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We use a coarse-graining approach to prove that inter-scale transfer of
kinetic energy in compressible turbulence is dominated by local interactions.
Locality here means that interactions between disparate scales decay at least
as fast as a power-law function of the scale-disparity ratio. In particular,
our results preclude transfer of kinetic energy from large-scales directly to
dissipation scales, such as into shocks, in the limit of high Reynolds number
turbulence as is commonly believed. The assumptions used in our proofs on
the scaling of structure functions are weak and enjoy compelling empirical
support. Under a stronger assumption on pressure dilatation co-spectrum,
we show that mean kinetic and internal energy budgets statistically decouple
beyond a transitional conversion range. We present supporting evidence
from high-resolution 10243 numerical simulations. Our analysis establishes
the existence of an ensuing inertial range over which mean kinetic energy
cascades locally and in a conservative fashion despite not being an invariant.

Study of turbulence cascade in a planar wake
using two point statistics
F. Alves Portela, G. Papadakis, J. C. Vassilicos
Turbulence, Mixing and Flow Control Group
Department of Aeronautics - Imperial College London

We consider the turbulence cascade in the non-homogeneous anisotropic wake generated by a square
cylinder with a Reynolds number based on the square side and free-stream velocity equal to 3900. The
data is generated by means of direct numerical simulation through an in-house finite-volume code. The
statistics of moments of velocity differences at two points defined as
1
1
δui (xj , rj ) = ui (xj + rj ) − ui (xj − rj )
2
2

(1)

where xi is the mid-point (representing location in the physical domain) and ri the separation vector
(representing the scale space), are examined.
Notwithstanding the inhomogeneous and anisotropic nature of the planar wake, the spectrum of the
fluctuating velocity signals displays a near −5/3 power law over a decade of frequencies. We observe
this power law in a region where the local Reynolds number Reλ is just over 100 and the distributions
of velocity fluctuations are far from Gaussian. The existence of a −5/3 in such circumstances cannot be
predicted by Kolmogorov’s equilibrium theory and the wavenumber-frequency relation used by Tennekes
(1975).
At the centreline, the two-point statistics reveal that turbulent kinetic energy δui δui is concentrated
at large scales aligned with the mean flow. These peaks in the distribution of energy across scales rj arise
from the strong coherent motion due to vortex shedding, since across these large structures the velocity
differences δui are maximum, while for small rj the energy is equally distributed in all orientations.
We characterise the turbulence cascade in the near wake region through the Kármán-Howarth-Monin
equation (2) as done in Gomes-Fernandes et al. (2015).
A + Π + ΠU = P + T + DX,ν + Dν − ǫ

(2)

This equation is essentially a budget of turbulent kinetic energy at a location xi and scale ri , where
each of the terms represents a different mechanism of energy transfer, as advection (A), non-linear (Π)
and linear (ΠU ) transfer, production (P), transport due to turbulent fluctuations and pressure (T ),
diffusion in physical space (DX,ν ), diffusion in scale space (Dν ) and the dissipation (ǫ). In fact, the
Kármán-Howarth-Monin equation corresponds to a generalised form of Kolmogorov’s equation when no
assumptions (such as homogeneity and isotropy) are made on the structure of the turbulence.
Because the planar wake is inhomogeneous and anisotropic, (2) cannot be reduced to a balance
between dissipation, diffusion and non-linear transfer (as required for a Richardson-Kolmogorov cascade)
since each term has a distinct distribution in scale space. In particular, our numerical simulations show
that the linear and non-linear transfer terms Π and ΠU respectively indicate that both direct/inverse
cascades of energy are present and with different strengths, depending on the scale orientation even
though the overall cascade of energy occurs from large to small scales.
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Intermittency in Navier-Stokes
equations under Fourier mode-reduction
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I will report about recent numerical experiments meant to decimate the
three dimensional Navier-Stokes equations on a subset of Fourier modes with
different properties. The case of mode-reduction based on (i) a Fractal Fourier
decimation and (b) a helical-based decimation will be addressed. I’ll discuss the
implications on both the mean energy transfer properties and on the small-scale
intermittent fluctuations.
Work supported by the ERC AdG NewTURB num. 339032

Return to isotropy of homogeneous turbulence
EUROMECH-ERCOFTAC Workshop - Turbulence Cascades
Antoine Briard and Thomas Gomez
2-4 December 2015, Lille, France
The historical concept of local isotropy has been introduced by Kolmogorov in 1941 for high Reynolds
numbers flows. In this view, the energy is mostly dissipated at the smallest scales of motion. These scales
receive energy from the mean flow through an energy
cascade. Kolmogorov argued that this transfer process removes the anisotropy information of the energycontaining eddies, so that the small scales could be considered to be locally isotropic. Hence, for such locally
isotropic flows, only the smallest scales are expected to
satisfy the isotropy properties.
Many studies focused on this fundamental issue in
the past decades, especially in axisymmetric flows,
which are considered as representative of grid turbulence. The shear case, probably more representative
of boundary layer flows, has been investigated as well.
Shear flows turned out to be more difficult to handle
theoretically, due to the absence of symmetry.
In order to obtain a fine description of the spectral flux associated to the return to isotropy (RTI)
mechanism in the shear case, decaying homogeneous
turbulence initially submitted to anisotropy is studied
using an adapted eddy-damped quasi-normal closure
(EDQNM). The dynamics of the anisotropy is obtained
thanks to spherically-averaged deviatoric descriptors
Hij (k, t) (which contains both the directional and polarization anisotropies). The governing equation of the
spherically-averaged spectral Reynolds stress tensor
Z
φij (k, t) =
R̂ij (k, t)d2 k

attention, the homogeneous shear-released turbulence
(HSRT) has been less investigated, and could be physically interpreted as a volume of fluid that experiences
a sudden ejection from the near wall region, where the
shear is strong, toward a region where the mean shear
is smaller.
This study will focus on both the RTI mechanism,
and the impact of a shear anisotropy on the kinetic
energy cascade. Thus, energy transfers between scales
and diagonal Reynolds stress components will be investigated in order to understand the fundamental mechanisms responsible for the RTI of small scales. To illustrate the importance of large scales in anisotropic
flows, both Saffman and Batchelor turbulence will be
considered. Indeed, it has been observed that in such
decaying anisotropic flows, large scales in Batchelor
turbulence continuously lose their anisotropy, whereas
the RTI is observed only at small scales for Saffman
turbulence. Moreover, simulations show that when the
shear is released, the quantity R13 (t) decays faster than
isotropic quantities, such as the total kinetic energy
K(t) in Batchelor turbulence only. Influence of initial
anisotropy will be studied as well.
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Figure 1: Temporal evolution of the diagonal components of the Reynolds stress tensor for a sustained shear
flow dU1 /dx2 = S : comparison between the DNS of
Rogers and Moin, JFM, 1987 (circles) and EDQNM
simulations (solid lines), illustrating the influence of
the shear on the kinetic energy repartition, ()11 being
the mean flow direction, ()22 the transverse direction,
and ()33 the spanwise direction.

