates some useful
materials. Being non intrusive, arrays of wall hot films can be incorporated on airfoils
to locate transition or track shock waves. Experiments in flight are reported by Moes,
Sarma and Mangalam [731] or on high speed ground vehicles by Sarma and Moes
[738]. Calibration of a film and the corresponding anemometer is usually conducted
in the fully developed region of a channel or pipe flow, as the wall shear stress is
connected to the easily measured longitudinal pressure gradient 7, = —hdPy,/dx;
for a plane channel and 7,, = —(D/4)dP,, /dx; for a circular pipe. For a boundary
layer, one can use the classic relations between the friction coefficient ¢ and the
Reynolds number, as documented by Schlichting [22].
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10.2 Laser Doppler Anemometry

10.2.1 Principle

In this optical measurement technique, the velocity at a point of the turbulent field is
inferred from the frequency variation appearing in the light scattered by very small
particles which are illuminated by a laser and convected by the flow. Figure 10.15
represents one of these particles of velocity u.

The light scattered by the particles has been subjected to two consecutive Doppler
effects. The first occurs when the incident laser beam hits the particle. This is a fixed
source—mobile observer scenario. The frequency perceived by the moving observer
differs from the at-rest frequency, by the number of peaks per second encountered due
to the observer’s movement. This number is positive if the observer is approaching the
source, and negative if the observer is moving away from it. The Doppler shift is thus

.e; A . e
Af:—u;l that is, sz—u

c

where f is the laser frequency, e; the unit vector for the incident beam, A the laser’s
wavelength and c the speed of light, both in the medium of interest. So as to simplify
the time interval considered in the previous illustration was of 1 second, but a shorter
one At can be considered to enable velocity u to be constant on that time interval.

The second Doppler effect arises when the particle reflects the incident light.
This is now a mobile source—fixed observer scenario. The modified wavelength A’
separating two successive peaks emitted by the source is

N=\—u-eT

source  — - - - - - - — - — = = observer

Fig. 10.15 Doppler effect for a particle P moving at velocity u in a non-dispersive medium. The
light received by the particle is along direction e; and the light scattered by the particle is along
direction e;. The Doppler frequency shift arises twice, when the mobile particle is illuminated by
the laser and when the mobile particle emits scattered light
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where T is the source period and e, the unit vector for the scattered beam direction.
Accordingly,

Af_ A)\_u~es

AN = —u-e,T and
f A c

To the first order, the two Doppler effects add, which gives

Af u-e; u-eg

f c c

In laser Doppler anemometry, this relation is usually written as

Af =fs—fo= %w(es—ei) (10.37)
to highlight the shift f; — fo which can be measured, with fj the laser frequency and
fs the frequency of the scattered beam, these two frequencies remaining unchanged
when crossing interfaces between two media. The wavelength X in the considered
medium is linked to the wavelength in air g through refractive index n, by A = \o/n.
It is important to observe that velocity u appears linearly in expression (10.37).

The direct measurement of shift f; — fy according to expression (10.37) requires
the collection of the scattered signal in a certain direction ez, which is possible only
with small aperture optical sytems. The signal-to-noise ratio is thus small, even if
several particles are present at the measured point. This method was used in the past
but is now being abandoned in favor of a new method which will be presented in the
following section. However it has still a historical interest. With such a device called
reference beam, Yeh and Cummins [771] showed that the Doppler effect could be
used to measure flow velocities.

10.2.2 The Dual-Beam LDA

In this device, the particle is illuminated by two beams from the same laser and
forming a small angle 260 between them, as represented in Fig. 10.16. The technique
was proposed around 1970 by Lehmann [760] and by vom Stein and Pfeifer [770].
A historic presentation can be found in Buchhave, George and Lumley [755]. The
direction of the incoming beam is e;; for the first and e;; for the second. Doppler
shifts appearing for the light scattered by the particle due to each incoming beam are

1 1
fs1—fo= e (es —ej1) and  fo—fo= Il (es —ep)
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Fig. 10.16 Velocity component u, measured by a dual-beam laser Doppler anemometer, this
component is along the external bisector of the two incident beams e;; and e;»

Combining these two expressions, it can be written

1
Af =fa —f= Tl (e —ei1)

It is seen that Af is independent of the observation direction e; of scattered light.

This dual-beam device thus has several advantages. Scattered light can be collected
by alarge aperture optical system, the provided signal is thus strong. The relationship
between Af and the velocity u is always linear. The measured velocity component,
given by the scalar product u - (e;>» — e;1), is along the external bisector of directions
e;1 and e;». If the internal bisector of the two beams is chosen as the x; axis, then it is
the velocity component along x, which is measured, i.e. u. As the angle 26 is small,
a simple calculation based on the parallelogram built from vectors e;; and —e;; gives

A
2sinf

Af = 2%142 sinf and uy = Af (10.38)

Interference fringes appear in the overlapping volume of the two beams, as repre-
sented on Fig. 10.17. They are perpendicular to direction x», thus crossed normally
by the velocity component u,. This observation helps the user remember the mea-
sured velocity component. The fringe spacing dy, calculated from the optical path
difference of the beams represented in Fig. 10.17, is

Indeed, beam 1 propagates according to exp[i(wt—kx; cos 8+kx; sin #)] and beam
2 according to exp[i(wt—kx cos §—kx; sin )] where k = 27/ . Their superposition
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Fig.10.17 Schematic of a dual-beam arrangement. The backscattered light represented by a dashed
line is collected by a lens of aperture D, and focal length f,, which ensures the convergence towards
the diaphragm of the photodetector. The measured velocity component is > which is normal to the
fringes

during interference leads to the appearance of the modulation factor cos2(kx, sin 6)
for the light intensity distribution. The bright fringes occur whenever cos(kx; sin 6)
is a multiple of 7. The fringe spacing dy is such that kdy sin = 2wdysin0/\ = 7
which gives dy = A/2sin 6.

