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Chapter

1

Introduction

Turbulence is a complex, irregular and unpredictable flow regime that we
encounter very frequently in our everyday life in nature and engineering applications. Turbulent water flow in a river or a waterfall can be observed with
just the naked eye; other examples in nature are the oceanic currents, the atmospheric boundary layer over the surface of the earth, even the formation of
stars and solar systems is affected by turbulent motion. Inside our bodies, the
air flow in our lungs, and the motion of blood in arteries or heart is turbulent,
and we create a turbulent flow in our noses at each instant we breath. Most
of the flows in engineering applications are also turbulent; examples include
internal combustion engines, flow around ships and cars, the boundary layer
over airfoils, and flow in pipelines. Clearly, most of the flows in many different fields are turbulent, so that it is a very important phenomenon to study.
In Fig. 1.1 examples of turbulent flows in nature are shown, a waterfall and
a flow behind an obstacle in a river. Obviously, the motion of the fluid in
these examples is so random and irregular that it is very difficult to predict
the trajectory of a volume of fluid. In Fig. 1.2 the velocity signal measured at
10 different points x1,...,10 is given for a turbulent flow. This velocity signal is
random both in time and space, but it might be coherent for a while, or over
a small distance.

2

(a)

(b)

Figure 1.1: Examples of turbulent flows. (a) A waterfall. (b) Flow behind a pillar of a
bridge over a river.

velocity (ms-1)

Dealing with turbulence is crucial for engineers in many practical applications. It is very important to build models to predict the interaction of
turbulent flows with boundaries and its response to forcing. This would lead
technological developments in engineering applications.

x10
x9
x8
x7

5 ms-1

x6
x5
x4
x3

0

x2
x1

50

100
150
time (milliseconds)

Figure 1.2: Velocity signal simultaneously measured at 10 closely separated points
x1,...,10 in a turbulent flow generated in a laboratory. The velocity signal is fluctuating in time and space.

In another point of view, more fundamentally, its universality makes turbulence attractive for physicists and mathematicians. In a physicist’s approach the small-scale structure of turbulence is independent of the way tur-
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bulence has been generated, and there should be universality of turbulence
regardless of the fluid and the geometry of the problem.

1.1 History of turbulence
Turbulence has been an attractive subject for scientists over centuries. It is believed that the renaissance artist and engineer Leonardo da Vinci was the first
to notice this certain state of flow in the 16th century. In Fig. 1.3 his famous
sketch is given in which he describes a turbulent flow: a water jet falling
down into a pool. According to Gad-el-Hak the sketch of Leonardo can be
considered as the first use of flow visualization as a scientific tool [29], and
he was also the first to use word turbulence. The simple sketch of Leonardo,
indeed, captures many characteristics of turbulence. Basically, there are two
motions, the mean current of water, and on top of that there are random fluctuating motions. In addition to these main features of turbulence, large- and
small-scale structures in this figure seem to coexist. The interaction of these
structures leads to Richardson’s cascade. Leonardo’s observations were centuries before the governing equations of fluid motion emerged.

Figure 1.3: The sketch of Leonardo da Vinci describing a turbulent flow.

The equations that govern the fluid motion can be obtained by applying
Newton’s second law for fluid elements. In physics, the equations describing
fluid motion, the Navier-Stokes equations (Eq. 1.1), first derived by ClaudeLouis Navier in 1823 which have been supplemented by adding the viscous
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term by George Gabriel Stokes in 1845;
∂u(x, t)
1
+ (u(x, t) · ∇)u(x, t) = − ∇p(x, t) + ν∇2 u(x, t) + F (x, t), (1.1)
∂t
ρ
where u is the velocity, x the position, t time, p the pressure, F represents
body forces; and ρ and ν are the properties of the fluid the density and the
viscosity, respectively. The flow is incompressible ∇ · u(x, t) = 0 if the velocity is much smaller than the velocity of sound. The Navier-Stokes equations
describe the motion of the flow in three dimensions. The velocity field can be
obtained for given initial and boundary conditions by integrating these equations. These equations help in many academic and practical applications.
However, in the following we shall see that the solutions of these equations
are not straightforward.

1.1.1

Turbulence problem

The nonlinear term (u · ∇)u in Eq. 1.1 - which is essential for turbulence - makes
the Navier-Stokes equations extremely difficult to solve. The existence and
smoothness of the Navier-Stokes equations are not mathematically proven
yet. Understanding its solution is one of the seven most important open
problems in mathematics identified by the Clay Mathematics Institute (the
Millennium problems). The equations can be linearized only for very simple
idealized cases. When solving these equations for a turbulent flow they can
not be linearized. Through averaging, these equations may be turned into
dynamical equations for statistical quantities, i.e. averages over realizations
of the velocity field. However, this procedure yields more unknowns than
the number of equations. Therefore the time-averaged equations must be
complemented with ad hoc turbulence models to close the problem.
The opposite of turbulence is laminar flow in which the motion of the flow
is smooth. Laboratory experiments on the transition from the laminar state
to the turbulent regime started with the studies of Osborne Reynolds in 1883.
He injected dye in the center of a pipe flow and increased the speed of the
flow gradually. With this visualization technique he could observe the state
of the flow at different speeds. When the speed was relatively low - laminar
flow - the dye was straight along the pipe; but when the speed exceeded a certain velocity the dye was quickly diffused over the entire section of the pipe
i.e. turbulent flow. Originally, he defined these distinct flow regimes direct
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and sinuous motions. His experiments yielded a non-dimensional criterion,
called the "Reynolds Number" Eq. 1.2 to characterize the flow regime [74].
The Reynolds number is a measure of the ratio of inertial forces to viscous
forces in the flow.
UD
,
(1.2)
Re =
ν
where U and D are characteristic length and velocity scales of the flow and
ν is the kinematic viscosity of the fluid. In addition to this criterion he introduced the Reynolds stress concept in which he separated the mean of quantities from their fluctuations [75]. The Reynolds number and the Reynolds
stress are fundamental quantities in turbulence that played important roles
in its history.
A big step was made in the development of the theory of turbulence in
the 1920s and 1930s. In the early 1920’s G.I. Taylor introduced the idea of correlation functions in turbulence which yielded a definition of a length scale
to characterize a turbulent flow: the Taylor micro-scale. The semiemprical theories of turbulence were developed by Taylor, Prandtl and von Kármán and
they were used in solving practical problems. The energy cascade concept was
introduced by Richardson in 1922. It states that turbulence generates swirling
structures - called eddies - of a very wide range of length scales. The larger
eddies are unstable and they break-up into smaller ones, and the energy contained in larger scales is transported to smaller ones. Smaller and smaller
scales are created according to this mechanism until the eddies are so small
that molecular diffusion takes over and the energy is dissipated into heat. It
should be mentioned that turbulence is a continuum phenomenon that even
the smallest scales are much larger than the molecular length scale, such as
the mean free path between collisions.
Richardson’s illustration forms the organization of turbulence but does
not clarify fundamental issues such as what the size of the smallest eddies
that dissipate the energy, or how the characteristics of velocity and time scales
are related to the size of eddies. Inspired by Richardson’s description, the
theory of A.N. Kolmogorov answered these questions. His theory is based
on three hypotheses. According to his first hypothesis, the large eddies can
be anisotropic and are affected by the boundary conditions of the flow, and
this anisotropy will be gradually lost through each step of the cascade mechanism. Therefore, at sufficiently small scales the flow will be statistically
homogeneous and isotropic, which is regarded as Kolmogorov’s hypothesis of
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local isotropy. Since all the information about the properties of the large eddies - determined by the boundary conditions - are lost through the cascade
mechanism, there must be a universality of the motion of the smallest eddies
(Kolmogorov’s first similarity hypothesis). At sufficiently small scales the energy
flux ǫ from larger scales - that is added into the flow at the largest scales is dissipated into heat by viscous effects. The Reynolds numbers associated
with these scales are so small that viscous forces are dominant, and the inertial forces are negligible. Therefore, properties of the smallest length, velocity
and time scales (Kolmogorov scales) are determined by ǫ and the kinematic
viscosity ν,
η ≡ (ν 3 /ǫ)1/4 ,
(1.3a)
uη ≡ (νǫ)1/4 ,

(1.3b)

τη ≡ (νǫ)1/2 .

(1.3c)

In the energy cascade there is a range of eddies, all of which are large
compared to η but still smaller than the largest eddies. Since the size of these
eddies is larger than that of the dissipative eddies, their Reynolds number is
large, so that the viscous forces in this range are negligible. Therefore, the
motion of these eddies are affected only by ǫ (Kolmogorov’s second similarity
hypothesis).
These hypotheses of Kolmogorov’s local isotropy theory, usually referred
as K41, form the first statistical theory of turbulence. In the following we
recapitulate them in the original form [70]:
◦ Kolmogorov’s hypothesis of local isotropy: At sufficiently high Reynolds
number, the small-scale turbulent motions are statistically isotropic.
◦ Kolmogorov’s first similarity hypothesis: In every turbulent flow at sufficiently high Reynolds number, the statistics of the small-scale motions has a
universal form that is uniquely determined by ǫ and ν.
◦ Kolmogorov’s second similarity hypothesis: In every turbulent flow at
sufficiently high Reynolds number, the statistics of the motions of the scales in
the inertial range of the energy spectrum has a universal form that is uniquely
determined by ǫ, independent of ν.
An extensive discussion on K41 theory can be found in [28].
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1.2 Tools for turbulence research
The turbulence problem has been attacked with experimental, theoretical and
numerical tools. In early studies experimental observations were done and
statistical models were used. Developments in computers made it possible to
solve the Navier-Stokes equations numerically for given initial and boundary
conditions. We shall see that experiments are crucial in the quest of understanding turbulence.

1.2.1

Theory

The turbulence problem has been attacked for more than a century with different tools but no universal theory of turbulence has emerged. The governing equations of fluid motion given in Eq. 1.1 suggest that for a given initial
state of the flow and the boundary conditions the evolution of the flow field
is deterministic. However, as mentioned earlier the existence of the solution of this dynamical system is not proven yet. Statistical studies always
end up with a situation that there are more unknowns than the number of
equations, so that one needs to make assumptions to close the problem. A
simple one, for example, is to relate the fourth-order correlation functions to
second-order ones under assumption of a Gaussian velocity field. But such
assumptions may cause unphysical consequences in turbulence quantities,
for example negative values of energy-like quantities.
Dynamical models that mimic the Navier-Stokes equations in wavenumber space-such as Gledzer-Ohkitani-Yamada (GOY) or SABRA-are used to
characterize the energy flux from larger to smaller eddies. These models, referred to as shell models, show similar scaling behavior as the full equations
but they lack the structural aspects of turbulence. A big advantage of shell
models is that they allow to study high-Reynolds-number turbulence. Unfortunately, a big theoretical progress could not be achieved by the use of shell
models.
The local isotropy theory of Kolmogorov’s remains as the most appropriate universal theory of turbulence. His theory is widely used in many studies
on turbulence and many turbulence models are based on that. However, it
must be confronted with experimental observations.
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1.2.2

Numerical Simulations

Direct numerical simulations (DNS) offer a possibility to solve the NavierStokes equations for given initial and boundary conditions of the flow. All
the scales of motion from the largest ones down to the smallest ones must be
resolved for DNS. The number of degrees of the freedom N of a turbulent
flow is large, and scales as N ∼ Re9/4 . The capacity of even the largest computer on earth is far smaller than this requirement. Clearly, DNS simulations
are affordable only for low Reynolds numbers and very simple geometries.
By implementing spectral methods, DNS have been performed for 40963 grid
points and relatively high Reynolds number Reλ = 12171 on Earth Simulator
at the Japan Marine Science and Technology Center which is considered as
the largest computer presently available [110].
A popular numerical technique Large Eddy Simulations (LES), which is
often used in practical applications, reduces the numerical expense by resolving the large scales of the flow field and modeling the motion of the small
scales. Turbulence models based on the local isotropy theory are used in
LES. These models are also used in another popular numerical method: the
Reynolds Averaged Navier-Stokes equations (RANS). As discussed above,
Reynolds proposed to decompose the instantaneous velocity into time- averaged and fluctuating parts [75]. After this decomposition a second-order term
called Reynolds stress forms and it requires an additional turbulence model
to close the problem for solving. These equations together with a turbulence
model can be used to approximate time-averaged solutions to the NavierStokes equations. Success of both LES and RANS is not guaranteed in many
practical cases, and the reason is that the used models cannot accurately characterize the velocity field anisotropy. Relaying on the local isotropy theory of
Kolmogorov’s these models have been developed by simply neglecting the
anisotropy at the small scales. However, recent works have shown evidence
of the persistence of anisotropy at the small scales. In this thesis we will address this issue as well.

1

Definition of The Reynolds number Re = U D/ν is given in Eq. 1.2. The turbulent
Reynolds number Reλ = uλ/ν is an intrinsic measure of the turbulence strength and is defined in terms of the correlation length λ and the fluctuation velocity u.
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Experiments

A universal theory for turbulent flows does not exist yet. Numerical simulations are limited to low Reynolds numbers and can be done only for very
short time. Experiments are key in solving the turbulence problem. Infinitely
long and controlled experiments can be done in laboratories at very high
Reynolds numbers. A concentrated effort has been made in experimental
studies to attack the turbulence problem. Many of turbulence models, such
as k − ǫ, are developed based on experimental observations. Among many
others, wind tunnels are widely used in experiments to study fundamental problems in turbulence. Standard turbulence - near homogeneous and near
isotropic turbulence - can be generated in a wind tunnel by passing the air
through a regular mesh of bars. In this thesis we will report our experimental
findings in turbulence.

1.3 Outline of this thesis
In this mainly experimental study we address fundamental problems in turbulence. To achieve this we need to generate wind-tunnel turbulence with
specific properties. Furthermore, it is essential to monitor the flow field very
accurately at high frequencies by resolving all the scales of motion.
The standard way to create homogeneous and isotropic turbulence in a
wind tunnel is passing the air through a grid which consists of regular mesh
of bars or rods. However, the Reynolds number achievable with this technique is limited. Much stronger turbulence and much larger Reynolds numbers can be obtained through active grids. Active grids, such as the one used
in our experiments, also consist of regular mesh of rods but with attached
vanes and they can be rotated by (servo) motors. In Chapter 2, experimental considerations including the wind tunnel, the active grid, and measurements techniques hot-wire anemometry and particle image velocimetry are
reported.
In Chapter 3 we describe our novel technique to generate wind-tunnel
turbulence with an active grid. It is essential to generate a turbulent flow
with desired properties to study specific problems in turbulence. Different
problems require different flow properties and traditionally for each problem a unique experimental set-up is used. We describe a technique to tailor
turbulence properties by programming the motion of an active grid. In many
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active grid motion protocols, pseudo-random numbers are used to control
angles of the rods. These protocols define the overall motion of the grid. It
can be completely random to generate standard homogeneous and isotropic
turbulence or may be a more complicated motion, including randomness, to
generate a complex flow. In either case random numbers are necessary. The
question is how the statistical properties of these random numbers influence
the turbulent flow which is generated by the grid. In Chapter 4 we demonstrate the use of a shell model to generate these random numbers.
An intriguing question is how a turbulent flow responds to periodic modulations and whether there is an optimum frequency to stir turbulence. The
existence of an optimum frequency is interesting because it is unclear how
one can resonate with a system that does not have a dominant time scale.
In Chapter 5 we search for answers to these questions, which have enormous
importance in practical applications. Another similar but somewhat different
intriguing question is how a turbulent flow will respond to perturbations. In
other words, when a turbulent flow has been perturbed, how fast these perturbations will decay in the turbulent flow? On which parameters does the
memory of turbulence depend? Studying this problem is a real experimental
challenge because controlled perturbations must be applied on a chaotic system. In Chapter 6 we describe the mechanism used to apply perturbations
on the generated turbulence, and question the memory of turbulence.
A turbulent flow is generated anisotropically at its large scales. For example, in our experiments we drive turbulence by an active grid. Therefore,
the scales in the generated turbulence that are of the order of the characteristic length of our active grid are anisotropic, with the anisotropy decreasing
for smaller and smaller scales. According to Kolmogorov’s postulate of local
isotropy, for the small scales the anisotropic fluctuations introduced at the
large scales can not survive at large Reynolds numbers. This is extremely
important for the design of turbulence models which are used in practical
applications. However, it has been shown that large-scale anisotropies survive in the dissipative scales even at high Reynolds numbers [81]. In Chapter
7 the possibility of anisotropies that survive at the small scales is addressed
by studying homogeneous shear turbulence. This is a flow with large-scale
anisotropy that has a constant velocity gradient with constant turbulence intensity. By examining the scaling exponents of the structure function of velocity increments we investigate the decay of anisotropy at small scales. As

Introduction

11

a supplement in Chapter 8, the structure of extreme events and the structure
function have been compared for strong turbulence with and without shear.
We show how the extreme events in small scales are affected by the large
scale structure of turbulence.
In Chapter 9 the valorisation aspects together with future work possibilities are discussed.
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1.3 Outline of this thesis

Chapter

2

Experimental techniques

2.1 Abstract
In this chapter we describe the experimental setup and the measurement
techniques which have been used in this work. The experimental setup includes a recirculating wind tunnel in which turbulence is generated by an
active grid. In general, the properties of the generated turbulent flow have
been monitored by hot-wire anemometry. For particular analysis, particle
imaging velocimetry which includes lasers and high-speed cameras has been
used. We will start with explaining why experiments are essential in turbulence research and then give details of our experimental instrumentation.
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2.2 Introduction
In the last century, a lot of work has been done to develop a universal theory of turbulence. Highly talented scientists from different disciplines including physicists, engineers and mathematicians attacked the problem with
different tools. Yet, a closed theory to predict the statistical properties of the
velocity field does not exist. Statistical turbulence models and individual
theories usually based on experimental observations for specific flow types
like boundary layers, turbulent jet flow, magneto-hydrodynamic turbulence
are used to estimate the effect of turbulence for practical applications. Kolmogorov’s universal hypotheses which have been discussed in the previous
section are considered as the most appropriate ones in the literature and
many turbulence models are based on them. These models must be confronted with experimental observations. The problem is that as discussed in
the previous section turbulence consists of a range of scales, and this range
widens dramatically for higher Reynolds numbers. A dimensional analysis following Kolmogorov’s first similarity hypothesis provides the smallest
length and time scales in a turbulent flow in terms of the viscosity ν and
the turbulent dissipation rate ǫ as η ∼ (ν 3 /ǫ)1/4 , τη ∼ (ν/ǫ)1/2 , respectively.
Dimensional analysis requires that ǫ ∼ u30 /l0 . The ratio between the largest
and the smallest length- and timescales in 3D can be given in terms of the
Reynolds number as
9
l0
(2.1)
= Re 4 ,
η
1
τ0
(2.2)
= Re 2 .
τη
Turbulence requires large Re numbers, resulting in a large range of scales.
The entire range of scales, from the largest to the smallest one, must be resolved and the energy contained in each scale must be computed for accurate
numerical simulations. The required computational power is well beyond
the capacity of the most powerful computers yet, and with the current development trend, it will not be available soon. Therefore, experiments play a
key role in high-Reynolds-number turbulence.
In this study we generate high-Reynolds-number turbulence with desired
properties to address specific problems like the response of turbulence to periodic modulations, the linear response of turbulence, the relation between
small-scale structure and intermittency in a turbulent flow, and the validity
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of Kolmogorov’s postulate of local isotropy. We use hot-wire anemometry to
probe the velocity field accurately at high frequencies and high spatial resolution.
In Section 2.3 we describe the active grid that we used to create highReynolds-number turbulence. Creating turbulence with desired properties is
essential for this work. Hot-wire anemometry, the most reliable turbulence
measurement technique today, which is used in this work, is described in
Section 2.4. High-order turbulence statistics can be performed only through
hot-wire anemometry, but quite limited spatial information can be gathered
from it. By using particle image velocimetry the velocity field can be obtained
in a relatively large area. This technique is briefly explained in Section 2.5.