L
Sij
represents the linear transfers, proportional to the
mean velocity gradient matrix Aij , which are zero
tot
when the anisotropy is released. Sij
represents the
non-linear transfers, which can be divided into a true
NL
(with zero integral over k) and a
transfer part Sij
RT I
RTI part Sij . The initial anisotropy is obtained
by imposing a constant shear dU1 /dx3 = −S on an
isotropic flow, which is then released. Such a process
creates a purely anisotropic quantity R13 =< u1 u3 >.
The understanding of its dynamics will give information on how anisotropy evolves throughout the decay.
While the sustained shear case has received a lot of
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Energy cascade in internal wave attractors
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A question of paramount importance in the dynamics of the oceans is related to the cascade of mechanical energy
in the abyss and its contribution to mixing. Here, we propose a unique self-consistent experimental setup that models
a cascade of triadic interactions transferring energy from large-scale monochromatic input to multi-scale internal wave
motion.
This setup is based on internal wave attractors [1]. Experiments are here carried out in a trapezoidal test tank filled with
linearly stratified fluid. Energy is injected into the system via the oscillatory motion of a vertical wall and internal wave
velocity fields are measured with a standard PIV technique. Internal wave attractors are prone to parametric subharmonic
instability (PSI), which transfers energy from the attractor to a pair of secondary waves [2].
As the forcing amplitude increases, PSI produces several pairs of secondary waves, creating a cascade of triadic
interactions which leads to internal-wave motion with a rich multi-peak discrete frequency spectrum embedded into a
continuous spectrum of weaker magnitude, as shown in figure 1. We reveal, for the first time, experimental possible
signatures of a wave turbulence framework for internal waves using energy spectra. Spatial spectra show nice power laws
whose agreement with theoretical predictions [3] will be discussed.
Finally, we show how beyond this regime, we have a clear transition to a cascade of small-scale overturning events
which induces significant mixing. Numerical simulations using spectral element method show good agreement with
experimental results.
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Figure 1: A typical time-frequency diagram depicting a cascade of triadic interactions (a), and a cut of this diagram at
time t = 400 T0 (b), indicated by a dashed black line on (a).
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Self-similar regimes in Unstably
Stratified Homogeneous Turbulence
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Unstably stratified homogeneous turbulence develops at late time a selfsimilar dynamics characterized by an exponential growth of turbulent quantities. It is believed from recent theoretical studies that different growth
rates are possible, depending on the initial distribution of energy at large
scales. In order to confirm these predictions, we run both highly resolved
direct numerical simulations and a spectral model based on an eddy-damped
quasi-normal closure. In addition to confirming the influence of initial conditions, our study sheds light on the anisotropic structures of the self-similar
regimes.
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Cascades in ‘weak’ and ‘strong’ turbulence: an unified study.
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Abstract
Wave turbulence theory is used in several recent studies, often supported by experiments and numerics,
especially for surfacic waves and vibrating plates, but its linkage to theories and models proposed for developed ‘strong’ turbulence in three-dimensional flows is often ignored. On the one hand, the quasi-normal
approximation, with zero fourth-order cumulants for the multipoint statistics (e.g. Millionshchikov 1941
[1]), is pivotal in wave turbulence theory, when the fluctuating velocity is modulated by dispersive waves, so
that the nonlinearity is weak: this contributes to an ‘intrinsic’ (or exact ?) closure, as shown by, e.g. [2]. In
fact, both the two-time decomposition in terms of ‘slow’ amplitudes and ‘rapid’ phases of the wavemodes
and the random phase approximation give asymptotically a mathematical / physical support to the QNM
(Quasi-normal Markovian) ingredient in classical wave turbulence theory [3, 4, 5]. On the other hand, this
QNM ingredient is present in theories and models for the ‘strong’ nonlinearity reflected by the spectral energy
transfer in the absence of waves: correct predictions are possible, however, but with a model of nonzero
fourth-order cumulants, in order to mimic a nonlinear damping of third-order cumulants. One of the simplest
models is the Orszag’s EDQNM (Eddy Damped Quasi-Normal Markovian) approximation [6].
Considering now that in many three-dimensional flow configurations, the linear eigenmode decomposition
gathers both wave modes and non propagating modes, sometime called ‘vortex’, we have proposed to model
the nonlinear spectral transfer by a general EDQNM approach, in which the semi-empirical ED ingredient
is only important for vortex-vortex interactions involving only the non-propagating mode, whereas classical
wave turbulence can be applied both to wave-wave interactions and to wave-vortex interactions.
The case of rotating turbulence is first considered. If the flow is really unbounded, classical inertial wave
turbulence theory is valid, and can be recovered by an asymptotic QNM approach [7] in which the eddy
damping can vanish. The theory gives no access to the two-dimensional ‘vortex’ mode, but this mode is
shown to act as an integrable singularity and therefore never dominates the cascade. Accordingly, partial twodimensionalization is shown, but this trend saturates and there is no significant inverse cascade. Only when
the flow is bounded in the axial direction, the non-propagating two-dimensional mode is dynamically relevant
and is affected by its own — inverse — cascade, and interactions with the inertial wave-turbulence cascade
is investigated, with recent new results [8] (see also Julian Scott in the same workshop). Contrasting the
two cases, unbounded and bounded, allows us to question the wealth of DNS or LES of rotating turbulence
in triple -periodic boxes: finite box-size effects are not controlled, the weight of the 2D mode depends on
the discretization, and therefore the inverse cascade can be triggered by the numerical procedure.
The case of stably stratified turbulence, with and without rotation, is different because a three-dimensional
‘vortex’ non-propagating mode is easily identified, be the flow unbounded (Riley et al. 1981) or not. Our
strategy initiated in Godeferd & Cambon [9], using generalized EDQNM, shows the importance of the
cascade that involves only the ‘vortex’ mode, or toroidal cascade without rotation. As confirmed by further
DNS studies, the toroidal cascade is responsible for the layering of the flow (e.g. [10] and references therein.)
In these cases, it appears that the anisotropy is essential for understanding these cascades, with an important
distinction between directional anisotropy, related to dimensionality, and polarization anisotropy (see also
Delache etal. in the same workshop). From these studies, and the ones by Marino et al. [11] on rotating
stratified flows, it is possible to draw guidelines for the appearence of inverse cascade, both from the number
of conserved quantities and from the role of anisotropy. Finally, it is possible to discuss the philosophies
and fallacies in studies of cascades (paraphrazing the title of an essay of Philippe Spalart for engineering
models).
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The temporal evolution of the energy flux across scales in
homogeneous turbulence
J.I. Cardesa Dueñas, A. Vela-Martín, S. Dong and J. Jiménez.
The transfer of energy across length scales is studied in incompressible 3D numerical simulations of
homogeneous shear flow and of isotropic turbulence, at Reynolds numbers in the range Re λ = 107 −
384. The energy flux is defined as the standard subgrid-scale dissipation. Whereas it is commonly
believed that the forwards energy cascade and backscatter are comparable, with a slight
predominance of the latter over the former, we show that the ratio between mean forward and mean
backward cascade is larger than that inferred from their volume ratio alone. This result applies to
both filter types used, spectral sharp and Gaussian.
Time histories of the spatially averaged fluxes at several filter widths are computed. The average
time taken by perturbations in the energy flux to travel between scales is deduced from a temporal
correlation analysis. This time is shown to be additive, as inferred from the agreement between the
total travel time from a given scale to the smallest dissipative motions, and the time estimated from
successive jumps through intermediate scales. Our data suggests that the propagation of
disturbances in the energy flux is independent of the forcing and that it defines a ‘velocity’ that
determines the energy flux itself. These results support that the cascade is, on average, a scale-local
process where energy is on average continuously transferred from one scale to the next in order of
decreasing size.