The fringe spacing dy is the same whatever the medium where the measurement is
carried out. This medium can for instance be water (n >~ 1.33) and the laser located
in air (ng >~ 1). Indeed, Snell’s law gives Ao = nA and sin 6y = n sin 6. Therefore,

_1 A _1 Ao _1 Ao
T = 2sin0 ~ 2nsinf 2 sin Oy

(10.39)

Finally, no calibration on the considered velocities is required. However, the direc-
tion of the device must be adjusted to reach a given component of the turbulent field.
Angle 26, in air is obtained by measuring the distance dy separating the impacts of
the two laser beams on a screen located at a great distance Dy of the probe volume,
then 260y =~ dy/Dy.

10.2.3 Implementation of a Dual-Beam LDA

Figure 10.17 provides the experimental set-up of a dual-beam LDA with scattered
light collected in the backward direction. The optical system on the incident side
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should be noted. The initially parallel beams from the same laser equipped with a
beam splitter converge towards the measurement point due to the lens of focal length
fi- Inits plane section, the laser beam presents a Gaussian light intensity distribution
and its lateral dimension is defined as the distance to the axis at which intensity is
reduced by a prefactor 1/¢2, hence the notation D,->. Near the focus point, the width
of the beam becomes d,—»
4fi\
d,— =

2 =
mD,—

For this calculation which requires the transformation of a Gaussian beam after
passing through a focus point, Drain [757] or Trolinger [765] can be read. The
quantity d,— is important, for it appears in the dimension of the probe volume.

The probe volume is an ellipsoid of revolution about its major axis x1, and its
section by plane x1, x; is represented in Fig. 10.17. Its dimensions, inferred from
simple geometric considerations, are the following, where f; is the incident side
focal length,

d,— afin 1
L th: A = £ =
cne T Sing mD,—2 sin 0
. d,— 4fin 1
Diameter: Axp = =
cos§ 7D, cosf
Fri ) 4 I A
ringe spacing: = ——
£¢ spacing Y

Ax,  8fi sinf
df  mD,-2cosf

Number of fringes: N =

For example, let us consider A9 = 514.5nm, the green spectral line of an ionized
Argon laser, f >~ 6 x 1014 £ 3 x 10° Hz, coherence length 3 x 108/(2 X 3 x 109) ~
S5cm, D,» = l.1mm, f; = 250mm, 20 = 8°, which leads to Ax; = 2.13mm,
Axy = 150pm, df = 3.68pum and N = 40. If the velocity of the flow is up =
10m.s~!, the Doppler shift is Af = 2.725MHz and the transit time through the
volume is at most of 15 us.

The short coherence length of a laser, approximately of 5cm as indicated above,
requires that the optical paths of the two beams be very close to one another, thus
explaining the symmetric devices often built. When the laser system is located far
away, a large focal length f; is required, and a suitable number of fringes in the probe
volume can be conserved increasing D,— with a beam expander. A fiber optical
system can also be used to reach the measurement point, and then conserve the use
of small focal lengths.

The Doppler shift Af is not dependent on the sign of velocity u,. Fortunately,
this can be corrected by introducing a Bragg cell on one of the laser beams, which
allows its frequency to be increased, and whose principle is reminded in Fig. 10.18.
With the Bragg cell, there is a constant frequency shift between the two incident
beams. The probe volume fringes, instead of being fixed, are now moving with a
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Fig. 10.18 Sketch of an acousto-optical modulator, also called a Bragg cell. The acoustic wave
creates a moving diffraction grating. Intensity is maximal along a direction « such that the travel path
difference created by two acoustic planes is a multiple of the laser wave length, i.e. 2A sin v = n)\,
and o = \g/2A forn = 1 and « small

constant velocity. Zones where flow recirculations exist can thus be studied. Bragg
cells providing 40 and 80 MHz shifts can be bought. Experimentally, the smallest
possible shift must be used due to the signal-to-noise ratio, as is seen later on.

The particles used to tag the flow have diameter of approximately 1 wm. They have
to be small enough to follow the flow, but large enough to maintain sufficient scattered
signal intensity [757, 759, 766]. In air the particles used include incense smoke,
polystyrene latex, di-ethyl-hexyl-sebacate (DEHS), paraffin or olive oil sprays in
trichlorethylene, and silicon dioxide or titanium oxide. In water, particles naturally
present are often sufficient. If not, polystyrene or titanium oxide can be used. In all
cases, the concentration has to be adjusted so that there is at most a single particle
in the probe volume.