2.3 Active-grid generated turbulence
The best way to create homogeneous and isotropic turbulence in a wind tunnel is through using a grid that consists of an array of bars. The idea of using
a grid to generate turbulence started with the work of Simmons and Salter
in 1934 [85] and spread out all around the world in the last century. The
wakes and jets generated behind the grid interact and develop in a way that
a nearly-isotropic and nearly-homogeneous turbulent flow can be created.
The achievable Taylor micro-scale-based Reynolds numbers Reλ , however,
are limited. Experiments in high Reλ turbulence are of particular interest of
this work and many others for several reasons. For example, Kolmogorov’s
postulate of local isotropy (PLI) states that the small-scale motions are statistically isotropic when the Reynolds number is sufficiently high. This postulate has been tested by many researchers experimentally [31; 77; 81], and
the high-Reynolds-number turbulence is crucial for this kind of experiments.
Moreover, a well-developed turbulence spectrum, in which small and large
scales are well separated, can only be obtained at high Reλ . Warhaft [106]
briefly explains the necessity of high-Reynolds-number turbulence in experiments on the relation between intermittency and small-scale isotropy, and
the test of Kolmogorov’s postulate of local isotropy. In experiments Reλ can
be increased only by increasing the size and mean velocity of the wind tunnel. A gigantic wind tunnel, indeed, is necessary to achieve high Reλ , and it
brings high operation cost and difficulty for the experimentalists.
Several active turbulence generators have been tried to create high Reλ
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turbulence in a small wind tunnel e.g. oscillating grid [56; 89; 97], additional
fluid injection [30; 96] and an array of fans [65]. The concept of active-grid
generated turbulence proposed by Makita in 1991 [59]. This active grid consists of a grid of 30 rods with attached vanes (agitator wings) that can be
rotated by (stepping) motors. Each rod is independently rotated by a regular
pulse and a random pulse is used to reverse the direction of the rod. When
the flow passes through the active grid it is disturbed by the moving wings.
Turbulence is produced by the wake of the rods and the flow separation at
the edges of the wings. In the experiment of Makita [59] a turbulent flow
was generated with an integral length scale of L = 0.2 m, which is larger
than the mesh size of the grid M = 0.047 m. The turbulent fluctuating velocity u has been increased from 0.07 ms−1 to 0.82 ms−1 when the flow is
excited by the active grid. Both effects resulted in a high Taylor Reynolds
number (Reλ = 390) in a relatively small wind tunnel with a 0.7 × 0.7 m2
cross-sectional area. The flow was homogeneous but the isotropy ratio was
relatively high u/v = 1.22. The properties of active grid-generated turbulence were extensively investigated by Mydlarski and Warhaft [63] for the
generated turbulent flow with Reλ = 473 in a wind tunnel with a crosssectional area of 0.41 × 0.41 m2 . They used a random grid mode in which
each of the 14 rods is constantly rotating and changing direction randomly.
In a synchronous grid mode they did not change directions of the rods while
the initial relative phases of the rods were kept the same during the experiments. All the neighboring rods had opposite directions such that there was
no net vorticity added. The random mode produced a larger integral length
scale and turbulence intensity for the same wind tunnel speed. The isotropy
ratio was u/v = 1.21, similar to the experiments of Makita [59]. In these early
active-grid experiments it was found that the inertial-subrange dynamics follow isotropic behavior, but at the large scales there is a greater departure from
isotropy than that of passive-grid generated turbulence. Moreover, the probability density function of the instantaneous velocity deviated more strongly
from Gaussian. Also, active-grid generated turbulence contains dominant
periodicities at the large scales that is observed as spikes in the energy spectrum. However, more recent studies show that the geometric arrangements
and grid mode play an important role in these issues. It has been reported by
Poorte and Biesheuvel that the reason of relatively higher anisotropy is due
to the spatial orientation of the agitator wings of the grid (all the wings are in
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the same plane) [69]. The authors proposed a staggered orientation of wings
such that the obstructions in the lateral and stream-wise directions are nearly
equal. The isotropy ratio was between 0.9 and 1.1 when the grid was used
in such a configuration, but the turbulence intensity was substantially lower.
Their active grid with a mesh length of M = 0.038 m was used in a water
channel with a 0.45×0.45 cross-sectional area. In addition to the synchronous
and random grid modes that have been used in [59; 63] they propose a doublerandom mode in which both the speed and duration are chosen randomly for
each rod. In this way a possible periodicity in the grid motion could be eliminated so that a turbulence spectrum without spikes at the large scales results.
Kang et al. designed an active grid [43] following the that of [59; 63] and used
the same random mode. They state that the motion of large scales, comparable to the wind tunnel height, produces a small departure from isotropy. In
a recent study Larssen and Devenport used an active grid with mesh length
of M = 0.21 m in a 1.83 × 1.83 m2 cross-sectional wind tunnel [55]. Using the same random grid mode of [59; 63] and higher wind tunnel speed
U = 20.2 ms−1 they could generate a turbulent flow with Reλ = 1362. The
integral length scale in their experiments was L = 0.67 m. In Table 2.1 previous works on active-grid generated turbulence are summarized. In a more
recent paper, an active grid was driven with a random signal possessing the
statistical properties characteristic of the dissipative range which produced
very strong and approximately homogeneous turbulence [46]. In [46], the
driving signal was generated by a random number generator with prescribed
correlation properties. As the authors state, their aim in this study was not
generate ideal turbulence. Therefore this study is not included in Table 2.1.

We use an active grid to generate turbulent flow fields in our recirculating
wind tunnel. Our grid has a square mesh size of 0.1 m and consists of 10 horizontal and 7 vertical round rods. Each rod is controlled by a servo motor and
the instantaneous angles of the rods are prescribed. The distinctive property
of our active grid is that the feedback control of the servo motors assures that
the prescribed motion of each rod is perfectly done. The feedback control
supplies the right amount of current to the motor to overwhelm the counter
force applied on the axis by the flow. The initial position of each rod can
be set individually and rotated at a specified speed and in a given direction
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Fluid

Mode

x/M

u
ms−1
0.82
0.16

M
m
0.047
0.051

Tunnel size
m×m
0.70 × 0.70
0.41 × 0.41

L
m
0.20
0.06

Reλ

50
68

U
ms−1
5.0
3.2

air
air

R
S

air
water

R
DR

68
29

14.3
0.3

1.36
0.03

0.051
0.038

0.41 × 0.41
0.45 × 0.45

0.15
0.089

473
198

air
air
air

R
R
R

20
48
21.3

12.0
10.8
20.2

1.85
1.08
2.42

0.15
0.15
0.21

1.22 × 0.91
1.22 × 0.91
1.83 × 1.83

0.25
0.33
0.67

716
626
1362

air
air

R
S

41
46

15.5
9.2

1.11
1.03

0.21
0.10

1.83 × 1.83
0.70 × 1.00

0.42
0.21

725
600

air

DR

46

8.8

1.02

0.10

0.70 × 1.00

0.32

700

387
99

Table 2.1: Properties of active grid generated turbulence in other studies. In the table R
denotes random, DR double random and S a synchronous grid mode.

(clockwise or counter-clockwise). These motion parameters can be given as
constants prior to the experiment to achieve a periodic modulation, or they
can be updated (systematically or randomly) to obtain a more complex modulation e.g. a random modulation. The motion of the grid is controlled by
a computer program and the instantaneous angle of each rod is recorded to
compute the grid state. The recorded grid data is also synchronized with the
measured velocity signal. Fig. 2.1 shows a photograph of the grid and in Fig.
2.5 a schematic drawing of the grid control system is presented together with
the complete experimental set-up.
Turbulence with specific properties is needed in experiments to address
specific problems. Homogeneous shear turbulence, for example, is generated
to study the postulate of the return to local isotropy of turbulence; or the atmospheric boundary layer is simulated in wind tunnels to estimate the effect
of the wind on structures or the dispersion of greenhouse gases. Many other
turbulent flows are created in wind tunnels and a dedicated set up is necessary for each. In the following chapter we show that turbulence properties
can be tailored in a wind tunnel with a well-controlled active grid.
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Servo motors

1.0 m

0.7 m

M=0.1 m

Agitator wing

Frame

Figure 2.1: A photograph of the active grid.

2.4 Hot-wire anemometry
Hot-wire anemometry is a must-have technique in fluid mechanics research.
Since it has been first used in the early 1900s according to Comte-Bellot, hotwire anemometry remains as a very reliable measurement method of fluid
mechanics. Its high frequency response and excellent spatial resolution make
it indispensable for experimental turbulence research. However, the attainable spatial information is limited by the number of probes used in the experiment.
The core part of hot-wire anemometry is the velocity sensor that is actually just a very thin wire which is exposed to the air flow. This wire element
is heated by an electrical current and the flow velocity is determined by the
heat convected away from the wire by the flow. The hot-wire can be operated in three different ways for velocity measurements i.e., constant current,
constant voltage and constant temperature. In each way, the convected heat
to the ambient gas is a function of the flow velocity. In our experiments we
use constant temperature anemometry (CTA) in which the temperature of the

20

2.4 Hot-wire anemometry

sensor is kept constant with a very fast electronic circuit. This circuit consists
of a Wheatstone bridge that detects any change in the wire’s resistance due
to the heat transport, and very quickly regulates the voltage supplied to the
wire to restore its original temperature. The supplied voltage values provides
the velocity of the flow. The working principle of the technique is given by
[8] wherein a useful bibliography can also be found.
The sensor part of hot-wire anemometers consists of thin metallic wires,
with a typical diameter of d = 0.5 − 5 µm and and length l = 0.5 − 2 mm,
which are mounted at the ends of two prongs. The length of the sensor determines the minimum resolvable length of the scales in the flow. A short sensor is preferred in turbulence experiments because a turbulent flow involves
structures with a wide range of length scales, with the size of the smallest
scales of the order of 10−4 m with precise values depending on the flow. In
addition to the length l of the wire the ratio of the length of the wire to its
diameter l/d should be sufficiently large. When this aspect ratio is above
200, the heat transfer from the wire to its supports can be neglected and it is
supposed to be cooled purely by the velocity component of the wind normal
to it. With a wire length of approximately 400 µm and a wire diameter of
d = 2.5 µm, our probes almost satisfy the l/d > 200 criterion. Shorter lengths
demand a thinner wire, but handling such a wire becomes impossible. In this
project we have successfully re-developed two-component probes such as to
combine spatial resolution, direction sensitivity and reproducible manufacturing. The techniques that were implemented are not new, but it is useful to
summarize our design considerations.
There is a number of design considerations for hot-wire probes. First of
all, the sensor wire must be attached to a pair of electrically conducting mechanical supports that are usually called prongs. The prongs are 1 − 2 cm
long and tapered down to 50 − 100 µm near the wire but still mechanically
strong enough. In order to minimize the negative effect of the aerodynamic
disturbances induced by the prongs, the ends of the wire that are welded
onto the prongs are coated. These coated ends of the wire are called stubs
and become insensitive to the wind. When the actual sensing part in the center is kept sufficiently far away from the prongs it will not suffer from the
perturbations caused by the prongs. In case of a two-sensor probe that can
measure two components of the velocity simultaneously, the negative effect
of the prongs can be eliminated by an angle-dependent calibration. It is a
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real art and a long procedure to manufacture hot-wire probes. The manufacturing technique varies regarding to the material of the wire. The material
is usually platinum (silver-coated) or tungsten. When platinum wire (Wollaston wire) is used, the wire is soldered onto the prongs and etched in the
center at desired length. This process takes the name Wollaston technique
from the material name. When tungsten wire is used, on the other hand, the
wire is welded onto the prongs and the ends are coated. The first technique
is relatively easy but the life-time of the probes is rather short.
Let us now briefly summarize the working of a hot-wire sensor illustrated
in Fig. 2.2. The convective heat transport is proportional to the normal component U⊥ of the wind, i.e. there is no directional sensitivity in a plane perpendicular to the wire. Therefore, hot-wire probes can only work in a turbulent flow with a large mean flow. In that case,
2

2 1/2

U⊥ = ((u + U ) + v )

∼
=U



u
u2
v2
1+ +
+
.
U
2U 2 2U 2

(2.3)

The dependence on the u-component can be calibrated, but the v-dependence
is an error, which in isotropic turbulence is quadratic in the turbulence intensity u/U . Clearly, when u ≈ U , the sign of the velocity also becomes ambiguous, and no dependable velocity measurement can be done.
A time series of the velocity can be recorded very accurately at high frequencies by a single sensor hot-wire probe. Since the heat transfer from the
wire is insensitive to the path of the wind, directional information can not be
captured. The cooling velocity normal to the wire, however, as shown in Fig.
2.2 consists of the mean and fluctuating velocity components,
U⊥ = ((u + U )2 + v 2 )1/2 ,

(2.4)

which equals U⊥ = U + u since v behaves as a second order term. By using
multiple sensing elements, other component(s) of the velocity can be measured simultaneously. A hot-wire probe with two sensor elements, for example, can measure two components of the fluctuating velocity. This type of
probe is called x-wire or v-wire depending on the orientation of the sensors.
In our experiments we used x-wire probes that consist of two inclined sensor
elements placed symmetrically with respect to the mean velocity direction
as in the letter “X”. The relative angle between the sensors is 90◦ . With this
arrangement, the cooling velocity normal to the each wire can be given as
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Figure 2.2: A single-wire probe and the actual detected velocity component.

U⊥ 1 = U cos θ + u cos θ + v sin θ,

(2.5)

U⊥ 2 = U cos θ + u cos θ − v sin θ.

(2.6)

The cooling velocity per wire is shown in Fig. 2.3. Similarly, a probe with
3 sensors provides simultaneous information of all components of the velocity. Probes with a lot of sensor elements allow to measure components of
the vorticity vectors. A measurement of the vorticity is a true experimental challenge because velocity differences over very small distances must be
measured very accurately. Hot-wire probes with nine,-twelve,-and twenty
sensors were developed by Vukoslavc̆ević et al. [104], Vukoslavc̆ević and
Wallace [103] and Tsinober et al. [99]. An extensive review of vorticity probes
and their use is given in [105] and the references therein.

Figure 2.3: An x-wire probe and the actual detected velocity components.
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The probe array and instrumentation

The hot-wire probes used in our experiments were made of 2.5 µm diameter
tungsten wire and were manufactured locally. The sensing part of the probes
is 200 µm for single-wires and 400 µm for x-wires. In our experiments we are
interested in true spatial information about the velocity field, without making recourse to Taylor’s frozen hypothesis. Therefore, an array of 10 x-wires
was used with a judicious choice of the probe positions. The array consists of
10 single- or x-wire probes and it is mounted on a traversing system which allows us to scan the wind tunnel in both the mean flow and vertical directions
as can be seen in Fig. 2.5. The probes on the array are distributed vertically
(in the y-direction) in the wind tunnel but for particular investigations it was
rotated 90 degrees, thus providing a probe separations in the span-wise (z-)
direction. The probe locations are arranged such that the 45 separations between the 10 probes are different, and when this separations are sorted they
are increasing exponentially from 1 mm to 250 mm. This type of array gives
an experimental access to transverse structure functions.
Each of the hot-wire sensors (1 per single-wire and 2 per x-wire) are controlled by a digital CTA. The analog signals from the CTA boards are digitized
with 16-channel 12-bit analog-to-digital converter(s) (ADC) at 20 kHz after
being low-pass filtered at 10 kHz. The required number of CTA boards and
therefore channels to operate the probe array is 10 for the single-wire array
and 20 for the x-wire array. In the x-wire case 2 identical ADC converters are
used in parallel. In either case 10 channels of each board are used and extra
attention to the trigger is given in order to avoid any delay between the channels. The chain of ADC’s and the acquisition software is tested using a synthetic signal. In our experiments we want to relate the measured turbulent
velocity to the instantaneous angle of all grid axes. In most applications, the
hardware which controls the axes of the servo motors operates autonomously
after being initiated. This is trivially true for a periodically driven grid, while
we have designed random protocols in which controller parameters are regularly updated with random numbers. In all these cases, the instantaneous
angle of all axes is read out by the host computer at a rate of approximately
500 Hz. The number of velocity conversion triggers is counted in the motion
controller of the axes, and is recorded together with the axes angles to the
controller’s host computer. Together with the time stamp provided in these
data, exact relative timing between the velocity samples and the grid motion
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is guaranteed.
Hot-wire probes must be calibrated prior to experiments. Calibration is
a measurement of the voltage supplied to the wire to maintain its constant
temperature as a function of the air velocity. For the calibration a nozzle is
used to generate a laminar jet with its velocity measured by a pressure transducer. A single-sensor probe to be calibrated is placed in front of the jet and
the voltage supplied to the wire is measured for a series of velocity values.
A polynomial curve is fitted to this voltage to velocity data to convert any
voltage value to velocity during the experiments. A directional calibration
must be done for an x-wire probe. The above procedure is repeated for air
coming with different relative angles to the probe, and the voltage value for
each wire is measured simultaneously. Polynomial curves are determined for
the voltage-velocity data for each angle value per wire. As an example Fig.
2.4(a)-(b) illustrates the calibration data and the fitted curves for the two sensors of a typical probe. Angle-dependent calibration was done in the range
of −36◦ ∼ 36◦ and 2.0 ms−1 ∼ 20.0 ms−1 . A set of voltage-velocity curves is
obtained for each wire.
In the experiments a voltage pair from the wires must be converted to
the magnitude of the velocity and the direction. Let us assume the measured
voltages are E1 , E2 for the first and second wires, respectively. For the first
wire we draw a new graph, using its complete set of calibration data, showing the velocity as a function of the angle α at the given value E1 . This is done
using the polynomial representation of the calibration data, and similarly for
wire 2 with measured voltage E2 . A typical result is shown in Fig. 2.4(c). The
intersection of the two curves determines the velocity and its direction, the
intersection point is found using quadratic interpolation. The accuracy of the
calibration and the probe can be examined by the angle dependence of the
voltage value for a fixed air velocity. For an accurate measurement the voltage value must be proportional to cosine of the angle of the air: E ∼ cos(α).
In order to complete our example in Fig. 2.4(d) voltage values are given as a
function of relative angle between the wires and the air jet for a wind speed
of U = 5 ms−1 . A more detailed description can be found in [7; 8; 98].
Several errors may occur in this procedure. The most common error occurs when the angle of the instantaneous velocity falls outside the calibrated
angle range. In this case the curves U1,2 (α) do not intersect and an estimated
velocity vector was obtained by linear extrapolation. Another error occurs if
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a measured voltage falls outside the range of calibrated voltages. In this case
no estimate of the velocity vector is possible. If the curves of Fig. 2.4(c) consist only of one point, the intersection is simply taken as the mean of the two
curves. Clearly, all these errors are related to large and rare turbulent velocity
excursions which are associated with large angles, leading to velocity vectors
which are almost parallel to one of the wires. From a simple geometric argument it follows that the fluctuating velocity should then be half the mean
velocity. Indeed, while a simple straight probe can still detect fluctuating velocities u ≤ U , an x-probe generates an error for smaller u. In any case, the
interpretation of the velocity readings is problematic in both cases, and such
instances were disregarded when computing turbulence statistics.
25
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Figure 2.4: A set of the calibration data for 2 ms−1 ≤ U ≤ 20 ms−1 and −36◦ ≤
α ≤ 36◦ . (a) wire 1, (b) wire 2. (c) Measured U and α values for E1 = −2.0 V and
E2 = −1.0 V and, the estimation of the velocity and the angle. (d) Voltage values of the
wires as a function of the relative angle between the wires and the air jet for the same air
speed U = 5 ms−1 together with cosine dependent curve fits.