Universality of small scale statistics in various turbulent flows

R.A. Antonia, S.L. Tang, L. Djenidi, and L. Danaila

The talk focuses on the universality of small scale statistics in different laboratory flows, which are
either locally isotropic or anisotropic. Four issues will be addressed, summarized as follows.
1) Second-order moments transport equations, derived from Navier-Stokes equations written at
two points in space, reflect the way energy is transferred across the scales and account for the
large-scale effects such as the decay, production, turbulent and pressure diffusion. These
equations are also called scale-by-scale (s-b-s) energy budget equations, because the secondorder moments represent the energy contained in eddies of scales smaller or equal to r. The
exact mathematical form of these equations depend on the flow, and each region of the same
flow.
Therefore, they allow finite Reynolds number effects to be appraised correctly, at least at the
level of second-order moments.
The equations comply with the one-point energy budget equations for very large scales. More
importantly, at very small scales, they reduce to transport equations for the mean energy
dissipation rate.
2) We further show that the collapse of the turbulent dissipative range on Kolmogorov scales does
not require either of the two major assumptions in Kolmogorov's (1941) first similarity
hypothesis, i.e. the Taylor microscale Reynolds number is very large and local isotropy is
satisfied. In particular, the Kolmogorov velocity and length scales are shown to be the
appropriate normalization scales. Complete similarity of the s-b-s energy budget equation,
which requires independence with respect to the Taylor microscale Reynolds number of small
scale statistics across the dissipative and inertial ranges, is consistent with Kolmogorov’s (1941)
first and second similarity hypotheses.
3) Whereas the first two points concern both locally isotropic and anisotropic turbulence, for the
sake of simplicity, we shall focus on the locally isotropic form of the transport equation for the
mean energy dissipation rate ε iso . In each flow, the equation can be expressed in the form (S +
2G/R λ =C/R λ , where S is the velocity derivative skewness, G is the non-dimensional rate of
destruction of ε iso , C is a flow dependent constant and R λ is the Taylor microscale Reynolds
number.
It is shown that G/R λ is independent of the Reynolds number, as a direct consequence of point
2). Experimental and numerical collected results indicate that G/R λ is indeed very nearly
constant for R λ >70. Therefore, S should approach a universal constant when R λ is sufficiently
large, but the way this constant is approached is flow dependent. For all the flows considered,
the approach is reasonably well supported by experimental and numerical data. The constancy
of S at large R λ has obvious ramifications for small scale turbulence research since it violates
the modified similarity hypothesis introduced in Kolmogorov (1962), but is consistent with the
original similarity hypotheses of Kolmogorov (1941).
4) Finally, we shall address the issues of the boundedness of the velocity derivative flatness factor
and normalized higher-order moments, as well as the possible influence of a departure from
local isotropy in real flows.
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Toroidal cascade and isotropy restored at small scales in freely decaying stratified
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Abstract
In oceanic, atmospheric or engineering flows, turbulence can be strongly affected by stratification. In contrast
with isotropic turbulence, anisotropic structures emerge in stably stratified turbulence: quasi-horizontal
structures appear to be organized in vertically sheared layers. These structures are a mix between internal
wave and turbulence. Different length scales are used to characterise the overturning of buoyancy and
anisotropy. The most commonly used in oceanography are Thorpe’s scale LT which is a measure of largescale vertical overturns and Ozmidov’s scale Lo = (ε/N 3 )1/2 (where N is the Brunt-Väisälä frequency and ε
is the dissipation) [1, 2]. Structures larger than Lo are strongly influenced by stratification whereas structures
smaller than Lo recover three-dimensional isotropy. Lo and LT are related by Dillon’s relation Lo ≃ 0.8LT
[3] which is observed in the ocean and was also recently checked in Direct Numerical Simulations (DNS)
[4]. So Lo must indicate a modification of the cascade of energy.
In order to analyze further small-scale isotropisation, we present results from high resolution DNS (20483
grid points) of freely decaying turbulence at four different stratification rates. They confirm that the
Ozmidov scale is a separating scale between anisotropic and isotropic ranges: for moderate stratification
(Fig. 1), the large scales are preferentially horizontally oriented but the smaller scales recover a classical
isotropic behaviour. When stratification is increased, smaller and smaller scales also gradually adopt a quasi
horizontal motion. We analyze this anisotropy scale by scale by considering the angle-dependent energy
spectrum of velocity and density [5]. Moreover, we separate poloidal and toroidal contributions of velocity
to the kinetic energy spectrum, which are respectively linked to waves and vortex motion (similar to the
geostrophic/ageostrophic decomposition). We show that toroidal cascade is responsible to the most energy
transfer of quasi-horizontal structures but the poloidal component is always present with own dynamics.

(a)

(b)

Fig. 1: Illustration of the layering through distribution in a vertical section : at left, fluctuation of density
with vorticity and iso-density, and at right, Thorpe’s deplacement.
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The anisotropic structure of turbulence and its energy spectrum
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Turbulent flow contains a broad range of length scales, which spectral energy distribution is observed to
follow a k‐5/3 power scaling in accordance with Kolmogorov’s theory. However, the assumptions in this
theory appear not to hold, as the small‐scales are anisotropic [1,2] and there is evidence of direct scale
interactions across the whole scale range with significant energy transfer to the small as well as the large
scales [3‐5]. These observations oppose the widely accepted classical view, which involves a gradual
cascade of energy from the large towards increasingly smaller scales, and isotropy at the small scales.
Here we present a flow structure, which reconciles small‐scale anisotropy and direct scale interactions
with the k‐5/3 spectrum. The flow structure is a shear layer (Fig. 1) [6], which contains the small‐scales and
is bounded by the large‐scales. The anisotropic shear layer reveals the expected k‐5/3 scaling of the energy
spectrum in nearly all directions (Fig. 2). Our result shows how a single, possibly universal, flow structure
can reconcile the well‐known spectral scaling with both anisotropic flow conditions and direct scale
interaction in physical space.

FIG. 1. The average flow associated with the local
principal strain field around the point marked by X.
Three‐dimensional streamlines (blue) highlight a shear
layer containing swirling motions that are being
stretched in the direction of intermediate principal strain
λ2. The size of the core of the layer scales on the
Kolmogorov length η, while the outer region scale on the
macro‐length L [7].
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FIG. 2. Energy spectra E(k), pre‐multiplied by k‐5/3, taken
along different directions through the average shear layer
structure (Fig. 1). This way a plateau corresponds to a
k‐5/3 scaling range. The colorscorrespond to the different
directions, while the actual turbulence spectrum is given
in black with symbols. The k‐5/3 scaling range in the
average shear layer and actual turbulence are found to
overlap.
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Weak wave turbulence
S. Galtier
Laboratoire de Physique des Plasmas
Ecole Polytechnique Palaiseau, France
sebastien.galtier@lpp.polytechnique.fr
Although waves are a basic phenomenon well understood for years, the
nonlinear behavior of a large ensemble of waves is still the subject of intense
research. When the amplitude of the waves is small, a perturbative development can be realized which leads to the so-called ”kinetic equations” of
weak wave turbulence. Exact solutions for the spectra can also be derived by
applying the Zakharov transform. Several problems of weak wave turbulence
have been studied analytically, but also numerically and experimentally. It
is currently a very active subject of research where important new results
have been obtained recently. In this talk, I will briefly present the theory
of weak wave turbulence and give several examples like rotating turbulence.
In particular, I will show that the non-stationary spectrum corresponding to
the front propagation towards small-scales is sometimes characterized by an
anomalous scaling not predicted by the classical theory.

Two-time and two-spatial-point
similarity solutions in turbulence
William K George1 , Clay Byers2 and Marcus Hultmark2
1

Dept of Aeronautics,
Imperial College of London, London, UK
2

Dept. of Mechanical and Aerospace Engineering,
Princeton University, Princeton, NJ

Most analyses of non-stationary turbulence consider only two-point solutions where the flow is considered to be homogeneous in space and simply decaying in time (or growing in the case of homogeneous shear flow).
In wavenumber Fourier transform space the non-linear terms lead to convolutions in wavenumber, the familiar triadic interactions, which are timedependent. To the best of our knowledge two-spatial-point and two-time
solutions have not been previously considered simultaneously. But if twotimes are considered simultaneously in forced turbulence, for example, the
convolutions include interactions among different three temporal frequencies
as well as wavenumbers. The bandwidth in frequency determines (or at least
measures) the persistence time of any spatial structures.
This presentation will consider several time-dependent homogeous flows
for which two-point, two-time similarity solutions have been found. In several
cases the solutions in time can be shown to correspond to temporal Fourier
transforms in stretched time coordinates. As a consequence the non-linear
interactions are four dimensional triadic interactions. There are numerous
implications of these results for any ideas about cascades and structures,
some of which we will discuss.

Modulation of heat and mass transfer
in turbulent flow
B. Geurts
University of Twente, The Netherlands
Heat and mass transfer in turbulent flow are a subject of intensive research. Applications are multitude, ranging from well-known systems such
as Rayleigh-Benard convection to practical applications involving combustion. In these systems the rate at which heat and mass can be transferred is
strongly connected to the large- and small-scale dynamics of the turbulent
flow. By application of external agitation and/or the inclusion of multiscale
forcing, one may arrive at regions of non-equilibrium turbulence in which
specific aspects of the targeted process can be optimised. Direct numerical
simulations and experimental findings will be presented to analyse the impact of such external agitations on the rate at which heat and mass can be
transferred.