The tagging is often done upstream of the studied zone. In the case of free boundary
turbulent flows, such as jets for example, it is preferable to inject particles both in the
flow itself and the surrounding ambient air, so as to have measurements in both the
turbulent and external zones. Hussein, Capp and George [539] thus fill a large volume
surrounding the jet before beginning the experiments, and then turn the wind tunnel
on. Besides, measurements close to the walls are always difficult. Few particles are
present due to the small velocities, and they tend to get stuck on the portholes.

The response time of the particles must also be estimated and controlled by exper-
iments. Tests are done in oscillating acoustic flows up to 100 kHz or in a normal shock
wave [752, 759, 761, 762]. For the particle motion, among the forces applying to the
particle, only Stokes viscous drag is retained in most papers, e.g. by Mazumder and
Kirsch [762] or Boutier [753]. Equation governing the particle velocity up is thus
given by

7Td13, dup

pPTW = 3mprdp(u — up)
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where u denotes the fluid velocity. The time constant of the particle is then simply

where | is the dynamical viscosity of the fluid and v its kinematic viscosity. Thus, in
the case of air, 7p >~ 4 s fordp = 1 wm, pp/p =~ 103and v = 1.5 x 10> m%.s™ 1.

The scatterring pattern of the particle must also be estimated, according to Mie the-
ory. This will help selecting an LDV operating in near-forward or near-backward scat-
tering mode, most of the time the decision being imposed by the physical accessibility
of the flow. An example of a Mie diagram is given in Fig. 10.21.

The signal provided by the photodetector is constituted of short pulses as
represented in Fig. 10.17. These pulses appear randomly and are often noisy due to
parasitic reflections. They also contain a low frequency associated with the Gaussian
distribution of light intensity in the beams, and can have only a few cycles of the
useful Doppler frequency. However, recent progress in very fast digital techniques
permits, for a pulse, to know the transit time and to calculate the FFT with several
sampling frequencies: this is necessary because the frequency to be treated is not yet
known. The best fit is then kept to provide the most exact possible velocity value. In
addition, a validation process can be applied to keep the values provided by particles
that have gone through the central part of the probe volume. The value of the average
velocity is then obtained by weighting each measured velocity value by its transit
time, which leads to

_ Sud 7

U=—--=1
where 1) is the j particle velocity, and T,(/) the transit time of this particle j. This
perfectly corresponds to the definition of time average in Chap. 2. The same process
is followed for the average quadratic value of velocity variations.

The obtention of a quasi continuous velocity signal from the randomly occurring
burstdatarequires an interpolation. The Sample and Hold technique (SNH) illustrated
in Fig. 10.19 is simple and efficient. The reconstructed velocity signal is formed by
sampling at the arrivals of valid signal bursts and holding these values until another
valid burst arrives. The reconstructed signal can then be read at equidistant times and
classic FFT used to compute spectra. The steps in the sampled and hold signals lead
to a white noise spectrum which vanishes in the limit of high data density, i.e. of high
flow seeding. Adrian and Yao [751] analysed and illustrated that process by using
wide band white noise signals. They show that PSD estimates are valid only up to a
frequency of f = n/(27) where 7 is the mean particle rate, which is a rather stringent
condition. Improvements are suggested by Nobach et al. [763] and by Simon and
Fitzpatrick [764], and comparisons with hot wire anemometry data are conducted by
Velte et al. [769] for axial jets and 2-D cylindrical wakes.
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Fig. 10.19 Illustration of the
sample and hold technique
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The intensity of the signal provided by the photodetector is a function of numerous
parameters: the laser power, the characteristics of the optical system during both
emission and detection, the particles themselves through their diffusing properties,
their elasticity, their index compared to that of the medium considered. These last
points affect in particular the angle chosen to collect scattered light.

The quantification of all these effects is difficult, but the essential elements are
included in the synthesis by Fingerson and Menon [758]. The Signal-to-Noise Ratio
(SNR) can be written as

1 [D.sD, > 5, —
SNR =~ npmPo—; |:L—2—r1| d%) GV2
Af L fi Sy

where npp is the quantum efficiency of the photodetector, Py the laser power and
GV a factor taking into account the visibility of the particle. The other quantities
have already been introduced, see Fig. 10.17.

Two aspects must be commented on. First, the factor GV corresponds to the prop-
erties of the scattered light, according to Mie theory. Of note is a large level difference
between forward scattering and backward scattering. The backward scattering device
is often preferred, although it suffers from a 20dB handicap, for the optical system
is more compact and easier to handle. Secondly, the Doppler factor Af increases
linearly with velocity. Thus, if Af ~ 3 MHz for 10 m.s~!, then Af ~ 150 MHz
for 500 m.s~!, only corresponding to Mach 1.5. The larger the velocity is, the more
difficultitis to measure. Moreover, if a Bragg cell is used, an additional 40 or §0 MHz
appears, again diminishing the SNR. In that case, the particle has such a short transit
time inside the probe volume that it does not have the time to emit a high intensity
signal.

Fingerson and Menon [758] report for instance in air, with polystyrene particles
and a Doppler shift of Af = 10 MHz the following values of SNR
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34 dB for 0.5 wm particles and forward scattering,
18 dB for 0.5 pm particles and backward scattering,
50dB for 2 um particles and forward scattering,

37 dB for 2 pm particles and backward scattering.