The injected energy to the flow through the active grid is dissipated into
heat at the smallest scales. This continuous dissipation gives a small rise in
the air temperature in recirculating wind tunnels. Since the hot-wire mea-
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Figure 2.5: A complete schematic drawing of the experimental set-up together with
auxiliary instrumentation.
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surements are temperature-sensitive one must correct for this temperature
difference between the calibration and actual measurements. We sampled
the temperature inside the wind tunnel during the experiments and corrected
the calibration for the actual temperature value. A complete schematic of the
instrumentation used in the experiments is given in Fig. 2.5.
Measuring the fluctuation velocity at high frequencies accurately is essential for this work. An additional requirement is to resolve the smallest
scales in the flow. These measurements can be done only through hot-wire
anemometry. However, the spatial information about the flow is quite limited. Statistical analysis can be enhanced dramatically by placing several
probes into the flow but one can never obtain a complete vector field using hot-wire anemometry. The simple reason is that hot-wire anemometry
is an intrusive measurement technique and one cannot place a probe behind
another one. Optical measurement techniques offer a possibility to measure
more velocity components of the velocity field simultaneously in a relatively
large two- or three-dimensional region. We use particle image velocimetry to
capture spatial information about the flow field. The details of this technique
are given below.

2.5 Particle Image Velocimetry
Particle image velocimetry (PIV) is an optical multi-point technique that determines the velocity vectors by measuring the displacements of small particles, that are carried by the fluid, between two subsequent images in the
flow. The flow is homogeneously seeded with small particles, often called
tracers, and they are illuminated by a laser sheet. The particles are so small
that they perfectly follow the flow, and do not change the characteristics of it.
The particle distribution is recorded by cameras which are synchronized with
the pulsed laser. Each camera frame is divided into small interrogation windows and particle displacements for each window can be determined by correlating two subsequent snapshots. A two-dimensional velocity field is determined by the particle displacement and the time delay between the snapshots. Two components of the velocity in a plane can be obtained by a single
camera, whereas at least two cameras are needed to obtain three components
of the velocity. An introduction to the technique together with practical considerations can be found in [73].
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For the specific investigations described in this thesis, we are particularly
interested in examining the flow spatially and visualizing any possible coherent structures in the flow. Velocity measurements were done in a 0.6 × 0.5 m2
region with a two-dimensional PIV system. We used smoke particles as flow
tracers and illuminated them by a laser sheet in a plane which is along the
wind (x-direction) and centered in both perpendicular directions in the wind
tunnel. The measurement plane is overlapped with the hot-wire measurements location so that we could cross-check PIV and hot-wire measurements.
A Kodak ES2020 CCD camera (12 bit, resolution: 1600 × 1200, pixel size:
7.4 µm) is used together with a 50 mm Nikon lens. A Quantel CFR200 Twins
Nd:YAD laser (energy: 200 mJ/pulse, 532 nm) was pulsed at 30 Hz. The camera was placed outside of the tunnel and recorded the flow through the transparent window of the wind tunnel. The images were saved on a computer
disk and for a more accurate measurement they were dewarped. A black calibration frame with white dots was placed in the tunnel along the laser sheet
where the actual experiments were done. Then the camera is placed outside
the tunnel and a reference image was taken to use in the dewarping process.
The location of the camera, the laser beamer and the optical devices were
kept constant for all of the PIV experiments. PIVTEC PIV view software was
used to obtain the vector fields.
Using PIV we have been looking for large-scale structures in the flow,
structures that may be excited by periodic grid modes. As any structures
would be washed away by long-time averaging, the acquisition of the images was synchronized with the periodic modulation of the grid. In this way
phase-sensitive averages could be made. An optical sensor was placed in
front of one of the axes of the grid, giving a signal at each instant of a given
grid phase. This signal was used to initialize the laser and camera to ensure
that PIV images are taken at particular grid phases. When a PIV image was
taken, a signal was sent to the grid controller and recorded in the grid state
file. An overall description of PIV experiments is given in Fig. 2.6.
In turbulence research, many turbulence parameters like the Taylor microscale, Taylor micro-scale-based Reynolds number, time and length scales in
large and small scales can be estimated from the energy dissipation rate. Hotwire measurements give an excess to ǫ but they are limited to single-point
measurements, and may not always be suitable in some experiments. A
multi-point instantaneous velocity field can be obtained with the PIV tech-
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Figure 2.6: A schematic drawing of PIV experiments in the wind tunnel.

nique and one may want to obtain the ǫ distribution from this velocity field.
As explained above, small interrogation windows are used to obtain the vector field and the size of these windows are usually larger than the smallest
eddy sizes that dominate the energy dissipation rate. Thus, PIV measurements are limited to a finite grid size and ǫ can not be estimated accurately.
Sheng and co-workers [83] proposed a method, the so-called large-eddy-PIV
method, for the energy dissipation rate estimation. This method was successfully applied by Hwang and Eaton in their experiments with a small mean
flow in a turbulence chamber [36]. In another study it was compared to the
other ǫ estimation techniques such as a fit to structure functions, a fit to measured spectra and scaling arguments [24]. We adapted this method to obtain
a two-dimensional distribution of the dissipation rate. The large-eddy-PIV
method is based on the dynamic equilibrium assumption that the energy
transferred from the (resolved) large scales to the (unresolved) dissipation
length scales. The turbulence dissipation rate is estimated by measuring the
sub-grid scale (SGS) energy flux from the strain-rate tensors computed from
the velocity field and the modeled SGS stress. The procedure to estimate the
turbulence dissipation rate can be summarized as follows. The turbulent en-
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ergy dissipation rate per unit mass is
ǫ = 2νhSij Sij i , with Sij =

1
2



∂ui ∂uj
∂xj ∂xi



.

Assuming homogeneity and isotropy it becomes [35]
*
 +
∂ui 2
.
ǫ = 15ν
∂xi

(2.7)

(2.8)

The energy flux in the sub-grid-scale can be estimated from the resolved
strain rate Sij and the subgrid stress τij as
ǫ = −hτij Sij i.

(2.9)

The SGS stress can be approximated from the Smagorinsky model [87]
τij = −2Cs2 ∆2 |Sij |Sij .

(2.10)

where Cs is the Smagorinsky constant (= 0.17) and ∆ is the spatial resolution.

2.6 Summary
Creating turbulence with specific properties and measuring the fluctuating
velocity precisely is prerequisite for the study presented in this thesis. In this
chapter the principles and main features of the experimental set up have been
given. It will be briefly revisited in the following chapters with additional
requirements and peculiarities.

Chapter

3

Tailoring turbulence
with an active grid1
3.1 Abstract
Using an active grid in a wind tunnel, we generate homogeneous shear turbulence and initiate turbulent boundary layers with adjustable properties.
Homogeneous shear turbulence is characterized by a constant gradient of the
mean velocity and a constant turbulence intensity. It is the simplest anisotropic
turbulent flow thinkable, and it is generated traditionally by equipping a
wind tunnel with screens which have a varying transparency and also flow
straighteners. This is not done easily, and the reachable turbulence levels
are modest. We describe a new technique for generating homogeneous shear
turbulence using an active grid only. Our active grid consists of a grid of
rods with attached vanes which can be rotated by servo motors. We control
the grid by prescribing the time–dependent angle of each axis. We tune the
vertical transparency profile of the grid by setting appropriate angles of each
rod such as to generate a uniform velocity gradient, and set the rods in flapping motion around these angles to tailor the turbulence intensity. The Taylor
Reynolds number reached was Reλ = 870, the shear rate dU/dy = 9.2 s−1 ,
1

This chapter is based on publication(s):
H.E. Cekli, W. van de Water, Experiments in Fluids, Vol.49:409-416, 2010.
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the non-dimensional shear parameter S ∗ ≡ Sq 2 /ǫ = 12 and u = 1.4 ms−1 . As
a further application of this idea we demonstrate the generation of a simulated atmospheric boundary layer in a wind tunnel which has tunable properties. This method offers a great advantage over the traditional one, in which
vortex-generating structures need to be placed in the wind tunnel to initiate
a fat boundary layer.

3.2 Introduction
The standard way to stir turbulence in a wind tunnel is by passing the wind
through a grid that consists of a regular mesh of bars or rods. In this way,
near-homogeneous and near-isotropic turbulence can be made, however, the
maximum attainable turbulent Reynolds number is small. Such stirring of
turbulence is very well documented. For example, the classic work by ComteBellot and Corrsin concluded that the anisotropy of the velocity fluctuations
was smallest for a grid transparency T = 0.66 [18]. The grid transparency
is defined as the ratio of open to total area in a stream-wise projection of
the grid. The mesh size M of the grid determines the integral length scale
and it typically takes a downstream separation of 40M for the flow to become (approximately) homogeneous and isotropic. A relatively new development is the usage of grids with moving elements that can generate homogeneous isotropic turbulence with much larger Reynolds numbers [59; 63].
Much more difficult is the generation of tailored turbulent flows, such as homogeneous shear turbulence, or turbulence above a (rough) boundary. We
will now briefly review existing techniques to generate these two turbulent
flows.

3.2.1

Homogeneous shear turbulence

Homogeneous shear turbulence is characterized by a constant gradient of the
1/2
mean velocity dU/dy, but a constant turbulence intensity u = u2 (y, t)
,
where the average h i is done over time. Traditionally, shear turbulence is
generated (far from walls) using progressive solidity screens that create layers with different mean velocities, combined with means of increasing the
turbulence intensity using passive or active grids. Variable solidity passive
grids originate in the pioneering work done more than 30 years ago by Champagne et al. [17]. A somewhat similar technique was used even earlier by Rose
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[76], who ingeniously used a succession of parallel rods of equal thickness at
variable separation to create a highly homogeneous shear flow, but with a
small Reynolds number. A similar approach was followed in [92], but with a
slightly larger Reynolds number. By starting the creation of the gradient by
a flow made strongly turbulent by an active grid, Shen and Warhaft reached
Reynolds numbers Reλ ≈ 103 [81]. In these experiments the active grid was
followed by a variable transparency mesh and flow straighteners. In contrast,
in the present chapter we illustrate that with a more advanced grid motion
protocol the same result can be obtained with an active grid alone.
Homogeneous shear is the simplest thinkable anisotropic turbulent flow.
It was used to answer fundamental questions in turbulence research, for example whether turbulent fluctuations become isotropic again at small enough
scales and large enough Reynolds numbers [27; 72; 81; 82; 92; 107], and whether a hierarchy of anisotropy exponents exists, each of them tied to a representation of the rotation group [93]. A recent issue in homogeneous shear is
its behavior at asymptotic times [38].

3.2.2

Simulating the atmospheric boundary layer

Creating a scaled copy of an atmospheric turbulent boundary layer in a wind
tunnel is of crucial importance for studying in the laboratory the dispersion
of pollution in the atmosphere, or the influence of wind on the built environment. Another timely application is the interaction between the atmosphere and sea, such as the exchange of greenhouse gases between the ocean
and the turbulent boundary layer above it. All these applications demand
the creation of a scaled atmospheric boundary layer which is adapted to the
roughness structure of the used model inside it. In order to allow for different types of roughness, be it urban, rural or ocean, the properties of this
“simulated” boundary layer should be easily adaptable. A large thickness of
the simulated atmospheric turbulent boundary layer is very important, as it
can accommodate larger models and allows more accurate measurements of
velocity or concentration profiles.
When left to its own devices, a turbulent boundary layer will develop
spontaneously over a smooth or rough wall, however, it needs a very long
wind tunnel test section to grow to a sizable thickness. Therefore, various
techniques are used to artificially fatten the growing boundary layer by using
passive or active devices.
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Passive devices include grids, barriers, spires, and fences at the beginning
of the test section of the wind tunnel. Various types, shapes and combinations have been suggested. Counihan [22] proposed a modified version of
his earlier system [21] which involves a combination of roughness elements,
elliptic shaped wedge vorticity generators and barriers to simulate an urban
area boundary layer. He obtained reasonably scaled versions of atmospheric
turbulent boundary layers. Cook [19; 20] refined this method by using various combinations of passive devices. He analyzed the profiles created by
different arrangements of grids, elliptic wedge vorticity generators, castellated walls, toothed walls, wooden blocks and coffee-dispenser cups as vortex generators and roughness devices. A quite successful way to initiate a fat
boundary layer with passive elements is through the “spires” described by
Irwin [37]. These spires must be adapted to the desired flow profile.
Passive methods to simulate an atmospheric boundary layer in wind tunnels are still widely used in laboratories. Their main drawback is that usually
a long test section is necessary to install all the vortex generators, roughness
elements etc. According to Simiu and Scanlan [84], simulations done with the
help of passive devices are not expected to result in favorable flow properties
in short tunnels, however, a long test section wind tunnel may not be always
available.
Several attempts have been reported to simulate an atmospheric boundary layer with active devices. Teunissen used an array of jets in a combination of barriers and roughness elements [95]. He could achieve reasonably
accurate simulations for differing types of terrain. Sluman et al. simulated
rural and urban area boundary layers by injecting air through the floor of
their wind tunnel [86]. Combining air injection with roughness elements they
could increase the thickness of the boundary layer up to 50 cm, which is approximately twice as thick as the one without air injection.
In this chapter we will demonstrate that an active grid alone suffices to
both tailor homogeneous shear turbulence and simulate the atmospheric turbulent boundary layer, without the need for additional passive structures.
Active grids, such as the one used in our experiment, were pioneered by
Makita [59] and consist of a grid of rods with attached vanes that can be rotated by servo motors. The properties of actively stirred turbulence were further investigated by Mydlarski and Warhaft [63] and Poorte and Biesheuvel
[69]. Active grids are ideally suited to modulate turbulence in space-time

Tailoring turbulence with an active grid

35

and offer the exciting possibility to tailor turbulence properties by a judicious choice of the space-time stirring protocol. In our case, the control of the
grid’s axes is such that we can prescribe the instantaneous angle of each axis
through a computer program. To the best of our knowledge, only one other
active grid is controlled in a similar way [46], other active grids described in
the literature do not allow such control and move autonomously in a random
fashion. In fact, the random protocols that they use have inspired our operation of the grid, but now the protocol is programmed in software. Our active
grid can be used to impose a large variety of patterns, but they are subject to
the constraint that a single axis drives an entire row or column of vanes.
The initial position of each rod can be set individually, and each rod can
be rotated at a specified speed and direction. These motion parameters can be
given as constants prior to the experiment to achieve a periodic modulation,
or they can be updated to obtain a more complex modulation e.g. random
modulation. The grid is operated by a personal computer and the instantaneous angle of each rod is recorded to compute the grid state which can
be correlated with the measured instantaneous velocity signal. In Fig. 3.1 a
photograph of the grid is shown, together with a sketch of our experiment
geometry.
The precise control of our grid enables us to tailor the turbulent flows
described in this thesis, not by (re)placing grids or blocking structures, but
by simply changing the parameters of the computer program that controls
the active grid. In this chapter we will describe the proof of principle. Of
the two tailored turbulent flows considered, especially the properties of the
atmospheric turbulent boundary layer has been documented in great detail
[23]; but many of these details of our simulation will be discussed in a future
publication.

3.3 Experimental setup
The active grid is placed in the 8 m long experimental section of a recirculating wind tunnel. Turbulent velocity fluctuations are measured at a distance
4.62 m downstream from the grid using an array of hot-wire anemometers.
In our experiments we used straight-wire and/or x-wire probes. Each of the
locally manufactured hot wires had a 2.5 µm diameter and a sensitive length
of 400 µm, which is comparable to the typical smallest length scale of the
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flow in our experiments (the measured Kolmogorov scale is η ≈ 170 µm).
The wires were operated at constant temperature using computer controlled
anemometers that were also developed locally. Each experiment was preceded by a calibration procedure. For the straight-wire probes calibration,
the voltage-to-air velocity conversion for each wire was measured using a
calibrated nozzle. The x-wire probes were calibrated using the full velocity versus yaw angle approach; a detailed description of this method can be
found in [7; 98] and Chapter 2. The resulting calibrations were updated regularly during the run to allow for a (small) temperature increase of the air in
the wind tunnel. The signals captured by the sensors were sampled simultaneously at 20 kHz, after being low-pass filtered at 10 kHz.