Phenomenology and numerical simulations of highly helical
isotropic turbulence
Ephim Golbraikh1, Peter Frick2, Rodion Stepanov2,3
1

Ben-Gurion University of the Negev, Physics Department, Beer-Sheva, Israel
Institute of Continuous Media Mechanics, Korolyov 1, Perm, 614013, Russia2Perm
3National Research Polytechnic University, Komsomolskii av. 29, 614990 Perm, Russia
2

Conventional approach to the turbulent energy cascade, based on RichardsonKolmogorov phenomenology, ignores the topology of emerging vortices, which is related
to helicity of the turbulent flow. It is generally believed that helicity can play a significant role in turbulent systems, e.g., supporting the generation of large-scale magnetic
fields but its impact on energy cascade to small scales was never observed. We suggest a
generalized phenomenology for isotropic turbulence with arbitrary spectral distribution of
helicity. We discuss various scenarios of direct turbulent cascades with new helicity
effect, which can be interpreted as a hindering of the spectral energy transfer. We confirm
our phenomenology by high Reynolds number numerical simulations based on a shell
model of helical turbulence.

Physical mechanism of energy cascade
and non-equilibrium statistics
in developed turbulence
S. Goto1 , Y. Saito, J. C. Vassilicos and G. Kawahara
1

Graduate School of Engineering Science, Osaka University, Japan
goto@me.es.osaka-u.ac.jp

We have conducted direct numerical simulations of forced turbulence in a
periodic cube to investigate the hierarchy of coherent vortices and their creation mechanism in developed turbulence. Our statistical analyses of coherent
structures in the turbulence show that the hierarchy is composed of anti-parallel
vortex tubes with various length scales, and strains around anti-parallel pairs of
larger-scale vortex tubes effectively stretch and create smaller-scale vortex tubes.
Since the creation of vigorous smaller-scale vortices, which leads to strong energy
cascade from larger to smaller scales, occurs in a quasi-periodic manner with a
relatively long period (about 10-20 eddy turnover times); statistical quantities
(such as the rms velocity and the energy dissipation rate) also evolve quasiperiodically in time. It is this unsteadiness of the turbulence that is the cause
of the non-equilibrium of large-scale fluid motions, and of the violation of the
Taylor dissipation law. Interestingly, the instantaneous value of the spatiallyaveraged energy dissipation rate of the forced turbulence in a periodic cube
obeys the same law as the one discovered in the experiments of decaying grid
turbulence and turbulent wake (see Vassilicos, 2015, Ann. Rev. Fluid Mech.).

Energy cascade and drag reduction in elasto-inertial turbulence
diluted with contravariant and covariant polymers
KIYOSI HORIUTI, Dept. Mechano-Aerospace Engineering,
Tokyo Institute of Technology, Tokyo, Japan
This talk aims to study the elongation and energy-transfer processes of polymers released in the
homogeneous isotropic and homogeneous shear flow turbulence. We conduct multi-scale
analysis by connecting the description of mesoscopic scales using the elastic dumbbells for
modeling the polymers combined with Brownian dynamics to the macroscopic description for
the solvent motion using DNS. The dumbbells are allowed to be advected either affnely with the
macroscopically- imposed deformation (contravariant polymer) or completely non-affinely with
the deformation (covariant polymer). We consider the elasto-inertial turbulence regime in which
the relaxation time of polymer is in the order of the eddy turnover time. Highly-elongated
contravariant polymers remove more energy from the large scales than they can dissipate and
transfer the excess energy back into the solvent as shown using the constitutive equation for the
polymer stress in P.C. Valente et al. (2014). By deriving the approximate solution of the
constitutive equation (Horiuti et al. 2013), we identifed the term responsible for causing this
transfer. The skewness of the strain-rate tensor (-SikSklSli) in the elastic energy production term
transfer the elastic energy back into the smallest scale of the solvent and in turn, increase the
dissipation of the solvent for the highly-stretched contravariant polymers. In the covariant
polymers, this trend is reversed and the elastic energy is retained in the polymers even when
they are highly stretched. Conversion to the solvent energy is prevented. This leads to
remarkable enhancement of drag reduction compared with the contravariant polymers. Our
results provide support the hypothesis that the stretched polymers behave like rods and exhibit
rigidity (de Gennes 1986).

The inertial eddies of wall-bounded turbulence
Javier Jiménez
Univ. Politécnica de Madrid
The fluxes of conserved quantities with nontrivial spectrum are natural objects for the study
of the turbulent cascade. Quantities such as production or dissipation tend to represent the spectral end-points, but the flux has to ‘traverse’ the full range of scales. The best-known example
is the energy cascade in three-dimensional turbulence, whose flux is Π = −τij Sij . Less attention
has been paid in the cascade literature to the transfer of momentum in shear flows, although its
flux, the tangential Reynolds stress τ = −huvi, is an object of intense interest in engineering.
In wall-bounded turbulence, streamwise momentum is typically injected across the flow by the
mean pressure gradient, and is dissipated at the wall by viscosity. Away from the immediate
near-wall viscous region, most of the momentum is transferred across the flow thickness by a
hierarchy of intense structures whose size is roughly stratified by the distance to the wall. The
latter organises the transfer but does not appear to be necessary. An eddy hierarchy with very
similar properties is found in homogeneous shear turbulence, where streamwise momentum is
also transferred without either a wall or spatial stratification.
We have studied the momentum-carrying structures in some detail. They are defined as
connected regions in which (−uv) is larger than a threshold that depends weakly on the distance
from the wall [3]. Geometrically, they span the range of sizes from the Kolmogorov to the
integral scale, and can be characterized as ‘inertial’ between those limits, in the sense that
neither the channel width nor the viscosity are important. Note that this characterization, in
which geometry is studied as a function of intensity, is dual to the more usual one in which
intensity is studied as a function of geometry (size), and that using both allows the multiscale
transfer to be studied in more detail than by any one of them.
When these eddies are tracked in time, the result is a connectivity graph that contains
periods of smooth growth together with mergers and splits in which the eddy size increases or
decreases discontinuously. The latter can be interpreted as inverse and direct cascade steps [4].
Both cascade directions are required in a statistically steady system, but the surprising result is
that there is very little difference between them. They proceed simultaneously, instead of in a
phase of eddy growth followed by one of decay. Mergers and splits alternate with little mutual
memory, and the evolution of an eddy can be described quite approximately as a random walk
in scale space. The final dissipation of an eddy is determined by the ruin of the random walk.
It is unknown how general is such a description. For example, the dynamics of the transfer
of kinetic energy is probably different, because Π is known to be intermittent [2] while τ is not
[1]. Moreover, it will be shown that the definition of fluxes is ambiguous in general, and that
different choices probably result in different descriptions.
Funded by the ERC Multiflow program
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Wave turbulence: the exemple of
vibrating plates
Christophe Josserand
Sorbonne Universits-Institut DAlembert, CNRS & UPMC, Paris
Wave turbulence is present in many different systemes from the historical
context of surface ocean waves, to laboratory capillary waves, from Alfven
waves in astrophysics to nonlinear otpics or also from quatum fluids to elastic
vibrating plates. Wave turbulence theory have been developed in the case
of weak amplitude waves since the end 50s early 60s for water waves and
has been then applied to the different physical contexts. By contrast with
usual Navier-Stokes turbulence ( strong turbulence ), an asymptotic closure
for the statistical cumulant can be formally derived, becauseof the time scale
separation between the linear waves and the nonlinear interactions due to
the assumed weak amplitude of the waves.
I will present the general ingredients of the Weak Wave Turbulence theory
using the vibrating elastic plates problem as illustration. I will then discuss
numerical and experimental results obtained recently that will open discussion on the limitations and perspectives of wave turbulence.