Two perpendicular velocity components can be obtained rather easily, for example
u1 and up, by setting two laser Doppler anemometers so that the probe volumes
overlap normally. When a single particle goes through both volumes, a simultaneaous
measurement of the two components u; and u; is possible, which then permits to
obtain the Reynolds tension —puju; associated with velocity variations. Such a
measurement can be performed with only one Argon laser. Apart from the green
spectrum line Ao = 514.5nm, this laser provides a blue spectrum line, \;, = 488 nm
of same power, i.e. 0.5 W on each line for a 1 W laser.

The extension to the measurement of three components is more difficult, for the
adjustments are more complex. In theory, a third laser spectrum line can be used, but
its power is much smaller than those of the main lines. Another solution consists in
using a single powerful line and placing three Bragg cells with different frequencies
on each of the beams.

The use of optical fibers leads to compact devices, where the probe is located
near to the flow, while heavy parts such as the laser and the photodetector can be
kept at a large distance, with distances greater than 10 m being easily achieved. Focal
lengths used thus stay small and ensure a good precision. However the laser/fiber
junctions have to be made very carefully, through fiber holes of very small diameter,
approximately of 5 um, to conserve the power of the laser.

Other devices allow even greater miniaturization so as to obtain measurements in
different points. Both the velocity and diameter of the particles can be determined
at the same time for instance. For all these developments, the reader can refer to the
review by Boutier [754].

Recent work aims at using single-mode laser diodes with a fluted substrate. The
coherence length, around 50m, is two orders of magnitude greater than that of a
gas laser. The wavelength is of approximately 800nm. Also the PN junctions of
the semiconductors being very sensitive to temperature, a temperature stabiliza-
tion is necessary. When detecting, the classical photodetector can be replaced with
avalanche photodiodes (APDs) which ensure a very fair signal-to-noise ratio. The
main advantage is to have a very compact device, and extensible to the three velocity
components. Various articles by Dopeide et al. [756] can be very useful here.

10.2.4 Additional Comments

Due to the linearity of its response, laser Doppler anemometry is well adapted to high
turbulence levels, up to 100 % for the boundaries of a jet and the backward flows
encountered in detachment zones or in recirculation zones such as near wakes and
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backward facing steps. As no probe is placed in the flow, hostile environments can
be studied, such as reactive flows or flames.

Of course some limitations exist. The considered medium must be transparent.
The probe volume is not as small as that of a hot-wire anemometer. Signals provided
are not continuous, which limits the determination of turbulence spectra to a few
decades. The fact that seeding particle velocity rather than fluid velocity is measured
can be of importance, particularly in very high velocity flows. The adjustement of
some elements, such as filters or sampling frequency, requires a sound knowledge
of optical techniques.

10.3 Particle Image Velocimetry

Particle Image Velocimetry (PIV) is based on the displacement of small tracers
introduced into the flow, and followed by a rapid digital camera. It classically allows
to determine a velocity field over a plane. When only two velocity components
included in a plane are considered, PIV is noted 2D-2C PIV. When the velocity
component perpendicular to the observation plane is also needed, it is noted 2D-3C
PIV, also called Stereoscopic PIV. Volumetric measurement techniques are being
developed and this recent technique is noted 3D-3C PIV.

10.3.1 Principle of 2D-2C PIV

Figure 10.20 provides the sep-up of a 2D-2C PIV device. Particles introduced in
the field are illuminated in the zone of interest by a thin luminous plane sheet. The
thickness of the sheet is of approximately 1 mm and it is obtained from a laser beam
and a cylindrical lens. If an average flow velocity prevails, it is better to place the
luminous sheet parallel to this velocity. Typically, dual cavity pulsed lasers are used.
The first light pulse, from the first cavity, is emitted at time ¢ and the second, from
the second cavity, at time ¢ = ¢ + Ar. An optical system with an axis perpendicular
to the laser sheet forms the images of the particles on a plane, and the two successive
images are recorded by a double exposure camera, the first image in the first frame,
and the second image in the second frame of the camera. From the movement of
the images between the two snapshots, the velocity components #; and u; in the
observation plane are obtained, according to the following expressions

Axy AX| Axp AXp
Uy = —— = — and wup=——F=-— (10.40)
At Mo At At Mo At

X1 and X, are the axes of the image plane, parallel to axes x; and x; of the object
plane, AX;, AX> and Ax;, Ax, the components of the respective movements of
images and particles during time interval At, and My the transverse magnification
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Fig.10.20 Typical layout and main elements in a 2D-2C PIV system, measurement of two velocity
components in a plane, by particle image velocimetry

of the optical system, i.e. the image/object ratio. My is in fact negative, because
the image is reversed. Time ¢ is chosen to enable conditional averages, the laser
being triggered conditionally to the studied phenomena. Time ¢ must be adapted
to encountered velocities so that particles remain in the view field during the time
interval Az = ¢’ — 1. Generally, At is of a few s, but can range from less than 1 s
to a number of ms.

The movement of particle pairs is obtained by cross-correlation between the two
images I and I’ corresponding to times ¢ and ¢’. This correlation is realized by Fast
Fourier Transform (FFT). The treatment is not applied to the entire image, it only con-
cerns a fraction of it, termed an interrogation window. Indeed, the essential hypothesis
of PIV is that the velocity of the flow is uniform over the interrogation window’s
small surface. The velocity assigned to the center of the window corresponds to
the tallest peak of the cross-correlation function [786] The velocities obtained from
each window are then assembled to obtain the total field. A validation step is then
necessary to ensure that the obtained velocities are continuous.