(a)

(b)
Active Grid

y (v)

X-probe array

U
x (u)
z (w)
4.6 m

Figure 3.1: (a) A photograph of the active grid, consisting of 7 vertical and 10 horizontal
axes whose instantaneous angle can be prescribed. They are driven by water-cooled servo
motors. The grid mesh size is M = 0.1 m. (b) Schematic drawing (not to scale) of
the experimental arrangement. Measurements of the instantaneous u, v, and w velocity
components are done 4.6 m downstream of the grid. At this separation, a regular static
grid would produce approximately homogeneous and isotropic turbulence.

The hot-wire array contains 10 x-wire probes and was used for the simultaneous measurement of spectra over an interval of 0.23 m centered vertically
in the wind tunnel. The non-uniform spacing of the probes is useful for the
measurement of structure functions.

Tailoring turbulence with an active grid

37

3.4 Homogeneous shear turbulence
Let us now describe the technique for generating homogeneous shear turbulence using an active grid only. First we tune the vertical transparency profile
of the grid by setting appropriate angles of each rod such as to generate a
uniform velocity gradient, and set the rods in flapping motion around these
angles to tailor the turbulence intensity. The overall grid protocol was determined by trial and error. In Fig. 3.2 the pattern of the grid is given which
generates a homogeneous shear turbulence profile in the wind tunnel. The
projections of the rods and horizontal vanes are given, but the vertical vanes
are not indicated because they are in a random motion to assure homogeneity of the flow. The vanes connected to the horizontal rods are flapping in a
given range and amplitude. The flapping motion of each rod was adjusted
independently to maintain a constant turbulence intensity u, and to achieve
the desired mean flow gradient.
The mean and fluctuating velocity profile for one wind tunnel mean center flow setting Uc is shown in Fig. 3.3(a). The normalized mean velocity
profiles U (y)/Uc for a range of Uc values are shown in Fig. 3.3(b). As it can
be seen in this figure, a reasonable homogeneous shear turbulence can be
realized in the wind tunnel by assigning proper parameters for each rod of
the active grid, without the aid of any additional instrumentation. The Taylor Reynolds number reached was Reλ = 870, the shear rate S = dU/dy =
9.2 s−1 , the non-dimensional shear parameter S ∗ ≡ Sq 2 /ǫ = 12, and u =
1.4ms−1 , where q 2 = 3/2hu2 +v 2 i is twice the turbulent kinetic energy, ǫ is the
energy dissipation rate, and u and v are the fluctuating velocities in x− and
y−direction. Measured profiles at downstream locations x ∈ [3.6 m, 5.6 m]
were not significantly different.
Finally, we show in Fig. 3.4 the power spectra of the u and w components of the turbulent velocity measured at 10 points simultaneously using
the probe array. Clearly, not just the turbulent velocity, that is the integral
over a spectrum, but also the individual spectra are homogeneous. At the
small scales (large frequencies), the turbulent spectra return to the isotropic
value Euu (kx )/Eww (kx ) = 3/4. A remaining point of concern is that at very
low frequencies, the Euu spectrum does not reach a flat asymptote. Perhaps
we still see the direct influence of the moving grid.
Well-documented shear turbulence was reported by Shen and Warhaft
[81] who used an active grid with limited control over the random motion of
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Figure 3.2: Generation of homogeneous shear turbulence. (a) Full line: periodic time–
dependent angle of the lowest horizontal axis which oscillated around the closed (3π/2)
position, dots: random time–dependent angle of a vertical axis. (b) The mean angle
of the horizontal axes of the grid imposes a variation of the grid transparency that is
consistent with a constant gradient of the mean velocity U (y). The vanes with positive
angles are painted black, those with negative angle are painted gray. The mean angles are
also illustrated in the left pane, with the wind coming from the left, each horizontal rod
oscillates around its mean angle with the same amplitude, but different frequency and
relative phase. The vertical axes rotate independently randomly over 2π. These random
rotations ensure a constant turbulent velocity u.

the axes, together with screen and flow straighteners. As can be judged from
a comparison from their Fig. 3 and our Fig. 3.3, the homogeneity driven by a
smart active grid alone is the same as that reported in [81].

3.5 Simulation of the atmospheric turbulent boundary
layer
In the inner part of the atmospheric turbulent boundary layer the mean velocity profile can be described by a version of the well-known law of the wall


u∗
y−d
U (y) =
ln
,
(3.1)
κ
z0
where u∗ is the friction velocity, κ is the von Kármán constant (κ = 0.41), z0
is the roughness height, and where d is the zero-plane displacement, i.e. the
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Figure 3.3: (a) Closed dots: mean velocity profile U (y), showing an approximately constant slope for y ∈ [0.3 m, 0.9 m], corresponding to a shear rate S = dU/dy = 9.2 s−1 .
Open circles: turbulent velocity u = hu(t)2 i1/2 , varying 30% over the region y ∈
[0.3 m, 0.9 m] where the turbulence can be considered as homogeneous shear turbulence.
(b) Normalized mean velocity profile U (y)/Uc , for Uc = 9.1, 6.1, and 4.0 ms−1 , for the
open circles, squares and triangles, respectively. These velocity profiles were measured
at 4.6 m downstream from the active grid. Measured profiles at downstream locations
x ∈ [3.6 m, 5.6 m] were not significantly different.
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Figure 3.4: Energy spectra of homogeneous shear turbulence. (a) Longitudinal spectra
Euu (f ) measured by the 10 probes of the probe array. They illustrate the homogeneity
of the flow. The y−coordinate indicates the probe location with respect to the center of
the wind tunnel (y = 0). (b) Spectra averaged over the probe array. Full lines marked
by u, w, u/w: Euu , transverse Eww , and Euu /Eww , respectively. Dashed line: inertialrange isotropy relation Euu /Eww = 3/4.
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effective height of momentum extraction [12]; it should be placed somewhere
within the roughness elements.
In studies of atmospheric turbulent boundary layer simulation, it is customary to represent the mean velocity profile over the entire effective height
δ of the boundary layer as
U (y) = U∞

 y α
δ

,

(3.2)

where the exponent α is α = 0.1 for the boundary layer over the ocean, and
α = 0.2 and 0.3 for the boundary layer over a rural and an urban area, respectively. Clearly, whilst Eq. 3.2 may provide an approximate and convenient
parametrization of the mean velocity profile over a rough wall, it is not compatible with the law of the wall, Eq. 3.1, which describes the inner region of
the atmospheric turbulent boundary layer. The art now is to find the proper
grid protocol for various types of atmospheric boundary layers. This was
done by trial and error. First we tailor the y−dependent grid transparency
to the desired boundary layer profile, that is the value of α in Eq. 3.2. This
solidity profile can be realized by selecting the mean angle of the horizontal
rods. For two simulated profiles these mean angles are drawn in Fig. 3.5. We
have found that vanes attached to the horizontal axes should point upwards
towards the incoming flow, which helps to thicken the velocity profile. In
some simulations for relatively small α values we use only horizontal rods
but for some others we need to use some of vertical rods as well.
In the next step we set the vanes in motion, and change their amplitude
and frequency until the desired power-law profile is obtained. The chosen
amplitudes and frequencies are also indicated in Fig. 3.5. This choice is made
heuristically, using the following guidelines. To thicken the profile we flap
the horizontal rods with a judiciously chosen amplitude and frequency. The
amplitude of this flapping motion has a small influence on the mean flow
profile, which mainly depends on the mean angle of the rod. We use this
influence to fine–tune the profile. The angular amplitude of these periodically flapping axes varies between 9◦ and 36◦ , with frequencies between 2
and 3 Hz.
Some of the vertical rods are put in a random motion to assure homogeneity. The used protocol for random motion is to rotate the axis with a
randomly chosen rotation rate in one direction, changing to another random
rotation rate after a random time interval. In these experiments, the rotation
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Figure 3.5: Simulated profile of turbulence above a rough boundary above a coastal area
(a), and above suburban terrain (c). (a) Open circles: measured profile U/U∞ , with
U∞ = 9.0 ms−1 . Dashed line: U/U∞ = (y/δ)0.11 , with δ the boundary layer thickness.
(b) Mean angles of the horizontal axes, the axes are flapping with a frequency of 3 Hz and
an angle amplitude of 7.2◦ around this mean. (c) Open circles: measured profile U/U∞ ,
with U∞ = 11.5 ms−1 . Dashed line: U/U∞ = (y/δ)0.22 , with δ the boundary layer
thickness. (d) Mean angles of the horizontal axes, the axes perform flap around these
mean angles, frequency 2 − 3 Hz and amplitude 7.2◦ − 18◦ . In both cases the boundary
layer thickness δ = 0.71 m. Note that the vertical dimension of the grid is 1 m, while the
profiles are shown for y ∈ [0, 0.75 m].
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rates were picked uniformly from the interval [0, 4s−1 ], and the time duration
were picked from [0, 200 ms]. The simulated overall mean profile is shown in
Fig. 3.5, while the velocity profile of the inner part of the boundary layer is
shown in Fig. 3.6. The inner part of the simulated turbulent boundary layer
is shown in Fig. 3.6(a). Below y = 0.1 m, a logarithmic mean velocity profile
U (y) is observed. Its parameters u∗ , d, and z0 , were determined by a fit of Eq.
3.1 to the measured profile. Briefly, U (y) is plotted as a function of ln(y − d)
and the displacement length d was selected which provided a linear dependence over the largest range of y. The shear velocity u∗ then follows from
the slope of this line, while z0 is the intercept of this line with the horizontal
axis. However, as the closest separations of our probe to the boundary was
not smaller than y = 1 cm, these parameters could not be determined accurately. The measured Reynolds stresses over the entire boundary are shown
in Fig. 3.6(b). A point of concern is that the shear stress h−u vi, where u and
v are the fluctuating velocities in x− and y−direction, is much larger than u2∗
as derived from the fit of Eq. 3.1. This implies that the inner part of our simulated atmospheric turbulent boundary layer does not conform the turbulent
boundary layer over a rough surface. However, without roughness elements
after the initiation of the atmospheric turbulent boundary layer with the active grid, our turbulent boundary layer is not expected to be in equilibrium.
3
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Figure 3.6: (a) Open circles: simulated mean velocity profile Uα=0.11 (y) above a coastal
area, closed dots Uα=0.22 above suburban terrain. Dashed lines fits with: Uα=0.11 (y) =
(u∗ /κ) ln((y − d)/z0 ), with u∗ = 0.21 ms−1 , d = 0.018 m, and roughness length
z0 ≈ 3 × 10−7 m, and Uα=0.22 (y) = (u∗ /κ) ln((y − d)/z0 ), with u∗ = 0.41 ms−1 ,
d = 0, and z0 ≈ 5 × 10−5 m. (b) Reynolds stresses for the profile with α = 0.22,
hu2 i, hv 2 i, and h−uvi, dots, open circles and open squares, respectively.
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3.6 Conclusion
We have demonstrated how tailored turbulence can be made by programming the motion of an active grid, with no recourse to passive flow structuring elements. This worked best for homogeneous shear turbulence, where
the results are comparable to those obtained earlier with the help of additional passive devices. The initiation of a simulated atmospheric turbulent
boundary layer was presented as a proof of principle; our setup lacks roughness elements to maintain the turbulent boundary layer. Also, we have not
yet exhausted the possibilities of the active grid; especially the simulation
of the atmospheric turbulent boundary layer could be improved by adding
extra vanes.
Selecting the grid parameters by hand, guided by simple rules, such as tailoring the mean profile through the solidity set by the average vane angle and
then tuning the turbulence intensity by flapping the vane randomly around
this mean angle, is only a first step. One could readily envisage automated
procedures borrowed from the active field of turbulence control. While in
this field the goal is to prevent turbulence or diminish turbulent drag, our
goal would be to shape and possibly enhance turbulence.
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4

Stirring turbulence with
turbulence1
4.1 Abstract
We stir wind–tunnel turbulence with an active grid that consists of rods with
attached vanes. The time–varying angle of these rods is controlled by random numbers. We study the response of turbulence on the statistical properties of these random numbers. The random numbers are generated by the
Gledzer–Ohkitani–Yamada shell model, which is a simple dynamical model
of turbulence that produces a velocity field displaying inertial–range scaling behavior. The range of scales can be adjusted by selection of shells. The
question is whether the turbulence characteristics of these random numbers
should match those of the generated wind–tunnel turbulence. We find that
the largest energy input and the smallest anisotropy are reached when the
large–eddy time scale of the random numbers matches that to the wind–
tunnel turbulence. A large mismatch of these times creates a flow with interesting statistics, but it is not turbulence.

1

This chapter is based on publication(s):
H.E. Cekli, R. Joosten, W. van de Water, to be submitted to Experiments in Fluids.
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4.2 Introduction
The standard way to stir turbulence in a wind tunnel is by passing the wind
through a grid that consists of a regular mesh of bars or rods. In this way,
near-homogeneous and near-isotropic turbulence can be made, however, the
maximum attainable turbulent Reynolds number is small. Such stirring of
turbulence is very well documented. For example, the classic work by ComteBellot and Corrsin concluded that the anisotropy of the velocity fluctuations
was smallest for a grid transparency of T = 0.66 [18]. The grid transparency
is defined as the ratio of open to total area in a stream-wise projection of the
grid. The mesh size M of the grid determines the integral length scale and
it typically takes a downstream distance of 40M for the flow to become (approximately) homogeneous and isotropic.
Much more vigorous turbulence can be stirred by so–called active grids
that have moving elements. In this way, Taylor micro-scale-based Reynolds
numbers Reλ ≈ 103 can be achieved in flows that are homogeneous and
near–isotropic. Active grids, such as the one used in our experiment, were
pioneered by Makita [59] and consist of a grid of rods with attached vanes
that can be rotated by servo motors. The properties of actively stirred turbulence were further investigated by Mydlarski and Warhaft [63] and Poorte
and Biesheuvel [69]. A new development is to use active grids to tailor turbulence, for example, to create homogeneous shear turbulence, which has
a constant gradient of the mean flow and a uniform fluctuating velocity, or
to simulate the turbulent atmospheric boundary layer [13]. In other applications, the temporal statistics of the flow are tailored, so as to mimic the
large–scale fluctuations of atmospheric turbulence [46].
Assuming perfect control of the stirrer, the natural question is if any particular turbulence could be generated by a judicious choice of the stirring
protocol. For example, if a flow could be driven with highly intermittent
temporal and spatial statistics at its large scales such as to mimic the gusts of
atmospheric turbulence. For turbulence with an equilibrium inertial range,
a natural constraint is that the expended stirring energy should match the
down–scale energy flow.
For the active grid used in our experiments, the stirring protocol concerns
the time–dependent angle of all axes. Several ways of random motion of the
axes have been explored. In one, the axes are rotated with constant angular
velocity, but the direction of rotation is switched at random times. In another
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protocol, also the velocity is picked randomly from a uniform distribution
[69]. In the protocol of [63], the axes are not rotated continuously, but their
angles are flipped randomly. The influence of these protocols on the properties of the turbulence generated has been studied in [69].
An active grid offers the possibility to locally act on the flow. The question is how to operate the grid with a time series of random numbers in order to achieve desired turbulence properties. Ideally, a turbulent flow could
be generated numerically, and the outcome of the simulation could be fed
to the grid as an initial condition to the turbulence generated in the wind
tunnel. As wind–tunnel experiments can achieve Reynolds numbers that are
much higher than can be reached in a numerical simulation during times that
stretch an extremely large number of large–eddy turnover times, direct numerical simulations cannot match the experimental requirement. Moreover,
it is not yet clear how a dynamical grid influences the flow locally, and if the
initial condition can be specified completely. Therefore, we will drive the grid
with random numbers, and the question addressed in this chapter is how the
statistical properties of these random numbers influence the turbulence that
is generated.
Instead of using a conventional random number generator, we will use
one that is actually a simple dynamical model of turbulence, which displays
all the scaling properties of turbulence. Thus we are stirring turbulence with
turbulence. Most importantly, these random numbers are intermittent, and
have anomalous scaling behavior. In this way, the statistical properties of
the random numbers are also expressed in terms of integral time- and length
scales and a Reynolds number.
The question now is how to influence the generated turbulence by selecting the statistical properties of the grid–axes angles. Since these statistical
properties are those of a model–turbulent flow, the question becomes how
to match the statistical properties of these two turbulent flows. We will find
that isotropic turbulence results when matching the integral time scales, but
also that wind–tunnel turbulence with unusual properties, such as highly intermittent large–scale statistics, can emerge from a gross mismatch of length
scales.
In Section 4.3 we will describe the experimental setup. A summary of
the Gledzer–Ohkitani–Yamada (GOY) shell model [25] is given in Section 4.4,
where we also discuss extensively the statistical properties of the generated
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(a)

(b)
Active Grid

y (v)
X-probe (u,w)
U
x (u)
z (w)
4.6 m

Figure 4.1: (a) The active grid. (b) Schematic drawing of the wind tunnel and the used
coordinate system.

velocity field. The way in which this velocity field is supplied to the active
grid is discussed in Section 4.5. An important aspect is the choice of length
and time scales, both in the simulation and in the experiment. In Section 4.6
we show how the statistics of the stirred wind–tunnel turbulence depend on
the match of time scales of the random numbers generated by the GOY model
and the integral time scale of the experiment.

4.3 Experimental setup
A schematic drawing of the wind tunnel and a picture of the active grid is
shown in Fig. 4.1. The active grid is placed in the 8 m long experimental
section of a recirculating wind tunnel. Turbulent velocity fluctuations are
measured at a distance 4.6 m downstream from the grid using a single x–
wire anemometer. Our grid has mesh size M = 0.1 m and consists of 17 axes
whose instantaneous angles αi (t), i = 1, . . . , 17 are prescribed precisely using
PID controllers. Angle information can be fed to the grid with a sampling
time δtg = 10−2 s. From an experiment where we drive the grid with white
noise, we estimate that the response time of the grid is ≈ 4 × 10−3 s. This
response time is limited by the inertia of the axes; it also limits the fastest
turbulence time scale that can be directly imposed on the flow through the
active grid. In a typical experiment we feed a time series computed by the
GOY model to the grid and collect wind data during 450 s (4.5 × 103 large–
eddy turnover times).
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In our experiments we measure the u, w velocity components of the flow,
which allows an assessment of the flow isotropy. The locally manufactured
hot–wire velocity probe had a 2.5 µm diameter and a sensitive length of
400 µm, which is comparable to the typical smallest length scale of the flow in
our experiments (the measured Kolmogorov scale is η ≈ 170 µm). The hot–
wire anemometers were operated at constant temperature using computer
controlled anemometers that were also developed locally. Each experiment
was preceded by a calibration procedure. The x-wire probe was calibrated
using the full velocity versus yaw angle approach; a detailed description of
this method can be found in [7; 98] and Chapter 2. The resulting calibration
parameters were updated regularly during the run to allow for a (small) temperature increase of the air in the wind tunnel. The signals captured by the
sensors were sampled at 20 kHz, after being low-pass filtered at 10 kHz.