Turbulent cascades
in truncated Euler flows
G.E. Krstulovic
CNRS, Observatoire de la Côte d’Azur, France.
krstulovic@oca.eu
Since the pioneer works by T.D. Lee and R.H. Kraichnan more than 50
years ago, the truncated Euler equation has been used as a useful theoretical tool for turbulence. In the last decade by using numerical simulations
it has been shown that the truncated Euler equation, although conservative,
it reproduces some aspects of the Navier-Stokes equation where because of
pseudo-dissipative effects a Kolmogorov range is observed.
In this talk I will review the main properties of the truncated Euler equation, showing how truncation leads to Kolmogorov turbulence at large scales
and thermalisation at small scales. Then I will present a different systems
where a similar behaviour is observed and where the existence of the UV
cut-off responsible of the truncation has a physical meaning. Finally, I will
show that in some modify versions of the Euler equation, thermalisation can
occur even without the presence of the truncation cut-off.

Cascades in buoyancy-driven
turbulence
R. Kunnen
Technische Universiteit Eindhoven, The Netherlands.
The scaling of the energy spectrum and the nature of an energy cascade in
buoyancy-driven turbulence have been under scrutiny ever since the first experiments on high Rayleigh number Rayleigh-Bnard convection in the 1980s.
The original measurements seemed to point to the same scalings as for stably stratified turbulence, reported independently by Bolgiano and Obukhov
in 1959. However, these measurements were frequency spectra based on
point-wise measurements, where Taylor’s hypothesis had to be invoked in
the interpretation. Later simulations and measurements using spatial rather
than temporal data could not reproduce the Bolgiano-Obukhov scaling. In
fact, a whole range of scalings can be found depending on the exact measurement location within the flow domain. There are many complicating factors
that obscure pure scaling, including inhomogeneity, anisotropy and finiteReynolds-number effects. Traditional statistics that probe the scaling, such
as spectra or structure functions, will thus always fail to give conclusive results. Instead, new diagnostics are required to deal with these complications.
In the presentation I will give a historical perspective of these developments.
Furthermore, I will present the first results from a novel diagnostic tool, a
scale-by-scale energy budget that explicitly quantifies inhomogeneous and
anisotropic contributions.

Turbulent Cascade as a dynamical process
Thierry Lehner1 , Martine Le Berre2 , Yves Pomeau3
Luth, UMR 8102, Observatoire de Paris-Meudon, Meudon
Université Paris Sud, Orsay
University of Arizona, Tucson, USA.

How turbulent energy goes from large to small scales remains ill understood. Newton in his
theory of the drag on objects moving in a fluid at constant speed implicitly assumes that
energy is transferred from large to small scales by considering the fluid as a gas of non
interacting particles, which yields the experimentally correct drag proportional to the velocity
square, in apparent contradiction with d'Alembert paradox that there is no drag in an inviscid
fluid
Modern attempts to understand this paradox rely on concepts elaborated by Kolmogorov,
according to which the energy is transferred in a stepwise fashion from large to small scales
by a "cascade" process,although Newton's idea can be understood as meaning that the energy
is transferred in a single step from the large scale motion to molecular scales every time a
fluid particle hits the moving body.
In Kolmogorov' picture the transfer of energy from large to small scales and lastly to thermal
noise occurs sequentially from the largest possible scale to a smaller scale, then to an even
smaller scale, etc; until it reaches the so-called Kolmogorov scale where dissipation sets in.
This picture is dynamical in the sense that each transfer of energy from a scale to a smaller
one requires some time, basically the time scale for the growth of the small scale instability
pumping the energy of a large vortex, a time of order l/ul where l is the large scale and ul the
velocity of the vortex of size l.
The transfer of energy across scales is assumed to be fundamentally irreversible: no instability
may transfer back the energy from small to large scale in 3D.
Besides a stepwise cascade, another possibility of transfer of energy across scales exists, the
occurrence of a finite time singularity in solutions of the inviscid dynamics; not yet an
excluded possibility. In this case, the transfer of energy is also irreversible, but it is in a single
step. The time delay is fixed, depending on the large scale only, restoring somehow Newton's
intuition.
Using concepts developed in an early paper [1] explaining that some uctuations in non
equilibrium systems fundamentally differ from uctuations at equilibrium we study wether the
process of cascade is dynamical (occurring stepwise) or not (if the energy is transferred is a
single step). We look if the delay of transfer of energy between different scales increases as
the difference of scale increases. This study is made on experimental records of turbulent
fluctuations in various flows.
[1] Y. Pomeau, « Symétrie des fluctuations dans le renversement du temps », J. de Physique
(Paris), 43, p. 859 (1982).

“Slow transients or multiple self-similar regimes ?
A tentative approach on homogeneous isotropic turbulence”
Antoine Lllor
CEA, DAM, DIF, Arpajon, France
“Numerous modern studies of turbulent flows have recently hinted at the possible
existence of “non-standard states of turbulence,” which behave in somewhat but
measurably different ways than anticipated by established laws or earlier observations.
The present talk will try to clarify some of the basic concepts of self-similarity and scale
invariance which may appear in “non-equilibrium turbulence.” A tentative theoretical
illustration will be provided on the simplest and still relevant case of homogeneous
isotropic turbulence and its transients. It appears that there is no clear cut separation
between “slow transients” and “multiple regimes” and that experimental evidence to
establish either of these situations is and will stay out of reach with any present or
foreseeable technology.

Wall-attached cascade of eddies in turbulent channels
Adrián Lozano-Durán & Javier Jiménez
September 10, 2015
Abstract

Figure 1: Sketch of the processes of merging and splitting representing the geometrical turbulent
cascades in terms of coherent structures.
The phenomenological explanation of the transfer of energy from large to small scales was introduced in
the classical paper by Kolmogorov (1941), but the concept of a turbulent cascade in terms of interactions
among eddies had been proposed earlier by Richardson (1920), and later by Obukhov (1941). In the present
work, we focus on the geometrical Richardson-Obukhov model of local-in-space cascade as opposed to the
Kolmogorov local-in-scale one, and refer to the momentum cascade as described in Jiménez (2012).
The temporal evolution of the coherent structures responsible for the momentum transfer in a turbulent
channel at Reτ = 4000 is studied using time-resolved DNS sequences with temporal separations among fields
short enough for individual objects to be tracked (Lozano-Durán & Jiménez, 2014). Spatially localized direct
and inverse cascades are respectively associated with the processes of splitting and merging of the individual
structures tracked (figure 1). These structures are defined as places where the tangential Reynolds stresses
are high (Lozano-Durán et al., 2012), and form a family of self-similar objects spanning sizes from a few
Kolmogorov scales (η) to the full channel height. Those contained in the logarithmic layer have sizes above
the Corrsin’ scale and are influenced by the injection of energy from the mean shear. As a consequence, these
structures are not intended to represent the isotropic energy transfer in the sense of Kolmogorov (1941) but
only its first steps.
The results show that eddies smaller than about 30η cascade rarely, probably because they are associated
with viscous processes, while those larger than 100η almost always do. In those cases, the total volume gained
and lost is found to be a substantial fraction of the total volume of the large structures. It is also found
that the direct cascade predominates, but that both directions are roughly comparable. Most of the merged
or split fragments have sizes of the order of a few Kolmogorov viscous units, but a substantial fraction of
the growth and decay of the log-layer eddies is due to a self-similar inertial process in which eddies merge
and split in fragments spanning a wide range of scales, including those comparable to the sizes of the eddies
themselves.
The present research was made possible by the European Research Council under grant ERC-2010.AdG20100224.
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Direct and inverse energy cascades in
rotating turbulence
F. Moisy
FAST, University of Paris-Sud, France.
moisy@fast.u-psud.fr
Turbulence in a rotating frame provides a remarkable system where twodimensional and three-dimensional properties may coexist, with a possible
tuning between direct and inverse cascades depending on the rotation rate
and the geometry of the forcing. We present here experimental evidence for
a double cascade of kinetic energy in a statistically stationary rotating turbulence experiment. Turbulence is generated by a set of vertical flaps, which
continuously injects velocity fluctuations towards the center of a rotating
water tank. Without global rotation, the energy is transferred from large to
small scales, as in classical three-dimensional turbulence. For nonzero rotation rates, the horizontal kinetic energy presents a double cascade: a direct
cascade at small horizontal scales and an inverse cascade at large horizontal
scales. By contrast, the vertical kinetic energy is always transferred from
large to small horizontal scales, a behavior reminiscent of the dynamics of a
passive scalar in two-dimensional turbulence. At the largest rotation rate,
the flow is nearly two-dimensional, and a pure inverse energy cascade is found
for the horizontal energy. To describe the scale-by-scale energy budget, we
consider a generalization of the Krmn-Howarth-Monin equation to inhomogeneous turbulent flows, in which the energy input is explicitly described as
the advection of turbulent energy from the flaps through the surface of the
control volume where the measurements are performed.