The idea to use the images of particles in movement in a flow goes back to some
30years ago. The studies by Adrian [774] and by Westerweel et al. [794] give, for
the first a very interesting historical overview of this technique, and for the second
the current state of art.
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10.3.2 Implementation of 2D-2C PIV

As in laser Doppler anemometry, the particles used in PIV have to follow properly
the flow to be studied. In air, their diameter is often of approximately 1 wm. Melling
[783] provides a very useful synthesis on particles that can be used, and the means by
which they can be injected into the flow. Optimal concentration is such that between 7
and 10 pairs of images are found in each interrogation window. The reason why these
numbers appear is detailed later on. It must also be pointed out that concentration
has to be roughly homogeneous over the entire studied field.

In 2D-2C PIV, observations are carried out normal to the luminous plane, i.e.
perpendicular to the incoming beam. Thus the intensity of scattered light is small,
see Fig.10.21. Accordingly, when compared to forward and backward scattering
used in laser Doppler anemometry, the respective 10 and 102 factors are lost. The
laser to be used for PIV must therefore be powerful, or the camera very sensitive.

A continuous laser is rarely appropriate, however it is usually sufficient for expe-
riences in water or air at small velocities, after having been fitted with an electronic
shutter or a rotating mirror. A pulsed laser is always better.

Up to 10Hz, one can use a Nd: YAG laser. Active ions are Neodym Nd*3, and the
host material is a monocrystal of Yttrium-Aluminium-Garnet. The duration of a pulse
is of approximately 5—-10ns and emitted energy can reach 400 mJ. The wavelength
naturally emitted is 1064 nm, and a frequency doubler leads to A = 532 nm, which is
well suitable to the sensitivity of cameras. A Nd: YAG laser has two parallel cavities to
obtain the time interval At adapted to desired measurements, but a single frequency
doubler is generally sufficient.

For high time resolution [792], up to 10kHz, one uses diode-pumped Nd:YLF
lasers, constituted of neodym crystals doped with ytrium and lithium fluoride. The
emitted energy is around 20 mJ/pulse, with a maximum around 1 kHz. Two indepen-
dent oscillators allow the pulse separation and the pulse energy to be controlled. The
natural wavelength is 1053 nm, transformed into 527 nm by a frequency doubler.

Fig. 10.21 Scattering phase
function for a dp = 2 wm oil
particle in air with a
wavelength of A = 532nm,
corresponding to a Mie
parameter of

27/ (N ngir) X (dp/2) >~ 11.8
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The dimension d- of the image of a particle is an important quantity that must be
known both absolutely and relatively to the dimension p, of a pixel of the recording
cameras. This dimension d, of course, depends on diameter dp of the particle injected
in the flow, but also in an essential way on the diffraction of the collecting optical
system. The classical result on the Airy disc, the reader can refer to Raffel et al. [786]
or Stanislas and Monnier [791] for details, provides

d: = [(IMoldp)* + dgiff]l/z with dgirr = 2, 44f: (IMo| + DA (10.41)

where My is the linear nominal magnification of the optical system, f; the ratio
between the focal length f of the objective and its aperture diameter D,, also
called relative aperture, A the wavelength of the laser. For instance, for dp = 1 pum,
[Mo| = 1/4 and A = 532nm, one has d, = 4.7, 6.6, 9.1, 13.0, 17.8 and 26.0 wm,
respectively for f; = 2.8, 4.0, 5.6, 8.0, 11 and 16.

Thus, the dimension of the image of a 1 wm particle is of approximately 15 pum.
It must also be noted that for small particles, of some microns, it is always the dgifr
term which prevails in expression (10.41).

The depth of field dx3 of the chosen optical system can also be estimated assuming
that the motion blur on the image of a particle located slightly out of the targeted
plane is approximately equal to the diameter of the image of the particle, see Stanislas
and Monnier [791]. This leads to

1-|—|1V[0|)2 2
ox3 =48 ——— A
’ ( Myl ) 2

i.e. 6x3 = 2mm for [My| = 1/4, A = 532nm and f; = 5.6. This dx3 quantity
corresponds to the thickness to assign to the laser sheet so that the images are not
blurred.

Charge-Coupled Device (CCD) cameras allow high quality images to be recorded
up to around 15Hz. The basic element is the pixel, an abbreviation of picture ele-
ment, whose typical size is 10 um x 10 wm, or even 7um x 7 um in very recent
experiments. This sensor can convert photons into electric charges. Arrays with a
minimum of 1000 x 1000 pixels constitute the recording area of the camera.

To ensure that each pixel is saved after the first image, there are temporary storage
locations next to each pixel column. These slightly cover the active part of the pixels,
so that microlenses are located above of each pixel to better collect incident light.
The transfer of an image to storage is done in less than 1 ps. Then, the second image
can be taken and stored. When all the columns have been stored, the successive
temporal data enters an analog-digital converter (ADC). This element being unique,
it imposes the low frequency operation of CCD cameras.

High speed digital imaging, up to around 10,000 frames per second, is possi-
ble with cameras using the Complementary Metal Oxide Semiconductor (CMOS)
technology. As a MOS is transistor-like, the received photons change the voltage
of the grid between the source and the drain. The term complementary concerns an
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additional logic circuit which can be incorporated. The pixel dimension is around
20 pmx20 pm. The rapidity of the recording comes from the fact that each pixel has
its own ADC.