4.4 The GOY shell model
The turbulence model considered for driving the grid is the Gledzer–Ohkitani–
Yamada (GOY) shell model, which is a dynamical model for the time– dependent amplitudes un (t) of Fourier modes at wavenumbers kn [33; 64; 109].
The model mimics the Navier–Stokes equation in wavenumber space (see
Eq. 4.1), but as the wavenumbers are scalar, it lacks the structural aspects of
turbulence, such as vortices. Further, the nonlinear advection term which in
the Navier–Stokes equation couples all wavenumbers to all others, is here
restricted to interactions between neighboring wavenumbers:


d
2
+ νkn un = i (an un+1 un+2 + bn un−1 un+1 + cn un−1 un−2 )∗ + fn , (4.1)
dt
where kn is an exponentially spaced grid of scalar wavenumbers, kn = k0 q n ,
and where the factors an = kn , bn = −kn−1 /2, cn = −kn−2 /2 ensure conservation of energy, enstrophy and helicity in the inviscid (ν = 0) and unforced
system. The forcing is at a single shell, fn = 5 × 10−3 δn,nf (1 + i), with i the
imaginary unit.

4.4.1

Characteristic quantities of the shell model

In shell models, the nonlinear interaction is between adjacent shells only, so
that there is no sweeping of small scales by the large ones. Therefore, the time
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dependence of the velocity field is that of a Lagrangian velocity field. This
indeed is consistent with the temporal statistical properties of the velocity
P
u(t) = n ℜ[un (t)] whose frequency spectrum is E(f ) = c0 ǫ f −2 [5].
In our experiment we modulate turbulence by passing a laminar wind
with velocity U through a grid; as the mean velocity is much larger than the
fluctuating velocity, we supply Eulerian velocity fields, u(x, t), with x =
U t. Strictly, therefore, we stir a Eulerian field with Lagrangian velocities.
However, we believe that in our application we may ignore the difference
between Eulerian and Lagrangian statistics.
Let us now summarize the statistical properties of the shell–model velocity field. From the complex shell velocities we compute the turbulent velocity
X
(u(1) )2 =
h|un |2 i
(4.2)
n

and the energy spectrum

E(kn ) = kn−1 h|un |2 i,

(4.3)

where the factor kn−1 arises because of the exponential spacing of the wavenumbers, kn = k0 q n ,
Z ∞
X h|un |2 i
X
E T (k) dk ≡
(kn+1 − kn ) = (q − 1)
h|un |2 i.
k
n
0
n
n

The energy dissipation ǫ can be computed from the energy input in the forced
shell nf ,
ǫ = ℜhu∗nf fnf i,
which equals that computed from
ǫ = ν (du/dx)2 = ν

X

kn2 h|un |2 i,

n

where we notice the absence of the factor 15 which for isotropic incompressible turbulence in three dimensions accounts for the number of independent
gradients. Finally, ǫ also follows from the scaling of the energy spectrum
E(k) = CK ǫ2/3 k −5/3 ,
where the superscript T discriminates the spatial spectrum from the time
spectrum E L . The notation suggests the association of the temporal statistics with the longitudinal velocity correlations, and the spatial ones with the
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transverse arrangement, although no distinction can be made between longitudinal and transverse statistics in the one–dimensional shell model. The
value of the Kolmogorov constant CK for shell models is not known and we
will determine it in our simulations of Eq. 4.1. The energy dissipation defines
the Kolmogorov length- and time scales η = (ν 3 /ǫ)1/4 , τη = (ν/ǫ)1/2 , and the
Taylor Reynolds number Reλ = u2 (νǫ)−1/2 .
We define the (Lagrangian) velocity field as
X
u(x, t) = ℜ
ei kn x un (t),
(4.4)
n

which conforms to the often used u(x = 0, t). In fact, an even more adventurous approach was recently published [16], in which Eq. 4.4 was extended to
a solenoidal random–direction wave field. In comparison with a kinematic
simulation, where the wave amplitudes are static and prescribed, the amplitudes now follow from a dynamical system that resembles the Navier–Stokes
equation.
The velocity field Eq. 4.4 at x = 0 allows the definition of the large–scale
quantities
(u(2) )2 = u2 (t) − hu(t)i2 ,
(4.5)
the frequency spectrum E L (f ) of u(x = 0, t), and the associated integral time
T,
πE L (f = 0)
.
(4.6)
T =
2(u(2) )2
The integral length scale
L=

πE T (k = 0)
2 (u(2) )2

(4.7)

cannot be computed easily due to the forcing of the low shell numbers. In
[60] a principal–value version of Eq. 4.7 is proposed instead,
R −1 T
P −2
k E (k) dk
k h|un |2 i
(pv)
.
(4.8)
= Pn n−1
L
= R T
2
E (k) dk
n kn h|un | i

There are several ways to drive the grid: we can either match the integral
length- and time-scales of the random time series un (x, t) with those expected
in the experiment, or match the dissipative lengths and times. Of the four
combinations possible, we expect that the one in which the integral times and
lengths match is preferred as stirring turbulence proceeds via the large scales.
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In a recent paper, a grid was driven with a random signal possessing the
statistical properties characteristic of the dissipative range which produced
very strong and approximately homogeneous turbulence [46]. In [46], the
driving signal was generated by a random number generator with prescribed
correlation properties. Instead, our approach uses a genuine physical model
of turbulence to generate random numbers, which allows us to study the
effect of the mismatch between the driving characteristics and those of the
generated turbulence.
As we shall also demonstrate in the present chapter, being able to specify
the correlation properties of the random signal driving the grid, is an essential
refinement of the control of active grid motion.

4.4.2

Simulation results

The shell model generates a space–time velocity field. We can focus on large
spatial scales by restricting the sum over shells, such as to low–pass filter the
velocity field2 ,
n
X
(4.9)
ei kn′ x un′ (t).
u(n) (x, t) = ℜ
n′

The associated frequency spectra are
Z
2
u(n) (x = 0, t)e−2πi f t dt .
En (f ) =

(4.10)

The associated cut-off wavenumber kn corresponds to a spatial scale ln =
2π kn−1 . Because the velocity fluctuations at scale l are u(l) ∝ l1/3 , the corresponding cut-off frequency fn scales with the cut-off wavenumber as fn ∝
2/3
kn ∼ q 2n/3 .
We have performed simulations of the shell model Eq. 4.1 using the standard numerical approach [68]. By selecting the kinematic viscosity in those
models, the scaling dynamical range of the results can be tuned, with two
cases documented in Table 4.1. In both cases k0 = 1/16, while the wavenumbers and the number of shells n were chosen such that 2π/k0 q n ≈ η. From
these results we learn that the two versions of the turbulent velocity, one computed from the spectrum Eq. 4.2, and the other one directly computed from
the time series Eq. 4.5, differ approximately by a factor 2.
2

Similar mixed quantities, such as h(un (t) u∗n (0))p i, are discussed in [60].
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ν

u(1) u(2)

10−7 0.75
10−5 0.80

0.32
0.50

ǫ
CK
×10−3
3.7
1.5
1.5
1.5

η
τη
×10−5 ×10−3
2.3
5.2
90
82
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Reλ
×104
2.9
5.2

L

T

q

n

nf

7.5
8.2

46
120

2
1.3

22
45

1
4

δt
×10−4
1
2

Table 4.1: Turbulence characteristics for two simulations of the shell model at two different kinematic viscosities ν. The turbulent velocities u(1) and u(2) are computed from
Eq. 4.2 and Eq. 4.5, respectively. The integral length scale is L, the integral time is T ,
n is the number of shells, nf the forcing shell, and δt the integration time step. The
Kolmogorov constant CK was inferred from the computed wavenumber spectra.

Two time traces of generated velocities are shown in Fig. 4.2. These were
generated at a kinematic viscosity ν = 10−7 , but at two different shell filter
settings. Figure 4.2(a) shows u(2) (t), while in Fig. 4.2(b) the completely resolved velocity u(22) (t) is drawn. The time axes of the two figures are chosen
such as to show all details of the velocity signal. As illustrated in Fig. 4.2, the
frequency content of the two signals differ by two orders of magnitude. The
resolved velocity is characterized by long episodes of relatively calm, interspersed with short bursts of turbulent activity. This highly intermittent character is in accordance with the very large Reynolds number, Reλ = 2.9 × 104 ,
and has been noticed before [64]. However, these intermittent bursts are not
seen in experimental time series and appear unphysical.
The statistical properties of the turbulent velocity field for the two viscosities are illustrated in Fig. 4.3. For the smallest viscosity ν = 10−7 , the spatial
spectrum shows inertial–range behavior, E T (k) = CK ǫ2/3 k α , with α = −1.74,
which is close to −5/3, and Kolmogorov constant CK ≈ 1.5. The higher viscosity spectrum exhibits a much smaller inertial range. This is especially so
for the Lagrangian frequency spectrum E L (f ); only for ν = 10−7 it behaves
as E L (f ) ∼ f −2 , with no discernible inertial range for the larger viscosity.
For both viscosities the probability density function (PDF) P (∆u) of temporal
velocity increments evolve from Gaussian at large time delays, to stretched
exponential (P (∆u) ∼ exp(−β|∆u|α ), α < 1) for the shortest time delays.
As we are driving our experiment with filtered velocity fields, we show
in Fig. 4.3(e)-(f) the frequency spectra EnL (f ) (Eq. 4.10). In agreement with
inertial–range scaling, the cut-off frequency fn of these spectra scale as fn ∝
q 2n/3 .

54

4.5 Controlling the grid

(a)

u

1
0
0

1000

2000

3000

(b)

u

1
0
0
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100

Figure 4.2: Time series simulated by the shell model Eq. 4.1 for ν = 10−7 . In computing
the velocity signal u(n) (x, t) (Eq. 4.9) we have truncated the shell contributions at n = 2
and n = 22 for (a) and (b), respectively.

4.5 Controlling the grid
The GOY model produces a space–time signal u(n) (x, t) (Eq. 4.9) which we
translate to angle signals αi (t) to drive the grid at a length scale 2π/kn and
the corresponding time scale. There is not a simple relation between the angle of the grid axes and the force on the flow. It appears that only at very
low grid frequencies the mean flow approximately follows the time–varying
transparency of the grid [13]. In the present chapter we use the simple approach that the v and w components of the velocity are proportional to the
angles of the vertical and horizontal axes. Thus, we assume that the statistics
of the fluctuating velocities at the location of the grid are related to the statistics of the grid angles αi . We further use the phase factor exp(i kn x) to impose
a phase difference exp(i kn M ) between adjacent grid axes.
The quantities of the shell model are dimensionless and must be matched
to the physical units of the wind tunnel. To this aim, let us introduce a version
of Eq. 4.4 in physical units
X
u(x, t) = Cu ℜ
ei kn Cx x un (Ct t).
(4.11)
n

If the imposed fluctuations should match at integral scales, the constants
must be chosen such that Ct = T /T e , Cx = L/Le , and Cu = ue /u, where the
subscript e denotes the experimental value, so that distances and times are

ET, EL
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Figure 4.3: Spectra and probability density functions of the simulated shell model for two
viscosities and various projections on lower shells. (a) Normalized spectrum E T (kn )/(CK ǫ2/3 ),
with CK = 1.5, the full line is computed at ν = 10−7 ; the dash–dotted line is computed for
ν = 10−5 ; the dashed line is a fit E T (k) ∼ k−1.74 , which is close to the Kolmogorov prediction
k−5/3 . (b) Normalized frequency spectra E L (f )/ǫ at ν = 10−7 and ν = 10−5 . At ν = 10−7
the spectrum can be fitted by E L (f ) ∼ f −2.0 . The frequency spectrum at ν = 10−5 has not
an unambiguous inertial range. (c) PDF of time–wise velocity increments at ν = 10−7 , and
t/τη = 4.3 and t/T = 1.4; the dashed line is a Gaussian fit. (d) PDF of time–wise velocity
increments at ν = 10−5 and delay times t/τη = 3.2 and t/T = 2.1; the dashed line is a Gaussian
fit. (e) Frequency spectra EnL at ν = 10−7 for n = 2, 6, 10, and 22, respectively (Eq. 4.10). In
2/3
the inertial range, the frequency cut-off fn scales with the wavenumber cut-off kn as fn ∼ kn ,
L
which for the shown cut-offs is a factor 28/3 ≈ 6.35. The dashed line is a fit E22
(f ) ∼ f −2.0 .
(f) Same as (e) but now for viscosity ν = 10−5 and n = 7, 17, 27 and 45. The factor between
L
successive high–frequency cut–offs is now 1.320/3 ≈ 5.7. The dashed line is a fit E45
(f ) ∼ f −2.6 .
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expressed in terms of the integral length- and time scales of the experiment,
respectively. An analogous procedure exists for a match of the dissipative
scales. The samples in the time series generated by the GOY model come at
multiples of the integration time step δt, while the grid angles can only be
specified at multiples of the grid controller sampling time δtg . The integral
time scale of the experiment is T e = Le /u, with Le the integral length scale
and u the turbulent velocity.
For simplicity, we take the experimental integral length Le scale equal to
the grid mesh size M , although it is often found closer to twice the mesh
size, depending on the particular grid protocol. The spatial scaling factor Cx
is selected such that the motion of two adjacent axes is uncorrelated at the
integral scale 2π/kn , which we equate to the mesh size M , so that Cx kn M =
2π.
With u = 1 ms−1 we have an integral time T e = 0.1 s. Consequently,
due to the finite response time of the grid, there are only 10 grid samples
in a wind–tunnel integral time, which is a small fraction of the number of
integration time steps in an integral time T of the GOY model. Therefore,
the numerically computed time series must be low–pass filtered and downsampled. Most of the required filtering is already implicit in the computed
time series, as its time step δt is much smaller than the Kolmogorov time τη .
The signal produced by Eq. 4.1 is smooth at the Kolmogorov scale τη . Further,
the time series u(n) (x, t) of velocities is already low–pass filtered intrinsically
at the cut-off frequency fn of shell kn . These two circumstances define the
sampling time ∆t which is listed in Table 4.2.
The only way to further reduce the time scale of the generated time series
is to explicitly low–pass filter the computed velocity signal u(n) (x, t), with
the inevitable loss of information. For this we used a simple binomial filter. In merely sub-sampling without filtering, this information would appear
aliased at lower frequencies.
For generating time series with the GOY model, we selected a viscosity
ν = 10−7 , which leads to clear inertial–range scaling behavior both in the
wavenumber and frequency spectra (see Fig. 4.3). These time series correspond to several cut-off shell numbers n; their properties are listed in Table
4.2. The extreme cases are labeled I and II. The relative sampling time ∆t/T
of the n = 2 (I) time series is an order of magnitude smaller than the one
needed to drive the grid at an integral time T e . For the II series it is two or-
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Time series

n

T g /T

∆t/τη

I

2

23

39

4

45

20

6

180

4.9

8

360

10

720

II

57

∆t/T

2π/kn

4.5 × 10

−3

2.2 × 10

−3

5.6 × 10

−4

2.5

2.8 × 10

−4

1.2

1.4 × 10−4

1.1 × 106 η

3.4 L

5

0.83 L

4

0.20 L

4

1.7 × 10 η

0.052 L

4.2 × 103 η

0.013 L

2.7 × 10 η
6.8 × 10 η

Table 4.2: Time series computed from the GOY model and used to drive the grid. The
scales are low–pass filtered at kn . The sampling time is ∆t. Without additional low–pass
filtering, the ratio of supplied to actual integral times is T g /T ; for time series II, the
velocity samples supplied to the grid come approximately every Kolmogorov time τη .

ders of magnitude smaller; the mismatch is extreme as the velocity samples
supplied to the grid come approximately every Kolmogorov time τη . With the
rather slow response time of the grid, it is as if we try to impose the extremely
intermittent viscous scale statistics of the GOY model at integral scales of the
experiment.
The (dimensionless) time T g is defined such that we will drive the grid at
the experiment integral time if T g = T . Therefore, the ratio T g /T is a measure
of the mismatch between the integral time of the experiment and that of the
simulation.