The inertial subrange in turbulent pipe flow: Centre line
J. F. Morrison∗, M. Vallikivi†and A. J. Smits‡
July 20, 2015
The inertial subrange scaling of the axial velocity component is examined for the centre line of turbulent
pipe flow for Reynolds numbers in the range 249 ≤ Reλ ≤ 986, where λ is the Taylor length scale.
Measurements were performed in the Princeton/ONR Superpipe using NSTAP probes of length, ℓ = 30 µm
or 60 µm, with temporal resolution up to 300 kHz. Estimates of the dissipation rate, ǫ, are made by both
integration of the one-dimensional dissipation spectra and the third-order moment of the structure function,
where the separation r = −U δt. Figure 1 shows A plotted as a function of Reλ , where ǫ = vǫ3 /η = AR/u3τ .
In the case of the “4/5ths” law, the estimate of ǫ is taken to be the maximum over a range of r/η — this
is made necessary by the nature of the third-order moments which do not show a pronounced plateau. It
is noticeable that neither dissipation estimate provides values of A that asymptote to a constant: rather A
increases almost linearly with Reλ . The ordinate is proportional to ǫ: therefore the increase in A at higher
Reynolds numbers cannot be attributed to poor spatial resolution. Furthermore, there is a remarkable
consistency between estimates of A using the 30 µm and 60 µm probes.
We will show that complete similarity of the inertial range spectra is not evident: there is little support
for K41, and effects of Reynolds number are not well represented by Kolmogorov’s “extended similarity
hypothesis”, K62. The second-order moment of the structure function does not show a constant value,
even when compensated by K62. Direct effects of viscosity appear at the centre line where correction of the
“4/5ths” constant for finite Reynolds number (Lundgren 2002) yields values of 0.80 ± 0.01. In common
with recent work in grid turbulence, nonequilibrium effects can be represented by an heuristic scaling
that includes a global Reynolds number as well as a local one. It is therefore likely that nonequilibrium
effects appear to be particular to the nature of the boundary conditions. Here, the principal effects of the
boundary conditions appear through finite turbulent transport at the pipe centre line which constitutes a
source or a sink at each wavenumber.
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Figure 1: Nondimensional dissipation rate, A = ǫR/u3τ . N, isotropic estimate; , “4/5ths” law.
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EXPLORING THE MANIFESTATION OF KOLMOGOROV’S IDEAS IN REAL
ATMOSPHERIC DATA.
P. Mouzourides (1), A. Kyprianou (2) and M. Neophytou (1)
(1) Environmental Fluid Mechanics Laboratory (EFML),
Department of Civil & Environmental Engineering, University of Cyprus, Nicosia, Cyprus;
(2) Department of Mechanical and Manufacturing Engineering, University of Cyprus, Nicosia, Cyprus

Abstract:
Processes presenting power ‘law spectra’ can be characterized by the concepts of fractality, selfsimilarity or long-range dependence and, even though these different notions are not equivalent, they
all possess a common characteristic: invariant relationship between different scales. Processes that
their power spectra obey a homogeneous power law (1/fh) are characterized as self-similar. Fourier
transform relates the uniform local Hurst exponent h of function f to the asymptotic decay of
amplitude of Fourier spectrum β in a simple relation β=2h+1. The limitation is that the characteristic
regularity of Fourier Transform is global for the analysed dataset and it cannot describe the regularity
at particular locations of the signal. Mandelbrot (1983) introduced the concept of singularity spectrum
D(h) to study fractal and multi-fractal signals, which are signals with singularities varying from point
to point (temporal or spatial). Mallat (2009) underlies the concept that since wavelet are well localized
in time, the Wavelet Transform Modulus Maxima (WMMT) fractal method detects all singularities at
fine scales, by measuring the D(h).
This study applies the WMMT fractal method on field measurement data, collected in the South-East
Mediterranean region at the University of Cyprus premises in the period from 1st April 2011 to 31st
December 2013 in order to examine Kolmogorov’s law verification by the collected data
(Mouzourides et al 2014). The importance of this study is that the data are long-term field
measurements (Mouzourides et al., 2015) and not laboratory experiments data that inherently contain
constraints on the spatial scale. In addition before applying the method on field measurements data,
the method was applied on artificial data (e.g. Fractional Brownian motion) to deduce the optimum
parameters of WMMT. We found that for artificial signals, the most accurate results have emerged
when the minimum number of signal length is 4096 samples, while the selection of q parameter is in

the rang e of −3 ≤ q ≤ 3 , the number of intermediate scales is 256 and the optimum length of

Wf ( u, s

)

0
neighborhood size
that is locally maximum is equal to 16 samples. Based on these
parameters, preliminary analysis of wind speed time series of different sizes and from different
seasons, shows that wind speed data have a multifractal structure. Furthermore the results of our study
indicate that the maximum Hurst exponent of Singularity spectra D(h), in all sub-datasets, do not

coincide with Kolmogorov's second hypothesis (Hurst exponent =

1
). Our dataset exhibits values
3

of maximum Hurst exponent, between 0.0 and 0.14, depending on the season that the data were
collected and according to the main wind direction prevailing on the region during that period.

Figure : The Fourier spectrum (a) Singularity spectrum (b) and Wind rose diagram of 1-min average values of
wind speed monitoring data for the period of 25/01/2012-28/01/2012 (upper row), and 05/04/2011-10/05/2011
(lower row)

Therefore we conclude that wind speed data are characterized by different maximum Hurst exponent
due to the chaotic processes occurring to the atmosphere in a different time scales.
Reference:
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Dimensional transitions in turbulent cascades
Stefano Musacchio
Université Nice Sophia Antipolis, CNRS, Laboratoire J. A. Dieudonné, UMR 7351, 06100 Nice, France

In this talk I will discuss the phenomenology of turbulent flows confined in thin fluid layers. The dynamics of
such flows exhibits a transition from two-dimensional to three-dimensional turbulence as the thickness of the layer
is increased. I will show that the transition is characterized by the development of an intermediate regime in which
two-dimensional and three-dimensional features coexist. In particular, the turbulent cascade of kinetic energy splits
in two parts. A fraction of the injected energy is transferred toward large scale in a 2d-like inverse cascade, while the
remnant is transferred toward small scales in a 3d-like direct cascade. I will show that this phenomenon is due to the
presence of a ”quasi-invariant”, the enstrophy, which is conserved by the large-scale dynamics.
I will discuss how this scenario is affected by the presence of a stable density stratification and by rotation. In
particular I will show that rotation enhances the inverse cascade by suppressing the enstrophy production. On the
contrary, the stable stratification provides a fast mechanism to dissipate energy trough the direct cascade of potential
energy, which causes a suppression of the inverse energy cascade.
[1] E. Deusebio, G. Boffetta, E. Lindborg, S. Musacchio, Dimensional transition in rotating turbulence, Phys. Rev.
E 90 023005 (2014)
[2] A. Sozza, G. Boffetta, P. Muratore-Ginanneschi, S. Musacchio, Dimensional transition of energy cascades in stably
stratified forced thin fluid layers. Phys. Fluids 27 035112 (2015)
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A new cascade in far-dissipation range of homogeneous isotropic viscoelastic
turbulence.
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Abstract
The comparison of the results of direct numerical simulations of isotropic turbulence of Newtonian
and viscoelastic fluid, based on the FENE-P model, provide evidence that viscoelasticity modifies qualitatively the behaviour of the smallest scales: we observe a k−6 law (in agreement with [1]) in the
far dissipation range of the kinetic energy spectrum and k−2 law (in agreement with [2]) for elastic
energy spectrum, this results is in good agreement with previous work . We show that these law are
robust feature, roughly independent of the large-scale dynamics. The modification of small scale can be
demonstrated by the very thin and intense structure formed close to high velocity gradient in figure 1.