Figure 10.22 illustrates an interrogation window with approximately ten particles,
at time ¢, image I and at time ¢/, image I’. These images are obviously distinct on
the camera but their superposition clearly shows movements 1 — 1,2 — 2/, ...
which must be identical to create a peak in the cross-correlation of images / and
I’. The position of this peak provides quantities AX1, AX> to be introduced into
relations (10.40) to obtain uj, up. Away from the peak, there is noise. It essentially
comes from type 1 — 2’ or 2 — 1’ separations which are random, type 3 — 3’ or
4 — 4’ separations where the particle is not in the interrogation window at one or the
other of the two instants ¢ or #, movements, such as 5 — 5’, which do not obey the
hypothesis of a uniform velocity field in the window. These limitations are analysed
by numerous authors, particularly Westerweel [793] or Raffel et al. [786], mainly in
terms of height of the cross-correlation peak.

The concentration of useful image pairs, entirely contained in the interrogation
window, is an essential factor to obtain a proper peak. The right-hand plotin Fig. 10.22
shows that 7-10 pairs must be used to approach a 100 % success rate. Factor N, =
No x F1 x F is the actual concentration of the particles, with Ny the concentration
injected, and F'| and F the percentages of pairs of particles remaining in the window
despite lateral entries and exits, and entries and exits perpendicular to the laser sheet.
Keane and Adrian [774], and Adrian [774], have analysed different PIV techniques,
by numerical simulation, and the average curve is extracted in Fig. 10.22.

At this point, the choice of Az as a function of flow velocity is essential, a large
At being suited to small velocities, and inversely a small At being suited to large
velocities. In the case of an oscillating flow, the adjustment is to be done at each
instant, which is the case for acoustic fields. The input necessary for the triggering
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Fig.10.22 On the left, pairs of particle images at time ¢ and ¢’ which lead to a correlation peak, white
circles at time t, black circles at time t'. Each particle is numbered 1, 2, ...The shifted windows 7_
and I, are in dashed lines, they allow more particle pairs to be caught. On the right, the probability
to detect the correlation peak according to the number of particle pairs, adapted from Adrian [773]
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of the images is then directly furnished by the acoustic source or by an auxiliary
microphone.

Cross-correlation onimages I and I’ is obtained using Fourier transforms, which is
quicker than using 2-D cross-correlation in the physical space. The Fourier transform
of images I and I’ is first formed, and then the product of the first transform by the
conjugate of the second. An inverse Fourier transform is then applied to this product,
which leads to the desired cross-correlation.

Interrogation windows have power-of-two dimensions, i.e. typically 167, 322,
642 or 128%pixels due to Fourier transforms to be applied. Given the dimension of a
pixel, p, = 10 wm, and magnification My, for instance |My| = 1/4, these dimensions
correspond respectively to 0.64, 1.28, 2.56 mm? in the observed physical field.

For the FFT, an iterative algorithm is used which includes two essential sub-
steps, the first to enhance displacement estimation, the second to reduce the window
dimension. Starting for example from a 642 window, the best possible displacement
value is determined, i.e. AX24. Then from this approximated value, the I window
is shifted upstream by —0.5AX%* and the I’ window downstream by +0.5AX%*, as
represented by a dashed gray line in Fig. 10.22. The cross-correlation between /_
and I’, windows is then formed. This method allows more image pairs contributing
to cross-correlation to be caught, for instance pair 4-4’. The same calculation can
be carried out several times to enhance the final displacement, noted AX| ?4. This
is most important at large flow velocities due to large movements appearing. The
second substep consists in dividing the 642 pixel window in four 322 pixel windows.
For each of these windows the approximated movement is assumed to be the one
just obtained, thus AX3? = AX%*, and the cross-correlation peak between windows
shifted by —O.SAng and +0.5AX22 is searched for, as indicated previously. This
can be applied again; the method often stops at 16> pixel windows.

To enhance the separation power of the measurement, a partial overlap of the
interrogation windows is also used. A 50 % overlap leads to decreasing the distance
between the centers of the windows by two, and thus to quadruple the number of
points finally obtained on the considered field. This overlap is usually applied at the
final stage, on the smallest windows.

The previous methods lead to a 0.5 pixel precision on the detection of a cross-
correlation peak. This precision can be increased by fitting a Gaussian curve to the
peaks occurring on adjacent pixels, as described by Westerweel [793]. An illustration
is given in Fig. 10.23 showing different particle sizes relative to the pixel dimension.
Using the maximum of the Gaussian curve to locate the particle image, the precision
can be improved down to around +0.05 pixel. Other approaches are proposed, for
example by Lynch and Scarano [782] who track the patterned fluid element within
a chosen interrogation window, along its individual trajectory throughout an image
sequence.

For a simple lens, geometrical optics laws provide the magnification |My| =
Ds3/d3 with D3 the distance from the image plane to the lens, and d3 the distance
from the object plane to the lens. However, a camera is composed of several lenses
and the casing occupies a volume difficult to estimate. The laser sheet is actually
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Fig. 10.23 Gaussian curve fitting to pixel data, the exact location for the particle is taken at the
curve maximum, hence an accuracy of +0.05 px

replaced by a calibration plate which covers the zone to be studied. This device is a
thin glass plate on which white dots or crosses are engraved forming a square grid.
All the characteristics of the plate image are picked up, which permits to obtain the
position of the particles in the object plane and the local value of the magnification
to be used in place of M.