4.6 Results
In our experiment we will vary T g /T from a value larger than 1 to values
much smaller than unity, and measure the properties of the turbulence generated. The starting value of T g /T is indicated in Table 4.2. This is the value
supplied by the GOY model filtered at kn . For case II, (n = 10) we are driving
the grid with Kolmogorov time scales of the simulation. An intriguing question then is if also the large–scale statistics of the generated turbulence can be
made to resemble that of inertial–range scales.
We characterize the generated turbulence by its anisotropy and the dissipation rate ǫ. The (pseudo-) energy dissipation rate ǫ was inferred from a
single derivative, ǫ = 15νh(∂u/∂x)2 i, with ν the kinematic viscosity. This
approach assumes that the squared velocity gradients satisfy the isotropy re-
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Figure 4.4: (a) Large–scale anisotropy u/w of wind–tunnel turbulence as a function of
T g /T for various shell filter settings n. (b) Large–scale anisotropy for time series I, dots
are the same data as in (a), open circles indicate u/w generated with Cx = 0 (spatially
coherent grid motion). (c) Dissipation rate ǫ as a function of T g /T .

lation, with the consequence ǫ = (15/2)νh(∂w/∂x)2 i. In the most isotropic
case (time series II) these versions differed by 50%.
The result for the isotropy is shown in Fig. 4.4 for various values of the
cut-off shell number n. Indeed, driving the grid with too small time steps
(T g /T ≫ 1) results in highly anisotropic turbulence. For small n, the anisotropy keeps decreasing for T g /T < 1, where we drive the grid faster than
needed for a match of the integral time scales. For n = 4, 6 the anisotropy has
a clear minimum when the integral time scales match.
The importance of spatial randomness for the anisotropy is illustrated in
Fig. 4.4(b) where we compare the anisotropy of mode I with and without
(Cx = 0) spatial decorrelation of the axes. Turbulence stirred with the spatially uniform grid mode has a much larger anisotropy than the spatially randomized grid.
The small–scale anisotropy is inferred from the energy spectra of the two
velocity components. For isotropic turbulence, the ratio of the transverse and

E (m 2 s -1 )
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Figure 4.5: (a) Energy spectra Euu and Eww for turbulence stirred with time series I
at T g /T . (b) Same as (a), but now stirred with time series II. (c) Small scale isotropy
4/3 − Cww /Cuu as a function of T g /T . The constants Cuu and Cww were determined
by fitting the spectra over the grayed intervals.

longitudinal spectra in the inertial range satisfies Eww /Euu = 4/3. The spectra for case I, II are shown in Fig. 4.5. The small scale anisotropy was determined by fitting the longitudinal spectrum Euu (f ) = Cuu f −5/3 , and similarly
for the transverse Eww in the inertial range, and computing 4/3 − Cww /Cuu ,
which vanishes in the case of isotropic turbulence. As Fig. 4.5(c) illustrates,
the increase of the small–scale anisotropy with increasing T g /T , shows a similar behavior as that of the large–scale anisotropy.
The dependence of the energy dissipation ǫ on the relative time scale T g /T
is shown in Fig. 4.4(c). Clearly, the optimum energy input into turbulence is
reached when the time scales of the random time series from the GOY model
match the experimental integral time, T g /T = 1. This resembles the case
of purely periodic forcing where for some periodic modes, the dissipation
displays a resonant enhancement when the stirring frequency matches the
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large–eddy turnover rate [13].
The energy dissipation, peaking at T g /T = 1, is also maximal for a cut-off
wave index n = 4. This behavior can be understood from the spectral energy
cascade. For n = 2, the smallest wavenumber index beyond the forced one
n = 1, two adjacent grid cells are moving uncorrelated. At n = 4, these
grid cells are incoherent on a scale k4 , which implies approximate coherence
on a scale k2 as the energy on scale k4 has dropped by a factor 45/3 ≈ 10.
This implies that two halves in one direction of the grid are now moving
incoherently, resulting in shear layers that have the extent of a few times the
integral length scale and a large energy input. At even larger n, the entire
grid moves coherently, with small variations at the higher shell numbers. No
shear layers result and now the grid is choking the entire wind–tunnel flow
at random times.
A key question is how the statistics of the stirred turbulence is affected
by a large mismatch with the stirring scale, in particular if we could endow
large–scale turbulence with small–scale statistics. The remarkable answer to
this question is illustrated in Fig. 4.6(a)-(b), which show probability density
functions of longitudinal velocity increments at integral scale, r/η = 1200
and dissipative scale r/η = 8 for the two stirring time series I and II with
T g /T = 1.4, and 45, respectively. At the largest separation r/η = 1200, the
PDF’s are compared to Gaussians with the same ∆urms = h(∆u)2 i1/2 . At
T g /T = 22 the integral scale PDF strongly deviates from a Gaussian, and
displays the near–exponential tails that are characteristic for inertial–range
intermittency.
Isotropic turbulence at large Reynolds numbers should satisfy the exact
relation for the third–order structure function

4
G3 (r) = − ǫ r.
5

As Fig. 4.6(c) illustrates, this relation holds well for the time series I, with
nearly–matched integral time scales T g /T = 1.4, while the extreme case II
does not even show an inertial range. While the flow of case II displays highly
intermittent behavior, it is not fully developed turbulent.
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Figure 4.6: (a, b) Full lines show probability density functions of longitudinal velocity
increments at integral scale, r/η = 1200 and dissipative scale r/η = 8. The dashed lines
are Gaussians P (x) = π −1/2 exp(−x2 ) with x = ∆u/∆urms . (a) For time series I, at
T g /T = 1.4, (b) for time series II at T g /T = 45. (c) Third–order structure function
for the case I, II. For case I it is compared to the Kolmogorov prediction G3 = −(4/5)ǫr
(dashed line).

4.7 Conclusion
We have shown that in stirring turbulence with an active grid, not just the
distribution of the random numbers that drive the grid matters, but also their
correlation properties.
To generate these random numbers, we have used the GOY model. The
solutions of this model have several properties which went unnoticed up till
now. First, the model only produces inertial–range scaling at small viscosities. Already at ν = 10−5 , the scaling is absent. Therefore, the length scales
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of this model cannot be easily tuned using the viscosity. Second, as Fig. 4.2
illustrates, the time series of the velocity appear unphysical. Clearly, the common statistical properties of the velocity field, such as structure functions and
probability density functions, do not capture the visual difference between
experimental and model time series of velocities.
However, the GOY model produced random numbers with properties
that can be expressed in terms of turbulence quantities, such as the integral
and dissipative time scales. This allowed us to stir wind–tunnel turbulence
with or without matched time scales.
We reach the remarkable conclusion that turbulence needs to be stirred
with random numbers whose integral time and length scales match that of
the wind–tunnel flow. Large mismatches lead to interesting statistics of the
velocity increments in the wind tunnel, but the small–scale velocity statistics
no longer satisfy the fundamental Kolmogorov relation: turbulence can not
be fooled.

Chapter

5

Periodically modulated
turbulence1

5.1 Abstract
We periodically modulate a turbulent wind–tunnel flow with an active grid.
We find a resonant enhancement of the mean turbulent dissipation rate at a
modulation frequency which equals the large-eddy turnover rate. Thus, we
find the best frequency to stir turbulence, that is: the optimum frequency to
inject the most energy in a turbulent flow. The resonant response is characterized by the emergence of vortical structures in the flow and depends on
the spatial mode of the stirring grid.
1

This chapter is based on publication(s):
H.E. Cekli, C. Tipton, W. van de Water, Physical Review Letters, 105, 044503, 2010.
H.E. Cekli, W. van de Water, to be submitted to Physical Review E.
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5.2 Introduction
Many turbulent flows are subject to periodic modulation. Examples include
the flow in an internal combustion engine, the pulsatile blood flow through
arteries, and geophysical flows driven by periodic tides. When the modulation is slow, the turbulence will adjust adiabatically; but when the modulation period comes close to an internal timescale of the flow, the turbulence
may resonate with the modulation. Such a timescale may be the large-eddy
turnover time, or the time needed to for the injected energy to cascade down
to scales where viscosity reigns. The possibility of a resonance is intriguing,
as one may object that turbulence does not have a single dominant timescale,
but a continuum of strongly fluctuating times.
Evidence for such resonant response of turbulence came from simple turbulence models and from direct numerical simulations [6; 50; 51; 101; 102].
The turbulence response in these studies, which have inspired the present
study, was quantified by a shoulder at modulation frequency fm = fr in the
−1 . The resonance curve
response curve, after which the response decays as fm
fr was close to the large-eddy turnover rate. In all these studies, the response
was quantified through a conditional average at the driving frequency. This
is similar to, but not the same as the spectral energy of a quantity at the driving frequency, which would have demanded prohibitively long integration
times.
Von der Heydt et al. [101] used a mean-field theory in order to analyze the
response of the turbulence on time-periodic modulations. In their analysis,
the flow is forced through a time-dependent modulation of the energy input
rate on the large scales; the modulation is transported down the energy cascade and dissipated by viscous effects. They assumed that the time needed to
cascade the injected energy down to the smallest scales is approximately the
large-eddy turnover time τL of the flow. In their computations, the response
is constant for driving frequencies ω smaller than the large-eddy turnover frequencies τL−1 , and drops as ω −1 for ω > τL−1 . This decay is marred by sharp
spikes at multiple of τL−1 .
The mean-field theory neglects turbulent fluctuations so that the spikes
in the response curve could survive. In a subsequent paper, two cascade
models, namely the Gledzer-Ohkitani-Yamada (GOY) and the Reduced Wave
Vector set Approximation (REWA) models were use to simulate periodically
driven turbulence [102]. These turbulence shell models are designed to rep-
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resent the turbulent energy cascade from small to large wavenumbers, but
lack detailed spatial information about the flow2 . In the simulations of von
der Heydt et al. [102] the sharp spikes in the response were washed out by
the fluctuations, with a response maximum now showing as a break in the
response curve at ω = τL−1 .
The most suitable - but also most expensive - way of studying the problem computationally is through Direct Numerical Simulation (DNS) of the
Navier-Stokes equations (NS). Kuczaj et al. solved the NS numerically for
time-modulated large-scale forcing in a periodic-flow domain using a pseudospectral code [50; 51]. The spectral form of the NS equations was complemented with a periodic forcing term and solved for various amplitude values
and types of forcing. For the harmonically forced case the authors observed
a response maximum at the large-eddy turnover rate and linearly decreasing response beyond this frequency. More particularly, the authors investigated changes in the response when the forcing parameters were varied. It
was found that the response depends strongly on which wavenumbers were
forced, thus illustrating the importance of the spatial structure of the stirrer.
A numerical study of modulated turbulence using the Eddy Damped
Quasi-Normalizied Markovian (EDQNM) spectral closure was carried out
by Bos et al. [6]. They showed that the energy cascade acts as a low-pass filter which damps high-frequency oscillations. They evaluated the capabilities
of finite dimensional models to study modulated turbulence and concluded
that such models are not good enough to describe the problem adequately.
The first experimental evidence for a response maximum was found by
Cadot et al. [9] in a turbulent flow between two counter-rotating disks whose
rotation rate was varied harmonically. This closed flow allows a direct measurement of the energy input rate, but the information obtained about the
flow field was quite limited. They found that the response of the local velocity depends in a complicated fashion on the driving frequency, with its
phase set by the advection of the modulation into the central flow region.
The behavior of the frequency-selective response was identified as a resonance effect, but the influence on the global energy injection rate was a mere
2.5%. More recently, Jin and Xia performed experiments on periodically modulated turbulent Rayleigh-Bénard convection and observed a 7% increase in
the Nusselt number when the modulation period is close to half the large2

An extensive discussion of the GOY model can be found in Chapter 4.
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5.3 Experimental setup
In this chapter we present the results of an experiment in which turbulence in
a wind tunnel is modulated with an active grid which allows us to modulate
the flow in space and time. Stirring of turbulence acts through the spatiotemporal structure of the flow and it is crucial to be able to change the spatial
structure of the stirrer and at the same time to characterize the spatial dependence of the turbulent response. Our experiment involves an open flow
which is closely connected to numerical simulations that employ periodic
boundary conditions. We will in particular be interested in the mean rate of
energy dissipation ǫ. This contrasts the response of the flow at the driving
frequency, to which numerical studies were limited [6; 50; 51; 101; 102]. The
dependence of ǫ on the stirring frequency is important for the practical question what the preferred frequency is with which to stir turbulence in order to
optimize the energy input.
Active grids, such as the one used in our experiment, were pioneered by
Makita [59] and consist of a grid of rods with attached vanes that can be rotated by servo motors. The properties of actively stirred turbulence were further investigated by Mydlarski and Warhaft [63] and Poorte and Biesheuvel
[69]. Active grids are ideally suited to modulate turbulence in space-time
and offer the exciting possibility to tailor turbulence properties by a judicious
choice of the space-time stirring protocol [13].
We employ periodic modulations on the flow by cycling down a timeperiodic grid pattern. With a given initial pattern (initial phases of rods)
and given constant frequency and direction for each rod, a time-periodic
grid pattern will be generated. Our grid has mesh size 0.1 m and consists
of 17 axes whose instantaneous angles αi (t), i = 1, . . . , 17 are set to αi (t) =
π fmi t + ϕi , fmi = ±fm , where fm is the modulation frequency and where
the phases ϕi , i = 1, . . . , 17 and the sign of fmi determine the spatial pattern
of the time-periodic grid. The control of the angles is such that all αi (t) are
prescribed precisely and remain perfectly synchronous over the used integration times (many hours). In turbulence stirred by static grids, the grid
transparency S is a key parameter, for example, the classic work by ComteBellot and Corrsin concluded that the anisotropy of the velocity fluctuations
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was smallest for S = 0.66 [18]. The grid transparency is defined as the ratio
of open to total area in a stream-wise projection of the grid. Therefore we
will characterize the grid state, by the time-dependent grid transparency S(t)
which follows from the angles αi (t); S(t) is a periodic function with period
1/fm .
For periodic stirring, the grid controllers which determine the angles αi (t)
run autonomously but all angle information is provided at a frequency of
Fs = Ts−1 = 500 Hz; it is sampled synchronously with the turbulent velocities, so that both quantities can be time-correlated. The precise timing
arrangement allows phase-sensitive averaging of the measured turbulence
quantities.
The active grid is placed in the 8 m long experimental section of a recirculating wind tunnel. Turbulent velocity fluctuations are monitored at a
distance x1 = 4.62 m downstream from the grid using an array of hot-wire
anemometers. In the coordinate system where the x−axis points in the direction of the mean flow and where the y−axis is parallel to the long side of the
wind-tunnel cross-section (see Fig. 5.1), the turbulent velocity field is represented by the measured x−component of the velocity u(y, t) at 10 different
y−positions, y = yi , i = 1, . . . , 10. Each of the locally manufactured hot wires
had a sensitive length of 200 µm, which is comparable to the smallest length
scale of the flow (the measured Kolmogorov scale is η = 190 µm). They were
operated at constant temperature using computer controlled anemometers
that were also developed locally. A schematic of the experimental set-up is
given in Fig. 5.1.
Each experiment was preceded by a calibration procedure in which the
voltage to air velocity conversion for each wire was measured using a calibrated nozzle. The resulting 10 calibration tables were updated regularly
during the run to allow for a (small) temperature increase of the air in the
wind tunnel. The signals of the sensors were sampled exactly simultaneously at 20 kHz, after being low–pass filtered at 10 kHz. At each modulation frequency, time series were acquired that typically contained 2 × 106
integral scales. Simultaneous with the wind velocity data, the angles of the
grid were registered so that the correlation between the grid and the turbulence could be computed. The typical mean velocity in our experiments is
U = 9 ms−1 , the fluctuating velocity u = 1 ms−1 , while a typical Reynolds
number Reλ = 500 resulted in fairly sized inertial range.
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Figure 5.1: (a) A photograph of the active grid. (b) Schematic drawing (not to scale)
of the experimental arrangement. Measurements of the instantaneous u and v velocity
components are done at x1 = 4.6 m downstream of the grid. At this separation, a regular
static grid would produce approximately homogeneous and isotropic turbulence.

Our active grid can be used to impose a large variety of patterns, but they
are subject to the constraint that a single axis drives an entire column or row
of vanes. In Fig. 5.2 we show the snapshots of a time-periodic grid spatial
mode that produced the results described in this study. The phase-sensitive
average of the turbulent velocity shown in Fig. 5.2(c) demonstrates that at
very low modulation frequencies, the wind follows approximately adiabatically, while at large fm the turbulence can no longer follow the modulation.

5.4 Resonance enhancement of turbulent energy dissipation
We quantify the response of the turbulent flow in several ways. Most straightforwardly, we measure the time-averaged energy dissipation rate ǫ as a function of the modulation frequency fm . As the small-scale dissipation rate
equals the energy input per unit of mass and time, measuring its modulation
frequency dependence can answer the question whether there is an optimum
frequency to stir the flow. Next, we will study time-dependent quantities at
the modulation frequency.
Assuming isotropy, the (pseudo-) energy dissipation rate ǫ(t) was inferred
from a single derivative, ǫ(t) = 15νh(∂u/∂x)2 iy , where a spatial average was
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y
z
i

Figure 5.2: (a) Snapshots of one period of a time-periodic grid mode. This spatial mode is
realized by a particular choice of the initial grid phases ϕ. The grid fills the 0.7 × 1.0 m2
cross-section of the wind tunnel. (b) One period of the transparency S(t) of the grid, the
dots correspond to the snapshots in (a). (c) Full line: phase-averaged response at modulation frequency fm = 1 Hz (slow modulation), dashed line at 10 Hz (fast modulation).

done over the extent in y of the probe array. Taylor’s frozen turbulence hypothesis was used to infer the spatial separation x from time delays through
x = U t, with U the mean velocity. Thus, the energy dissipation rate is computed as ǫ = 15νh(∂u/∂t)2 iy /U 2 , where an additional average is done over
the sample time Ts of the grid state. We are interested in the time dependence
of ǫ(t) on the time scale of the modulation, which is two orders of magnitude
slower than the turbulence time scales that contribute most to ǫ. We have
also computed the time-averaged hǫit from the measured energy spectrum,
E(k) = cK ǫ2/3 κ−5/3 , with the Kolmogorov constant cK = 0.53 [67; 90].
A typical trace of ǫ(t) with the grid driven at f = 4 Hz is shown in Fig. 5.3,
together with the periodic grid transparency. Although the periodic modula-
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tion can hardly be traced in ǫ(t), the normalized correlation Cǫ (τ ) has amplitude ≈ 0.3.
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Figure 5.3: (a) Plot of ǫ(t) with the grid driven at fm = 4 Hz. The dissipation rate ǫ(t)
is low-pass filtered at 5 × 102 Hz (83η). (b) Grid transparency S(t).

More detailed information about the response of turbulence can be obtained from the normalized correlation of the grid state S(t) and the turbulent
velocity u(t),
hS(t)u(t + τ )i − hSihui
Cu =
(5.1)
(hS 2 i − hSi2 )1/2 (hu2 i − hui2 )1/2
or the correlation of the grid state and the instantaneous energy dissipation
rate,
hS(t)ǫ(t + τ )i − hSihǫi
.
(5.2)
Cǫ =
(hS 2 i − hSi2 )1/2 (hǫ2 i − hǫi2 )1/2
As we are measuring the fluctuating velocity at 10 spatial locations simultaneously, also the correlations Eq. 5.1 and Eq. 5.2 can be determined for these
locations. In all cases we take the spatial average over y of these correlations.
In numerical simulations, the modulation and turbulent response spatially coincide. However, this is not so in the experiments where a mean
wind advects the modulation. In our case this leads to a trivial convective
time delay τc = x1 /U . From the zero-crossings at τ0 of the correlation function, the relative phase between the periodic stirring and the turbulence can
then be determined as ϕ = 2π fm (τ0 − τc ). In Fig. 5.4, as an example, the correlation function is given for fm = 6 Hz and the relative phase ϕ/2π = τ0 /T
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Figure 5.4: (a) The correlation function between the grid state and the measured velocity
fm = 6 Hz. (b) The correlation function between the grid state and ǫ, fm = 6 Hz. The
dot indicates the zero-crossing which defines the time delay τ0 .

is indicated. Of course, as the driving is periodic, the phase is only defined
modulo 2π. Practically we define τ0 as the first rising zero-crossing of the
correlation function since the (arbitrary) τ = 0. In this study we measure the
dependence of the phase ϕ on the modulation frequency fm . Clearly, when
fm is increased the phase evolves more and more rapidly during the wind
tunnel convection time τc and τ0 /T may jump by 1. These jumps were traced
through incrementing fm in small steps.
The frequency dependence of the mean dissipation rate ǫ and the phase
lag ϕ between ǫ(t) and the grid state S(t) is shown in Fig. 5.5. There is a
clear resonant increase in the dissipation rate at f = 6 Hz. Earlier studies
- both numerical [6; 50; 51; 102] and experimental [9; 42] - have only shown
evidence for a resonant response at the stirring frequency. However, Figure
5.5, demonstrates a resonant response in a time-averaged quantity. This directly answers the question of whether there is an optimum frequency to stir
turbulence. By measuring the phase lag ϕ between ǫ(t) and the grid state
S(t) we find that the resonance is accompanied by a phase jump ≈ π/2, as is
demonstrated in Fig. 5.5(b). The observation of this resonance with its companion phase shift has been anticipated by numerical simulations, but the
effect that is measured here is much stronger; it is observed in an averaged
quantity, and not only in the response at the modulation frequency. There is
a simple relation between the phase averaged velocity shown in Fig. 5.2(c)
and the correlation function between the periodic grid state and the velocity
shown in Fig. 5.4(a). This is most readily appreciated by considering the frequency spectra of these two quantities. While the Fourier transform of the
P
phase average is the sum ∞
e(m/T ) of the Fourier transform of the
m=−∞ u
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velocity restricted to multiples of the modulation frequency, these are multiplied by the harmonics of the driving S(t) in the Fourier transform of the
correlation function. Therefore, the spectrum contains information that can
also be found in the phase average and the correlation function, however the
last two quantities have additional phase information.
2.5
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(a)

2 -3

ε (m s )

3
2

2
1
00

2

4

6

8 10
fm (Hz)

1.50

2

4

6

8 10
fm (Hz)

Figure 5.5: (a) The mean dissipation rate ǫ. There is a clear peak at 6 Hz in this timeaveraged quantity. (b) Relative phase between the grid state S(t) and the turbulent
velocity u(t). The mean velocity is U = 9 ms−1 . At resonance, fm = 6 Hz the phase
jumps by ≈ π/2.