Fig. 1: Comparison of vorticity field between Newtonien (left) and non Newtonian (right) fluids.

Moreover we obtain the complete Lin equation for fluid and polymer as in [3], and we demonstrate that
there exist 3 cascades which is at the origin of the k− 6 law and k− 2 law :
• The first cascade is the classical one in Newtonian fluid, which is created by the convection of
momentum.
• The second cascade is created by advection of polymer conformation by turbulence.
• The third is a new cascade directly related to coupling effect between polymer and turbulence.
The first cascade is dominant in the inertial zone, the polymer effect is masked, but in dissipative
zone, it will be collapsed, and the third cascade emerge. This behaviour is demonstrated by a power
law of k−6 of kinetic energy in dissipation range.
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Spatial evolution of velocity gradient statistics from the
production to the decay regions of grid turbulence.
Immanuvel Paul, George Papadakis, John Christos Vassilicos,
Turbulence, Mixing and Flow Control Group, Department of Aeronautics,
Imperial College London, SW7 2AZ.
Direct Numerical Simulation (DNS) of turbulent flow generated by a single square
grid is investigated using an unstructured finite volume method. The spatial resolution of the
simulation is less than one Kolmogorov length scale everywhere in the computational
domain. The maximum value of the Taylor length-based Reynolds number throughout the
computed flow field is about 45. Even though the local Reynolds number is so low, the
energy spectrum of the streamwise fluctuating velocity attains in the close-to-the-grid
production region a very well-defined power law in the frequency domain with an exponent
-2 or -5/3 over more than one decade. Given that power law spectra with such exponents are
typically the reflection of turbulence cascades, they have been related to vortex stretching and
strain self-amplification events since the works of Taylor (1938) and Betchov (1956). Our
surprising spectral observation therefore motivates the analysis of fluctuating velocity
gradient statistics. We analyse such statistics at different spatial locations covering
production, peak and decay regions of the grid turbulence. Budgets of energy, strain and
enstrophy equations are computed along the centerline and the importance of mean flow
terms in these equations is quantified. Production terms for strain squared and enstrophy,
such as mean strain self-amplification (-<sijsjkski>) and enstrophy production <ωisijωj>
respectively, are analysed further using eigenvalues and eigenvectors of the fluctuating strain
rate tensor (sij). In all the regions, vortex stretching is preferred over vortex compression
while tendency for this preference increases from production to decay region. Near the peak
location, both extensive and intermediate eigenvectors align significantly with the vorticity
vector. The usual signature of these alignments, i.e. the same but with less marked alignment
with the extensive eigenvector, is observed in the decay region. Only very close to the grid, is
there no preference for sheet-like or tube-like signatures of our statistics. However,
preference for such sheet-like signatures increases from production to decay region.

Entropy production as a criterion for cascade
processes and rare events
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Abstract:
The basic understandng of turbulence is often linked to cascade processes. The finding of Markow properties of velocity increments statistics conditioned on different scales opened up the possibility to descibe
the cascade process by stochastic equations, like Fokker-Planck or the Kolmogorov equations. In this
framework it is even possible to get access to the general n-point statistics of [1]. The stochastic cascade
process is evolving in an instationary way with the scale. Thus the statitics, expressed by probability
densitiy functions of veolcity increments, are changing with the scale too, which is the central feature
of intermittency. Different Markow porcesses can be formulated for the multifractal scaling behavior of
common cascade models like Kolmogorov 1962, She Leveque 1994, Yakhot 1998 etc.
Using concepts of nonequilibrium thermodynamics an integral fluctuation theorem for the entropy
production associated with the stochastic evolution of velocity increments along the cascade has been
shown to be valid [2]. This integral fluctuation theorem can be taken as a criterion to quantify the
validity of different cascades models. We show that the integral fluctuation model is not compatible with
the commonly proposed scaling behavior. For single events expressed by small scale increments we show
how they are linked to different entropy production. We show how rare events are linked to negative
entropies.
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Measurement of self-similar decay
of turbulence in a box
S. Perrard, W. T. Irvine
James Franck Institute, University of Chicago.
929 E 57th Street, CHICAGO, IL 60637 USA
The canonical description of the energy cascade in a three-dimensional turbulent
flow supposes the interaction of ‘eddies’ on different spatial scales. While detailed
measurement have characterized the distribution of eddy sizes in stationary turbulent flows, less is known about their behavior in non-stationary situations.
We will report on experiments in which we measure the velocity field of an impulsively generated turbulent flow in a closed box as it decays. This provides the
opportunity to measure the scale dependent evolution of a time-evolving turbulent
flow in the absence of external forcing.
The turbulence is generated by the motion (U ≈ 2 m/s) of a grid of mesh size
M = 5cm in a tank of water (25 x 25 x 50 cm) initially at rest. The resulting
flow is measured using fast camera recordings and two dimensional Particle Image
Velocimetry (PIV) over 4 decades in time. Our spatio-temporal measurement provides then a direct way to characterize the flow both in space (K-spectrum) and in
time. The flow is then observed to be self-similar in space and in time and energy
contained in the turbulent cascade decays as t−2 for long time.
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Some results dealing with the
turbulent energy cascade in isotropic
turbulence
P. Sagaut
M2P2, UMR CNRS 7340, Aix-Marseille Université
The turbulent energy cascade is the driving mechanisms of isotropic turbulence. Therefore it governs the features of isotropic turbulence decay. The
talk will be devoted to some recent results dealing with the existence of
self-similar and/or self-preserving solutions and the features of the initial
conditions that govern the decay regime. The consequences for asymptotic
theories based on very large scale behavior of turbulence will be discussed.

The auto-similar kinetic phenomenology of turbulent cascade
from renormalized fragmentation equation.
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Numerous phenomena in the nature reflect scaling symmetry: with progressing towards
smaller length-scales in a disordered complex system, the statistical behavior of the system
exhibits the auto-similar behavior. Such a system cannot be treated adequately within an
equilibrium framework; a dynamic approach is needed. To this end, the concept of scaling
symmetry has not been exploited to its fullest extent in turbulence, since the question persists
on how to embed this concept to the turbulence description. One way is to consider the
turbulence as dynamically stationary solutions of the Euler equation in relevance to scaling
symmetry subgroups (additionally to two other fundamental symmetry transformations of
translation and rotation). Then with the help of renormalization-group transformation, the
turbulent viscosity appears in the Navier-Stokes equation naturally from the molecular
viscosity term (and not from averaging of the nonlinear term). This way was investigated in
our paper PRE 72, 016302, 2005. Another way is (i) to derive phenomenologically a modelequation of the specific energy transfer in the hierarchy of turbulent eddies under scaling
symmetry; (ii) to impose the total energy conservation; (iii) to introduce the “bare” flux of
energy at largest length-scales, as a parameter; and (iv) to analyse the auto-similar solutions to
this model-equation. This was done in our paper PRE 86, 061112, 2012. The discussion, as
well as the extension of this work, is proposed for EUROMECH-ERCOFTAC Workshop
«Turbulence Cascades». Namely, the kinetic fragmentation equation was taken as a precursor
of the model-equation. This equation was rewritten exactly in the form of the continuity
equation in the space of length-scales; thereby the derived divergence form of fragmentation
equation contained explicitly the energy flux towards zero-size. The auto-similar solutions to
this equation have been found in the class of confluent hypergeometric functions, and
expressions of those solutions by elementary functions are shown. Interestingly, the selfsimilar solution corresponding to assumptions of statistically stationary turbulence agreed in
its asymptotic limit with the Oboukhov-Kolmogorov 41 spectrum, including the value of the
constant, which is usually presented in turbulence as an empirical one. Remarkable also is that
addressing to relaxation of the density of the vorticity moments in 2D decaying turbulence,
the non-positive self-similar solution at constant fragmentation rate agreed with Kraichnan &
Montgomery (Rep. Prog. Phys. 1980). Alternatively, the positive solution in this case revealed
the new spectrum of enstrophy; this motivates to verify the predicted spectra in
measurements.