When all displacements have been calculated on the interrogation windows and
the velocities are obtained, the validity of the resulting vectors must be verified.
First, all displacements not sufficiently distinguishable from noise are eliminated, as
well as too disparate values of velocity. Then, all velocities are compared to their
neighbours. A widely used algorithm, described by Raffel et al. [786], is based on the
average and standard deviation of velocities on the 8 positions surrounding a given
point, 1.e.

1Y - 2
m(i,j) = = D ) and ou(i,j) =+ > [utn) = mu(. )]

n=1 n=1

with N = 8. The condition to verify is

| u(i,j) — my(i,j) |< €hreshold ~ With  €tnreshold = C204(1, J)

where C; is an adjustable coefficient, C; often between 2 and 3, depending on the
type of flow, e.g. laminar or turbulent, and on the turbulence level. At points where
the velocity vector is eliminated, it is replaced with an average value of neighbour-
ing points.
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10.3.3 Examples of 2D-2C PIV

2D-2C PIV is often used to highlight the movement of large structures or of vortex
zones. Adrian et al. [586] have thus studied the development of bursts and hairpins
on a flat-plane boundary layer, see Fig.3.13. Raffel et al. [786] present numerous
examples concerning aerodynamics, such as wingtip vortices or the transonic zone
above a profile.

In active flow control, PIV allows results to be assessed during an experimental
campaign. Figure 10.24 illustrates the re-attachment of a separation zone downstream
from a circular cylinder due to a pulsed jet, studied by Béra et al. [569]. Here the
average fields are considered, the average is produced from 30 acquisitions at random
times. The study of the pulsed jet serving as control is also interesting in itself.
It was carried out conditionally at different phases of the pulsation cycle [775].
Figure 10.25 provides two views of the pulsed jet corresponding to blowing and
to sucking phases. The most important result is the bifurcation phenomenon of the
velocity field slightly above the jet orifice during sucking. The vortex produced during
the blowing phase still follows its ascending path even when aspiration has already
begun near the orifice.

Spatial velocity fields obtained by PIV can be analysed to obtain important char-
acteristics of the flow, such as the vorticity component perpendicular to the laser
sheet or the normal modes in the laser sheet plane. For vorticity, the definition
w3 = Oup/Ox; — Ouy/0Oxy can be used, or the angular momentum of the velocities
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Fig. 10.24 Flow reattachment on the downstream side of a circular cylinder by active control.
Cylinder diameter 10 cm, incident flow velocity 20m.s~!. On the left, without control, on the right
control by a 200 Hz pulsed jet issued from a 2-D 1.5mm slot located at 110° from the stagnation
line. Use of 2D-2C PIV system, CCD camera 1008 x 1018 pixels, |[Mo|=1/6, f; = 2.8, At = 50 s,
interrogation window 322. Courtesy of Jean-Christophe Béra, see also Béra et al. [569]
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Fig. 10.25 Velocity maps for the 2D pulsed jet used in Fig. 10.24. On the left, during the sucking
phase and on the right, during the blowing phase. Courtesy of Jean-Christophe Béra, see also
Béra et al. [775]

around a point P, as proposed by Graftieaux et al. [481]

1

N
— Z rpo; x u(Q;) (10.42)

= Irpo;| | (Qi)]

w3(P) = 2

where the Q; are points distributed on a square of side N, centered on P, u(Q;) the
velocity vector at Q;, rpg, the separation vector between P and Q;, generally N = 5.

10.3.4 2D-3C or Stereoscopic PIV

The examples in Figs. 10.24 and 10.25 correspond to bidimensional flows, those to
which 2D-2C PIV must be restrained. In the case of a tridimensional flow, 2D-2C PIV
leads to favoring times when the velocity component perpendicular to the laser sheet
is almost equal to zero, which implicitly leads to conditional averages. Furthermore,
the velocity component u3 leads to a particle movement through the thickness of the
laser sheet, as represented in Fig. 10.26. The position of the particle inferred from the
image is thus incorrect, and all the more so since observation angle 6 is large. Prasad
and Jensen [785] estimate that error can reach 10 % when Ax; >~ Ax3 and 6 = 5°.
A PIV technique adapted to the simultaneous determination of three velocity
components is thus necessary. This is 2D-3C PIV, also called Stereoscopic PIV,
which still retains the principle of a laser sheet to light the zone of interest in the
flow. The Stereoscopic PIV is based on the addition of a second optical system to be
able to observe the flow from two different angles [785]. In the first set-up developed
in the literature, called shifting device, two cameras are located on a plane parallel
to the laser sheet. This device has a constant magnification, but the optical system
uses large angles 6 which degrades image sharpness and creates distortions. The
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Camera

/ ' image plane
AXl Xl

Fig. 10.26 Influence of a velocity component perpendicular to the laser sheet. The AX| observed
in the image plane is erroneously connected to x; + Axj instead of x| 4 Ax)

rotating device is preferred, see Fig. 10.27, with use of the Scheimpflug rule [778].
For each camera, the object plane, the lens plane and the image plane have a shared
intersection line. It must also be pointed out that the optical system now uses very
small angles and scattered light is collected from a favorable angle.