As has been suggested in [6; 50; 51; 101; 102], the resonant response would
be at the large-eddy turnover frequency. Therefore, the experiment was repeated at other turbulent velocities, corresponding to different large-eddy
turnover times TL . The large-eddy turnover time is defined as TL = L/u,
with u being the turbulent velocity and L the integral length scale. The integral length scale is defined as the integral over the (normalized) correlation
function,
Z ∞
hu(t + τ )u(t)i
E(f = 0)
LL = U
dτ = U
,
(5.3)
2
hu i
2hu2 i
0

with the energy spectrum E(f ) = h|ũ(f )|2 i. The farmost right equality is
trivial for a velocity measured at one location yi . In our computation of the
integral scale we average both the spectrum E(f ) and the mean square veR∞
locity hu2 i = 0 E(f )df over spatial locations. Typical spectra are shown
in Fig. 5.6(a). At each spatial location yi the spectrum is flat at low frequencies, which is characteristic of one-dimensional spectra, and exhibits a clear
inertial range. All spectra are marred by sharp spikes at fm and its higher
harmonics; the height of these spikes depends on yi . For the computation
of the integral length Eq. 5.3 we disregarded the contribution of these spikes
to the mean square velocity u2 . Although the velocity correlation function
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hu(t + τ )u(t)i is oscillatory, the integral scale in Eq. 5.3 is well-defined and we
find that L = 0.2 ∓ 0.02 m, and is almost twice the grid mesh size, which is
typical for active grids [63].
b

Figure 5.6: (a) Energy spectra E(f, yi ) at the probe positions yi , i = 1, . . . , 10. The
grid modulation frequency is fm = 5 Hz. y = 0 refers to the center of the wind tunnel
cross-section. (b) The response is defined as the ratio of the energy in the peaks A at fm ,
and 2fm , divided by the total energy A + B.

The transverse integral length scale was inferred from a true spatial correlation function C(r) at discrete separations r = yi − yj , i > j using the spatially extended probe array. As C(r) had not yet returned to 0 over the extent
RR
of the array, the upper limit in the integral defining LT , LT = 0 CT (r)dr
was taken to be the first zero of CT (r). In Fig. 5.7(a) the longitudinal and
transverse integral scale is given as a function of modulation frequency. In
isotropic turbulence the transverse integral scale must be half the longitudinal scale [70]. This is only approximately true for our experiments because of
the slightly different definition of LT .
A plot of the mean energy dissipation rate ǫ as a function of the reduced
modulation frequency fm TL is shown in Fig. 5.7(b). With TL ranging from 0.2
to 0.75 s, we conclude that the response maximum occurs at a fixed reduced
frequency fm TL ∼
= 1.5.
Let us now consider a measurement of the response in a manner that resembles that used in numerical simulations [6; 50; 51; 101; 102] and other experiments [9]. In Fig. 5.6(a) we show measured energy spectra E(f, yi ) at the
location yi of the velocity probes. All spectra display a well-developed iner-
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Figure 5.7: (a) The longitudinal and transverse integral length scale. The longitudinal
integral length scale should be twice as much the transverse one in isotropic turbulence
[70]. (b) The mean dissipation rate ǫ as a function of the dimensionless modulation
frequency fm TL . The modulation frequency is normalized with the large-eddy turnover
time TL = LL /u. The vertical axis of the curves at U = 6 ms−1 , and 4 ms−1 has been
normalized to that of U = 9 ms−1 .

tial range behavior that is the same for all vertical positions. They are marred
by spikes at the modulation frequency and its harmonics whose height decreases for increasing driving frequency fm , but in a way that depends on y.
The turbulent energy in these spikes defines the frequency-selective response
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Figure 5.8: (a) Frequency dependence of the response, given for the dimensionless frequency TL fm . (b) Spatial dependence of R(fm , y) at modulation frequencies that straddle the resonance.

at a particular frequency (modulation frequency) as
R
peaks E(f, y) df
atkfm
R
, k = 1, 2, . . . ,
R(fm , y) =
∞
0 E(f, y) df

(5.4)

which is the ratio of the energy in the peaks at the harmonic frequencies kfm
to the total energy. The numerator in Eq. 5.4 was estimated from the area un-
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der Gaussians that were fitted to the corresponding peaks in the energy spectrum. In our measurement of the response we take the energy in the first two
harmonics k = 1, 2; the energy in the higher harmonics contributes relatively
little, as can be seen in Fig. 5.6(a). The frequency dependence of the spatial
average Ra of R(fm , y), Ra (fm ) = hR(fm , y)iy , and the spatial dependence
of R(fm , y) are shown in Figure 5.8(a), and 5.8(b), respectively. The response
Ra (fm ) rapidly decreases for frequencies beyond the large-eddy turnover frequency TL−1 . Both numerical simulations [6; 50; 51; 101; 102] and other experiments [9] find an amplitude response that decays with frequency as 1/fm ,
−2 ; our results roughly follow this
for our definition this implies R(fm ) ∼ fm
trend.
Figure 5.8(b) shows that the spatial structure of the response R(fm , y)
changes as the driving frequency moves through resonance and a π/2 phase
jump occurs. We emphasize that the strong frequency dependence of the profile of R(fm , y) only shows in the response, all other mean quantities such as u
and ǫ are independent of y. For other spatial modulation patterns a resonant
response was found, but no change of its spatial structure, and no sizeable
phase jump. We therefore conjecture that phase jumps are associated with a
change of the spatial structure of the response.
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Figure 5.9: (a) Phase-averaged velocity and, (b) phase-averaged turbulent fluctuating
velocity at different modulation frequencies. (c) Decay of the amplitude of the phaseaveraged velocity as a function of reduced frequency; the amplitude has been divided by
that at 1 Hz.

The phase averaged turbulence velocity, such as shown in Fig. 5.2(c) is
made up by all harmonics of the driving frequency, therefore, the amplitude of the phase average is proportional to the square root of the response
R(fm , y), up to a scale factor which is related to the turbulence intensity. The
phase averages of the velocity and the fluctuating velocity are given in Fig.
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5.9(a) and (b), respectively. Clearly, both of these averages become insensitive to the stirrer at higher frequencies. Indeed, the amplitude of the phase
average shown in Fig. 5.9(c) bears a striking resemblance to Fig. 5.8(a).
We have repeated these experiments at different downstream locations in
the wind tunnel and observed the same frequency-dependent behavior of the
response functions. Figure 5.10 shows the decay of turbulence intensity u and
the measured energy dissipation rate ǫ as a function of x1 /M . As documented
by Comte-Bellot and Corrsin the decay rate of the turbulence intensity in a
wind tunnel can be given as u2 = U 2 A(x1 /M )−n , where x1 measures the
distance to the grid [18]. The values of the coefficient A and the exponent n
depend on the geometry and the Reynolds number of the flow. In our experiments we found A = 0.805 and n = 1.07 which are comparable to the those
of found by Mydlarski and Warhaft as A = 1.23 and n = 1.21 for their activegrid generated turbulence. When the spatial decay of the turbulent velocity
u is viewed as a temporal decay through invocation of Taylor’s hypothesis,
the energy dissipation should decay as ǫ(x1 ) = −(nU 3 /M )A(x1 /M )−(n+1) . A
comprehensive report on the decay of turbulence generated by a static grid
can be found in [18] and in the textbook [70]. As shown in Fig. 5.11(a) the resonant enhancement of the energy dissipation rate occurs at different downstream locations of the stirrer in the wind tunnel at the same non-dimensional
frequency. The vertical axis in Fig. 5.11(b) has been compensated for the decay of the turbulence. The frequency selective response is also independent
of the downstream location as can bee seen in Fig. 5.11(c).
So far, we have focused on large-scale turbulence quantities, with the turbulent structure at small scales parametrized by the energy dissipation rate.
In this way, the resonance phenomenon can be viewed as acting at large scales
only, with the small-scale structure following the energy input. A key question is whether the small-scale structure of turbulence is affected directly by
the resonance. Indirect evidence for such a dependence was found in experiments by [54]. We have studied the behavior of small-scale velocity increments and structure functions when the modulation frequency is scanned
across a resonance. In most other experiments, velocity increments across a
separation r, u(x + r) − u(x), are inferred from a measurement of a time series
of a single point, and translating temporal increments into spatial ones using
Taylor’s frozen turbulence hypothesis. In our experiments this is not possible
because the temporal modulation would affect the spatial separations. There-
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Figure 5.10: (a) A typical decay of u together with the power-law (the dashed line,
u2 = U 2 A(x1 /M )−n , A = 0.805, and n = 1.07) for the decay of turbulence in a wind
tunnel. (b) Decay of the energy dissipation rate together with the power-law (the dashed
line, ǫ(x1 ) = −(nU 3 /M )A(x1 /M )−(n+1) ) for the decay of the energy dissipation rate.
The modulation frequency is fm = 6.0 Hz and the mean velocity is U = 9.0 ms−1 .

fore, we measured the statistics of true spatial increments u(yi ) − u(yj ). The
probability density functions (PDF’s) of velocity increments at r/η = 8 and
r/η = 1.3 × 103 are shown in Fig. 5.12(a) for 3 modulation frequencies which
straddle the resonance at fm = 6 Hz at the mean velocity of this experiment
U = 9 ms−1 Hz. No significant change of the shape of the PDF’s is observed.
Therefore we conclude that the resonant response does not affect the smallscale structure of the modulated turbulence. The second-order transverse
structure function G2 (r) for two modulation frequencies straddling the resonance is shown in Fig. 5.12(b). Indeed, the only significant change occurs
at the large scales. Therefore we conclude that the response maxima involve
large turbulent scales only, and affect inertial-range behavior only indirectly
through the energy dissipation rate. This behavior can be parametrized by
modeling the structure function as G2 (r) = rζ2 (1 + r/L′ )−ζ2 , where the scaling exponent is ζ2 = 0.69 and L′ is an effective integral scale. As Fig. 5.12(c)
demonstrates, this length scale substantially decreases when the modulation
frequency moves through the resonance.
The phase averaged probability density functions of velocity increments
given in Fig. 5.13 for three modulation frequencies of fm = 1.0, 6.0 and 10.0
Hz together with the phase averaged energy dissipation rate. The PDF of
velocity increments are independent of the modulation frequency and the
phase of the stirrer.
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Figure 5.11: Response functions as a function of the reduced frequency at different
downstream locations (x1 = 3.6, 4.6, 5.6 m) in the wind tunnel. (a) Time-averaged
energy dissipation rate ǫ, the maximum occurs at the same reduced frequency but the
magnitude is higher when closer to the stirrer. (b) The ǫ corresponding to x1 = 4.6 and
5.6 m has been been compensated for the decay of turbulence. (c) Frequency selective
response is independent from the distance to the stirrer.

5.5 Spatial structure
So far, we have analyzed a particular grid mode with its transparency pattern
shown in Fig. 5.2. However, it must be realized that the time and spacedependent transparency does not uniquely determine the motion of an active
grid. In fact, the sequence of patterns shown in Fig. 5.2(a) can be realized
with different rotation senses of the axes. With the restraint that neighboring
axes run in opposite directions, there are 3 different ways to make Fig. 5.2(a),
these modes are designated as mode A, B and C. With respect to mode A,
the rotation of the vertical axes in mode B are reversed, while in mode C
the rotation direction of both horizontal and vertical axes is reversed. So far,
we have shown the results of operating the grid in mode A. As it can be
seen in Fig. 5.14 the other modes B and C have resonances that are much less
pronounced, and occur at lower frequencies. Clearly, its transparency does
only partially characterize the action of the grid, and details of the stirrer
matter. The turbulence characteristics of the three distinct modes are listed in
Table 5.1. It appears that the mean energy dissipation rate ǫ in mode A is the
largest. Its frequency dependence is shown in Fig. 5.14; the two modes B and
C have a small response maximum at reduced stirring frequency fm TL ∼
= 2.5,
however, the response maximum is much less pronounced than the one for
mode A.
While the behavior of the energy dissipation rate is very different for the
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Figure 5.12: (a) Probability density function of transverse velocity increments for
∆r/η ≈ 8 and ∆r/η ≈ 1300 at modulation frequencies fm = 3.0 Hz, fm = 6.0
Hz and fm = 10.0 Hz. (b) Second-order structure function G2 (r) at modulation frequencies fm = 4.0 Hz and fm = 8.0 Hz. (c) Effective integral scale L′ determined by fit
of G2 (r) = rζ2 (1 + r/L′ )−ζ2 as a function of non-dimensional modulation frequency.
U (ms−1 )
u (ms−1 )
u/U (%)
ǫ (m2 s−3 )
λ (m ×10−3 )
η (m ×10−4 )
LL (m)
Reλ
τ (s)

mode A
9.0
1.03
12
2.71
5.7
1.9
0.22
392
0.22

mode B
9.0
0.8
9
1.55
7.7
2.2
0.17
412
0.22

mode C
9.0
0.8
9
1.6
7.7
2.2
0.17
420
0.21

Table 5.1: Turbulence characteristics of mode A, B, and C, the modulation frequency is
fm = 6.0 Hz at x1 = 4.6 m.

three different grid modes, the response functions are very similar. The frequency dependence of the spatial average Ra of R(fm , y), Ra (f ) = hR(fm , y)iy
versus the reduced frequency is shown in Fig. 5.15. Similar to the response
function of mode A, those of modes B and C depend on the reduced frequency only.

The numerical simulations of modulated turbulence in simple shell models [102] which inspired the present study, show an amplitude response which
is constant for frequencies smaller than fm TL = 1, followed by a decrease
(fm TL )−1 , for the response R this would imply R ∼ (fm TL )−2 . In order to see
if our results fit this prediction, they were collected in Fig. 5.16. The overall
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Figure 5.13: Probability density functions of velocity increments at different phases,
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energy dissipation rate at different modulation frequencies.

behavior of the response roughly follows the prediction, but details such as
the particular grid mode obviously matter.
Scans of the turbulent velocity for modes A, B, and C at two modulation
frequencies are shown in Fig. 5.17. At low modulation frequencies, the profiles of the turbulent velocity for the 3 modes are very similar, however, at
the response maximum of mode A, the corresponding profile strongly differs
from that of the other modes.
Both the spatial dependence of the response R(fm , y) in Fig. 5.8(b) and its
dependence on the spatial structure of the stirring grid suggest that the resonant enhancement of the turbulence energy input proceeds through spatial
structures of the velocity field. To map out the spatial response to modulation
we have used particle image velocimetry.
Velocity measurements were done in a 0.6 × 0.5 m2 region with a twodimensional PIV system (see Fig. 5.18). We used smoke particles as flow tracers and illuminated them by a laser sheet in the x − y plane centered in the
wind tunnel. The measurement plane is overlapped with the hot-wire measurements location so that we could cross-check PIV and hot-wire measure-
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Figure 5.15: Frequency selective response as a function of the reduced modulation frequency for various mean velocity values. (a) mode A. (b) mode B. (c) mode C.

ments. A Kodak ES2020 CCD camera (12 bit, resolution: 1600 × 1200, pixel
size: 7.4 µm) is used together with a 50 mm Nikon lens. A Quantel CFR200
Twins Nd:YAD laser (energy: 200 mJ/pulse, 532 nm) was pulsed at 30 Hz.
The camera was placed outside the tunnel and recorded the flow through a
transparent window. Particle images were analyzed using PIVTEC PIV view
software.
Our interest is in large-scale structures that may be excited by periodic
grid motion. As any structures would be washed away by long-time averaging, the acquisition of the images was synchronized with the periodic
modulation of the grid. In this way, phase-sensitive averages could be done.
An optical sensor was placed in front of an axis of the grid that gives a signal at a particular axis angle. This signal was used to initialize the laser and
camera to ensure that PIV images are taken at particular grid phase. Therefore, PIV image pairs were taken each period of the grid, which enabled us
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Figure 5.17: The measured fluctuating velocity profiles in the wind tunnel for the modes
A,B and C. (a) Modulation frequency fm = 1.0 Hz. (b) Modulation frequency fm = 6.0
Hz (response frequency for mode A).

to compute the phase-averaged velocity field. When a PIV image was taken,
a signal was sent to the grid controller and recorded in the grid state file. The
precise timing was aided by simultaneously recording the grid state and the
laser synchronization pulses.
In PIV the velocity field is averaged over interrogation windows. The
size D of the these windows is larger than the size of the smallest eddies.
In our experiments D/η ≈ 53, so that the energy dissipation which involves
gradients on the scale of η can not be estimated directly from our measured
velocity fields. Assuming a universal relation between the unresolved and
resolved gradients, such as is usually done in Large Eddy Simulation, Sheng
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Figure 5.18: A schematic drawing of PIV experiments in the wind tunnel. PIV snapshots taken in a 0.6 × 0.5 m2 region are synchronized with the grid state.
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Figure 5.19: Comparison of PIV measurements to hot-wire point measurements of the
modulated velocity field for mode A at modulation frequency fm = 6.0 Hz. (a) Mean
velocity profile (normalized to the central velocity Uc ). (b) Energy dissipation rate obtained from the velocity field using the method of [83] to approximately correct for the
finite resolution of the PIV velocity field.

et al. proposed a trick3 to estimate ǫ from the PIV measurement [83]. This
method was successfully applied by Hwang and Eaton in their experiments
with a small mean flow in a turbulence chamber [36], and in another work it
was compared to the other ǫ estimation techniques such as a fit to structure
3

An extensive discussion of this technique can be found in Chapter 2.
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Figure 5.20: Phase-averaged velocity fields at 3 modulation frequencies for the phase i
indicated in Fig. 5.2(b). The first row from the top: mode A, U = 6 ms−1 , and fm =
1.0, 3.0 and 6.0 Hz from left to right. The rest is given for mean velocity value U =
9 ms−1 , and modulation frequencies fm = 1.0, 6.0 and 10.0 Hz from left to right. Second
row: mode A, third row: mode B and the forth row: mode C.

functions, a fit to measured spectra and scaling arguments [24]. We adapted
this method to obtain a two-dimensional distribution of the dissipation rate.
In Fig. 5.19 our PIV measurements are compared to hot-wire point measurements. The velocity profile and the estimated energy dissipation rate are in a
good agreement with the hot-wire measurements.
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The phase averaged velocity fields are given in Fig. 5.20 for modes A,
B, and C for three different modulation frequencies. The ’grey’ scale in this
figure depicts the squared mean vorticity field hωz i2 = h∂v/∂x − ∂u/∂yi2
and the arrows indicate the phase-averaged velocity field (mean velocity was
subtracted). The mean wind velocities and frequencies chosen are such as to
demonstrate the resonance for the velocity field. For mode A we show two
velocities U but choose modulation frequencies fm such that at resonance (the
center column) fm TL = 1.5. The other two columns show the velocity field at
much smaller and much larger frequencies. Clearly, at the resonant frequency
of mode A there is a clear vortical structure which spans approximately the
integral length scale. This vortical structure is not observed at the other frequencies. In the following two rows velocity fields are given for mode B and
C at a mean velocity of U = 9 ms−1 . These modes do not display a strong
resonant enhancement of the dissipation rate (Fig. 5.14) and accordingly lack
marked vortical features of the phase-averaged velocity field. A single phase
is shown in Fig. 5.20. Other phases are accessible since the laser fires a double
exposure pulse at 30 Hz, which is a larger frequency than the maximum grid
frequency.