Lagrangian Cascade in Three-Dimensional Homogeneous and
Isotropic Turbulence
Francois G. Schmitta) and Yongxiang Huangb)
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b) State Key Lab of Marine Environmental Science Xiamen UniversityXiamen 361102 China

We consider here multiplicative cascades in the Lagrangian framework using a high
resolution DNS database.
The Landau scaling relation for velocity fluctuations and the Lagrangian version of
the refined similarity hypothesis are studied. It is done by analyzing the scaling
statistics of the energy dissipation along Lagrangian trajectories obtained from a highresolution DNS database with
rate

ϵ

ℜλ =400 . It is found that both the energy dissipation

and the local time-averaged

ϵτ

agree rather well with the lognormal

distribution hypothesis. The autocorrelation function
variance σ 2 (τ)

of

ρ( τ)

of

ln(ϵ τ ) obey a log-law with scaling exponent

compatible a multiplicative cascade with the intermittency parameter
The qth-order moment of

ϵτ

where

ζ L ( 2q )

and

β ' =β=0.30
μ=0.30 .

has a clear power-law behavior on the inertial range

10<τ /τ η <100 . The measured scaling exponent

q−ζ L (2q )

ln(ϵ )

K L (q)

agrees remarkably with

is the scaling exponent provided by the Hilbert

methodology.
All of these results suggest that the dissipation along the Lagrangian trajectories could
be modelled by a multiplicative cascade.
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rotating channel.
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Abstract

This study describes work on rotating turbulence confined between parallel walls in the limit of small Rossby number, ǫ. The turbulence is supposed homogeneous and isotropic in the directions parallel to the walls and
is expressed as a linear combination of inviscid waveguide modes which are
parameterised by a two-dimensional wave vector, k, and a modal order, n.
A spectral matrix, Anm (k, t) (k =| k |), is defined, whose diagonal elements represent the distribution of energy over the modes and whose offdiagonal ones express correlations between modes of different orders. The
flow is expressed as the sum of two-dimensional (n = 0) and wave (n 6= 0)
components. The 2D component is found to evolve as if it were a classical, two-dimensional, nonrotating flow, but with wall friction due to Ekman
pumping by the boundary layers.
The wave component is represented by Anm (k, t), n, m 6= 0. Evolution equations for these elements of the matrix are obtained using a waveturbulence approach ([1, 2, 3]). It is found that the diagonal elements are
unaffected by the 2D component and evolve on the expected wave-turbulence
time scale, O(ǫ−2 ) times the rotational period, according to a closed system
of equations. However, the off-diagonal elements are strongly influenced by
the 2D component, which contributes a damping term whose damping factor
is asymptotically larger than O(ǫ2 ). As a result, they decay more rapidly
than evolution of the diagonal ones.
Thus, the 2D component produces relatively rapid, but energy conserving,
decorrelation of different n 6= 0 modes, corresponding to elastic scattering of

waves by the well-separated vortices which constitute the 2D component
at this stage of its evolution. This phase is followed by energy transfer
between resonant triads of n 6= 0 modes, as expected for wave turbulence
and independent of the 2D component.
Following on from this work [4], our aim is now the numerical integration
of the wave-turbulence equations and their comparison with DNS. Preliminary work shows a tendency of wave energy to move towards higher k and
lower nonzero n, but not, of course, n = 0, which does not participate in such
transfers, according to wave-turbulence theory. It should be emphasised that
this is work in progress and that, even the wave-turbulence computations require parallel processing to complete in a time allowing parametric studies.
We have yet to attempt DNS, but estimates suggest very many processorhours for each choice of parameters. Hence the need for analytical guidance.
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Non-equilibrium turbulence
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Turbulence decay occurs after a period of turbulence build up when the
turbulence spectrum acquires its -5/3 power law dependence on wavenumber.
The decay starts with a period of nearly complete non-equilibrium at scales
comparable to and larger than the integral length L and a gradual progression
in time towards increased non-equilibrium at scales smaller than L as a result
of the energy cascade and its time lag. A restricted spectral self-similarity
ansatz for this time range implies the non-equilibrium turbulence dissipation
scaling in agreement with recent turbulent wake and grid-turbulence experiments and recent DNS of periodic turbulence. A critical time is then reached
when all scales around L have attained the same level of non-equilibrium and
a second period of decay sets in. This is a period when the interscale energy budget is close to a balanced non-equilibrium which implies the classical
Taylor-Kolmogorov turbulence dissipation scaling. This dissipation scaling
holds untill the dynamics at the integral scale become predominantly viscous
which is the start of the final period of decay.

Dynamics of the direct and inverse cascades
of perturbation velocity in isotropic
turbulence
Alberto Vela-Martı́n and Javier Jiménez
Univ. Politécnica de Madrid
A fully reversible homogeneous isotropic turbulent system is constructed using inviscid
LES to model energy fluxes in the inertial range. It recovers energy and other turbulent
quantities when reversed after being allowed to decay. During the first phase, a direct
cascade transfers energy from large to small scales while, during the second, an inverse
cascade does the opposite.
Short-time Lyapunov (STL) analysis is used to compare the dynamics of both cascades.
The most expansive exponent of the inverse cascade represents (minus) the most contracting exponent of the direct one, and is usually associated with viscous scales. However,
when the inertial scales are isolated, both leading exponents are similar. This suggests
that the dynamics of the inertial range is conservative and time-symmetric, and that its
direct and inverse energy cascade components share similar energy transfer mechanisms.
Time symmetry also allows us to study the physical support of both Lyapunov vectors,
each of which is a full perturbation velocity field. Perturbation production is intermittent,
concentrated in a few points, but the perturbations themselves are almost Gaussian. The
growth of the velocity perturbation in the forward cascade is associated with ‘pancake’
strain distributions (two positive eigenvectors), and the resulting perturbation velocities
tend to be aligned with the negative strain. In these points, the velocity perturbations
are perpendicular to the flow vorticity, suggesting that they are associated with strong
stretched vortices or vortex sheets. On the other hand, the destruction of velocity perturbations takes places near ‘tube-like’ strain distributions. These perturbation velocities
tend to be aligned with the positive strain eigenvector, and show no preferential alignment with the flow vorticity. This suggests that these points are not dominated by strong
vorticity.
Funded by the ERC Multiflow program

Small-scale behavior in developing grid-generated turbulence
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Direct numerical simulations are performed to investigate the spatial evolution of small-scale
behavior in single-square-grid generated turbulent flow. In this study, the Reynolds number
based on the length of the grid bar and the inlet velocity is 20,000. Some aspects of small-scale
motions (e.g., the contour lines of the joint PDFs of the third and second order invariants, the
alignment behavior of the vorticity vector and the eigenvectors, the range of the 2/3 power-law)
are examined at various downstream locations along the centerline. The numerical results of a
benchmark case (homogeneous isotropic turbulence) are also presented. It is demonstrated that
the small-scale behavior in the far downstream region is close to the well-known behavior
observed in homogeneous isotropic turbulence. However, in the upstream region, the behavior is
clearly different. For instance, only weak alignments between the vortex vector and the
eigenvectors are found in the upstream location. Instead, due to the influences of turbulent
diffusion in the far downstream region the alignments are close to the case of homogeneous
isotropic turbulence. A well-defined 2/3 power-law can be found at a location quite close to the
grid, where the turbulent flow is still in the transition state and the vortex tubes are rarely found.
Another suggestion is that the high enstrophy regions may be not indispensable in the energy
cascade at a streamwise location close to the grid.
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