Figure 10.28 illustrates the Scheimpflug rule using ray tracing. Images A" and B’
of points A and B are obtained aligned on a line passing through /. The alignment of
the image points on line /O’ can be demonstrated using geometrical optics laws for
a thin lens, i.e.

image plane (1) image plane (2)

Fig. 10.27 Stereo viewing PIV system to resolve the out of plane velocity component, for two
cameras located on the same side of the laser sheet and symmetrically placed with respect to Ox3.
According to Scheimpflug’s rule, the object plane, the image plane and the lens plane all intersect
at a common line, / or J. AX; (1) and AX;(2) are linear functions of the particle displacements
Axj and Axz, and their combination provides the velocity component #; and u3. Either AX(1) or
AX>(2) can be used to obtain the velocity component uy
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Fig. 10.28 Scheimpflug I B A 0O object plane
rule: points A et B of the o
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L_0+L_O’_f whi =7 ™ Bu " 1m

with L the center of the lens, f its focal length, O’ the image of O, H and H' the
projections on the optical axis of point B and of its image B’. These laws allow the
coordinates of points O’ and B’, and the components of vectors /0" and IB’, to be
calculated in the framework formed by the lens and its optical axis. Forming the
cross product of these two vectors, it is found that it is equal to zero for any B’ and
thus for any B on the Ox; axis.

The first law (10.43) also implies a relation between f, «, 3 and length D = IO
which specifies the position of the hinge

. D sina
" 14tana/tan 3

f

In a Scheimpflug device, the sharpness of the image is ensured, but magnification
M = AX;/Ax; depends on the position of the object point. This is already visible
in Fig. 10.28, observing object points A and B, and their images A’ and B’. Relations
already used above easily provide the abscissa X of the image of point x

X1 (1) D cos & tan 3 1
x1) =—-Dx an
i : cos 3 (D — x1) tan o — xp tan 8

and local magnification M

AXy |: 1 tan o + tan 3 } (10.44)

Mx)=—=X1| — —
(1) Axy ! x1 D tan o — xj(tan o 4 tan 3)
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Fig. 10.29 Lateral
magnification of cameras (1)
and (2), as a function of
x1/D, for the Scheimpflug
set-up shown in Fig. 10.28,
a=45°,03=8°, \

Ol =D =50cm, M(1) et I

M (2) are made \

dimensionless by [

My >~ —0.10 ) \

-02 -0.1 0 0.1 0.2

Il/D

To simplify the expression, xj is used instead of (x1,0,0) and X; instead of
(X1(1),0,0) relative to camera (1). For camera (2) in Fig. 10.28, the position of
the image and magnification are given by the same expressions, substituting —x
by x1.

Figure 10.29 represents variations of magnification values M (1) and M(2) of
cameras (1) and (2) of Fig. 10.28. These magnification values are normalized by
the value of magnification My = —A’O’/AO, when A tends to O, and A’ to O,
respectively along x and X axes, i.e.

cos ¢ tan
My = — B

cos 3 tan «

The chosen values, & = 45° and 3 = 8°, are the typical values allowed by cameras
used in Stereoscopic PIV. The two curves are of course antisymmetric. If the two
cameras are located on either side of the laser sheet, as in the device by Willert [796],
then M (1) = M(2).

In current experiments, the particle constituting the object point is located in a
tridimensional space and Axy, Ax, Axz must be determined. The expressions serv-
ing to reconstruct this 3-D field have been studied by numerous authors, particularly
Lawson and Wu [781], Soloff et al. [790], Raffel et al. [786] and Prasad [784]. They
are too complex to be given here, but are included in numerous analysis softwares.
The main parameters are obtained using a calibration grid with two levels of land-
mark points, simulating separations along x, x, and x3. The calibration grid must
be precisely aligned with the laser sheet [777].

Stereoscopic PIV is required to determine lateral velocity components in a flow
which has an important longitudinal velocity. Studies by Castelain et al. [776] con-
cern a Mach 0.9 jet subject to the impact of 624 micro-jets near the nozzle. The
modifications induced by the micro-jets have been followed by the determination of
the three velocity components, with their average values, time variations and rms,
spatial correlations, and completed by the determination of vorticity. Figure 10.30
represents the field of the longitudinal vorticity component, w1, inferred from lateral
velocity components u#; and u3 by use of criterion (10.42). The alternating vortices
created by the micro-jets are very important and affect the jet development both in
the mixing zone and the potential cone. The acoustic consequences are beneficial.
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Fig. 10.30 Vorticity field wD/U; in a Mach 0.9 jet. On the left, baseline jet, and on the right, the
same jet impacted by 18 microjets, marked by arrows. StereoPIV with At = 1.6 s, M = 0.9, CCD
1280 x 1024, 16* interrogation window, o = 45°, 8 = 8° and O = 50cm. Courtesy of Thomas
Castelain (LMFA). See also Castelain et al. [776]

Noise reductions appear in far field, from 1 to 3dB, depending on the observation
direction.

The current major developments in the measurement of three dimensional velocity
fields use the tomographic technique where three velocity components are estimated
in a volumetric domain. Principles and practice are available in Scarano [787]. A
fully described example dealing with Eulerian and Lagragian data in a turbulent
boundary layer is provided by Schroder et al. [789].
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