5.6 Conclusion
We have found a resonant enhancement of turbulent dissipation in a timeperiodically modulated wind tunnel flow. The details of the turbulence response depend on the spatial structure of the stirrer. Modulation of turbulence acts at low frequencies and large scales; the small-scale structure remains unaffected. In hindsight, this may explain the success of shell models
in predicting these resonance phenomena [102]. Finding the optimal way to
stir turbulence is of enormous practical importance. The stirring frequency
should match the large-eddy turnover rate, but the question remains how to
design the optimal spatial stirring pattern.
Finally, the question is if periodic stirring is the best way to generate
strong and isotropic turbulence. Because periodic stirring comes with spatial
structures, we suspect that it is not the optimal way to stir. This is illustrated
in Fig. 5.21, which shows the spatial dependence of the mean and turbulent
wind for various ways to stir turbulence. While the stationary grid of square
bars produces near-homogeneous turbulence, the turbulence level is low. It is
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Figure 5.21: The measured mean velocity profiles in the wind tunnel given for mode
A for modulation frequency values of fm = 1.0, 6.0 and 10.0 Hz, together with the
profiles that measured for open-stationary grid and a grid mode that used to generate
homogeneous isotropic turbulence in the wind tunnel. (a) The mean velocity profile in
stream-wise direction. The profile is normalized to the central velocity in the wind tunnel Uc . (b) The mean velocity profile in span-wise direction. (c) The fluctuating velocity
profile in stream-wise direction. (d) The fluctuating velocity profile in span-wise direction. They are measured at a downstream location of the active grid of x1 = 4.6 m which
corresponds 46 mesh lengths of the grid.

much larger for active grids that are driven periodically, but then suffers from
a large inhomogeneity. On the other hand, when pseudo-random numbers
used for the angles of grid axes near-homogeneous and isotropic turbulence
could be generated. The question is that what the best statistical properties
of these random numbers are. Random active grid modes to drive strong
turbulence are reported in Chapter 4.

Chapter

6

Linear response of
turbulence1
6.1 Abstract
The fluctuation-dissipation theorem is a key result of statistical physics, it expresses that in thermal equilibrium the linear response of a system is proportional to the magnitude of its intrinsic thermal fluctuations. It is tantalizing to
apply this concept to turbulence, as it would link the response of a turbulent
flow to forcing to the size of the velocity fluctuations. The problem is that
turbulence is not linear and it is not in thermal equilibrium. Nevertheless,
the idea of linear response is central to Kraichnan’s direct interaction approximation, and there have been several experimental attempts to measure the
linear response of turbulence.
In our experiments we used two different mechanisms to achieve a suitable perturbation on top of a pre-existing and well-developed turbulent flow.
In the first type of experiments we combine both the turbulence generation
and the additional perturbation generation in the same active grid. In these
experiments we apply random (white-noise) perturbations on a turbulent
flow and measure its response on the perturbations. Since the perturbations
1

This chapter is based on publication(s):
H.E. Cekli, G. Bertens, W. van de Water, to be submitted to Journal of Fluid Mechanics.
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are random, the response can be studied at all frequencies at once. The response is defined as the cross-correlation between the perturbation and the
measured turbulent velocity. We compare our findings to Kraichnan’s predic1
2
tions of linear response R(κ, τ ) = e− 2 (κurms τ ) that predicts a decay of the response with time, turbulence intensity and the wavenumber of the perturbed
scales. Surprisingly, we have found that the response of the flow on the perturbation increases with the turbulence intensity. This behavior is opposite of
Kraichnan’s prediction. In agreement with Kraichnan’s other predictions the
response decreases with time and the wavenumber of the perturbed scales.
In our second type of experiments, instead of a random perturbation we
confine the perturbation frequency to a single number deep in the inertial
range. Imposing perturbations at high frequencies is difficult by a mechanically moving active grid. Therefore we use a loudspeaker-driven synthetic
jet on an active grid-generated turbulent flow. We probe the velocity field at
different downstream locations of the synthetic jet which is cross-correlated
with the perturbation. The response in this case is measured at a single
wavenumber. In these experiments we have found that the response decreases very rapidly with the time, even faster than Kraichnan’s prediction.
In contrast to his prediction we have not found a substantial dependence of
the response on the turbulence intensity. In our experiments we have seen
that the additional perturbations at a single frequency in the inertial range on
the pre-existing turbulent flow re-develops the energy distribution in higher
frequencies. The energy spectrum is re-organized for this frequency range.
Therefore we have defined a new response function as the energy enhancement in the measured spectrum with respect to the non-perturbed case.

6.2 Introduction
Understanding the response of turbulence to perturbation is the central issue
in the field of turbulence control. This also forms an important technological
application, aimed at reducing turbulent drag or delay separation.
The challenge of the experiment is that the perturbation should not alter
significantly the background turbulent flow, while its wavenumber and frequency spectrum should be specified. A more philosophical problem is the
definition of the response function in an experiment. In numerical simulations, the unperturbed state can be specified completely in a perfectly repro-
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ducible way. Averages can then be performed over an ensemble of unperturbed states. This is impossible in an experiment where averages have to be
done over the perturbed state.
The response relations in fluid mechanics first studied by Schubauer and
Skramstad in 1947 [78], according to Kellog and Corrsin [44], for a laminar
boundary-layer perturbation interaction. Kraichnan’s Direct Interaction Approximation (DIA) theory [49], based on an estimated response function of
homogeneous isotropic turbulence, has been compared to experimental observations in [10; 39; 44]. In the linear approximation, this response function
reads
1
2
(6.1)
R(κ, τ ) = e− 2 (urms κτ ) ,
where urms is the turbulent velocity, κ the wavenumber of the perturbation
and τ the time elapsed since the perturbation was applied. The response
function R is expressed in the correlation between the forcing F and the turbulence u,
hu(κ, t + τ )F (κ, t)i = R(κ, τ )hF (κ, t)F (κ, t + τ )i.

(6.2)

Equation 6.1 expresses that the response quickly decreases with increasing turbulence level, increasing wavenumber and increasing delay time τ .
An experimental attempt to measure the response of turbulence was made
by Kellogg and Corrsin [44]. They disturbed a standard grid-generated, decaying and nearly-isotropic turbulent flow in a wind tunnel using a separate,
extra grid to impose a perturbation. In their experiment, the first grid produced the turbulence while the second grid, consisting of a one-dimensional
mesh of parallel wires, imposed the perturbation. They show that the spectrum of small-scale turbulence, its energy and anisotropy are changed when
it is distorted by large-scale turbulence. A similar experimental work was
also reported by Itsweire and van Atta [39]. They state that the ideal disturbance should be statistically isotropic, very weak and at a single wavenumber,
and should be in the inertial range (larger than the Kolmogorov length scale but
smaller than the integral scale). They passed a grid-generated turbulent flow
through a one-dimensional additional periodic grid. The mesh size of this
grid set the wavenumber of the perturbation, which was chosen inside the
inertial range. A perfect exponential decay with separation from the grid of
the time-averaged turbulent response was found. No correlation between the
velocity field and the forcing was measured, and the response was identified
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as the amplitude of the two-point spatial correlation function at the wave
length of the perturbation, or, equivalently, as the magnitude of the peak at
wavenumber κ in the spatial energy spectrum. In these experiments, the time
delay τ since application of the perturbation is set by the spatial separation
x1 as τ = x1 /U , where U is the mean velocity.
Surprisingly, although Eq. 6.1 implies an exponential decay with increasing τ 2 , contrary to an exponential decay with increasing τ , as was found by
Kellog and Corrsin [44], they found good agreement of their response function with Eq. 6.1. Kellog and Corrsin also consider a time-dependent perturbation using an oscillating wire and mention modulation using a kind of
active grid. No response function for these alternative excitations were reported.
Camussi et al. studied the evolution of a perturbation generated by a
small pulsed jet in the presence of a turbulent jet flow [10]. They measured
the response function as the Fourier transform of the velocity, conditionally
averaged on the pulsed perturbation. Agreement with Eq. 6.1 was found.
Similarly to the present experiment, the time delay was set by the spatial
separation x1 of the probe and perturbation. However, with x1 also the turbulence intensity changed, and it was not made clear how the conditional
average was done.
The first measurements of turbulent response in direct numerical simulations of homogeneous isotropic turbulence were reported by Carini and
Quadrio [11]. Their measured response function matches quite well with
Kraichnans’s prediction Eq. 6.1. In another work, Kida and Hunt studied
the interactions between different scales of turbulence by analyzing a model
problem [45]. They addressed the changes in the small-scale energy spectrum, the energy transfer, and anisotropic relations between large and small
scales when the small-scale turbulence is distorted by large-scale motions.
In this chapter we will investigate experimentally the response of a turbulent flow to perturbations for different background turbulence levels and
perturbation scales. In the following section we will describe Kraichnan’s
idealized convection problem, which leads to the response Eq. 6.1. The experimental set-up is introduced in Section 6.4. In Section 6.5 and Section 6.6
our experiments and observations will be reported.
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6.3 Theory
Let us now briefly discuss a simple linear problem that allows an exact computation of the response function. In fact, this response function, see Eq. 6.1,
provides an important guiding principle for our experiments.
When the pressure and viscous effects are neglected in the Navier-Stokes
equation


∂ui
∂ui
1
∂ 2 ui
∂p
(6.3)
+ uj
=
+µ
+ Fi ,
−
∂t
∂xj
ρ
∂xi
∂xj ∂xj
the convection problem is recovered:

∂ui
∂ui
+ uj
= Fi .
∂t
∂xj

(6.4)

We assume that the velocity field can be considered as a combination of
motions at two different scales: small-scale motions u and large-scale motions v. The total velocity field then is u + v. The large-scale structures do not
directly interact and distort the small-scale structures, but just convect them
[49]. We will consider an average over realizations of the large-scale velocity field v in each of v is constant. The ensembles have a Gaussian v with
root-mean-square value v ′ . The small-scale structures u which are very small
compared to v, vary in space and are driven by the force F . We assume that
the fields u and v are statistically independent, and that u is convected by v,
with the resulting equation
∂ui
∂ui
+ vj
= Fi .
∂t
∂xj

(6.5)

This simple model enables us to compute a response function. To this aim
we move to wavenumber space of the field u, for which Eq. 6.5 becomes
∂ ũi
− ıκj vj ũi = F̃i ,
∂t
with the formal solution
ui (κ, t) = e

−ıκj vj t

Z

t

e

ıκj vj t′′

′′

(6.6)

′′



F̃i (κ, t )dt + ũi (κj , 0) .

0

(6.7)

The response is defined by the correlation function between the total velocity field and the forcing
CuF (κ; t, t′ ) = hũi (κ, t)F˜∗ (κ, t′ )i,

(6.8)
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where we have assumed independence of F and v at the wavenumbers considered. The correlation function then becomes
Rt
′′
CuF (κ; t, t′ ) = 0 he−ıκj vj (t−t ) i hF̃i (κ, t′′ )F˜i∗ (κ, t′ )idt′′ +
(6.9)
hũi (κ, 0))Fi∗ (κ′ , t′ )i,
where one average is taken over realizations of the isotropic Gaussian velocity field v and the other one over realizations of the forcing. Let us for
simplicity assume the one-dimensional situation, then
Z t
2
′′ 2 2
′
e−κ (t−t ) V /2 hF̃ (κ, t′′ )F˜∗ (κ, t′ )idt′′ ,
(6.10)
CuF (κ; t, t ) =
0

where we also assumed that F and u(κ, 0) are uncorrelated. In our experiments, the force F acts at the brief instant when the flow traverses the grid,
so that F̃ (κ, t) is delta correlated in time. In this case we obtain the simple
relation for the response
1

2

CuF (κ, τ ) = e− 2 (κτ v) CF F (κ),

(6.11)

where we also assumed stationarity so that the correlation function only depends on τ = t − t′ . Clearly, the response function decays very rapidly, and
the rate of this decay is proportional to the intensity of the flow, the size of the
perturbed scale and the time elapsed since the perturbations were applied.
Let us now sketch how we will confront Eq. 6.11 with experiments. These
experiments are done in a recirculating wind tunnel, in which relatively small
turbulent velocity fluctuations (urms ≈ 1 ms−1 ) are carried by a mean wind
(U ≈ 10 ms−1 ). We will impose perturbations on the flow as temporal modulations at a fixed location, and study their fate at various downstream locations. Through Taylor’s frozen turbulence hypothesis, these temporal modulations, done at frequency ω, translate to spatial modulation, with wavenumber κ = ω/U . For large separations x1 , corresponding to times τ = x1 /U
much larger than the integral time, we see the temporal decay of the modulations. Consequently, the delay time τ since the application of the modulation
was varied measuring the response at various separations from the perturber.
With a (fixed) conventional grid, the turbulent fluctuations urms are proportional to the mean velocity. With an active grid, both quantities can be varied
independently, which allows us to vary the time delay τ while keeping the
turbulence level constant. In one experiment we will use the active grid also
to impose a (small) time-random modulation on the flow, while in another
experiment we will use a separate device (a synthetic jet) to perturb.
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Figure 6.1: (a) A photograph of the active grid. (b) A schematic of the experimental
setup.

6.4 Experimental set-up
Active grids, such as the one used in our experiment, were pioneered by
Makita [59] and consist of a grid of rods with attached vanes that can be
rotated by servo motors. The properties of actively stirred turbulence were
further investigated by Mydlarski and Warhaft, and Poorte and Biesheuvel
[63; 69]. Active grids are ideally suited to modulate turbulence in space-time
and offer the exciting possibility to tailor turbulence properties by a judicious
choice of the space-time stirring protocol [13]. In our case, the control of the
grid’s axes is such that we can prescribe the instantaneous angle of each axis
through a computer program. To the best of our knowledge, only one other
active grid is controlled in a similar way [46], other active grids described in
the literature do not allow such control and move autonomously in a random
fashion. In fact, the random protocols that they use have inspired our operation of the grid, but now the protocol is programmed in software. Our active
grid can be used to impose a large variety of patterns, but they are subject to
the constraint that a single axis drives an entire row or column of vanes.
The active grid is placed in the 8 m-long experimental section of a recirculating wind tunnel. Turbulent velocity fluctuations are measured at a distance
4.62 m downstream from the grid using a two component hot-wire (x-wire)
anemometer. The locally manufactured hot-wire had a 2.5 µm diameter and
a sensitive length of 400 µm and it was operated at constant temperature using a computer controlled anemometer that was also developed locally. Each
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Figure 6.2: (a) Mean velocity and turbulent fluctuating velocity in x-and z-directions
as a function of axes angle. All of the axes are at the given angle and in passive mode.
(b) Grid transparency and isotropy ratio urms /wrms . They are measured at a downstream
location of 4.6 m = 46M of the active grid.

experiment was preceded by a calibration procedure. The x-wire probe was
calibrated using the full velocity versus yaw angle approach; a detailed description of this method can be found in [7; 98] and Chapter 2. The resulting calibrations were updated regularly during the run to allow for a (small)
temperature increase of the air in the wind tunnel. The signal captured by the
sensor was sampled simultaneously at 20 kHz, after being low-pass filtered
at 10 kHz.
The grid is operated by a computer, and the instantaneous angle of each
rod is recorded to compute the grid state which can be correlated with the
measured instantaneous velocity signal. In Fig. 6.1 a photograph of the grid
is shown, together with a sketch of our experiment geometry. In (static) gridgenerated turbulence, the transparency T of the grid is widely used to characterize the grid state function, for example, the classical work by Comte-Bellot
and Corrsin concluded that the anisotropy of the velocity fluctuations was
smallest for grid transparency of T = 0.66 [18]. The mesh size M of the
grid determines the integral length scale and it typically takes a downstream
separation of 40M for the flow to become approximately homogeneous and
isotropic. The mesh size of our active grid is M = 10 cm.
In Fig. 6.2 the turbulence properties of the wind are plotted versus the
angle of the axes of a stationary grid. In these investigations the directions of
neighboring axes are alternating. It appears that the mean velocity is proportional to the transparency function. It should be noted that the mean velocity
is not zero at axes angles of 90◦ because the horizontal and vertical axes are
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not in the same plane. Therefore, the air still inflates through the grid. In
addition to this, the (half) vanes at the borders are removed to assure that the
transparency never falls to zero to avoid damage of the active grid when the
entire cross-section of the wind tunnel is blocked.
Figure 6.2 illustrates the influence of the static grid on the flow. In our experiments the grid is non-stationary and the flow will follow non-adiabatically.
This implies that the flow will not respond instantaneously to the grid transparency such as the mean flow in Fig. 6.2(a).

6.5 Active-grid perturbations
In our experiments we use the same active grid not only to generate a turbulent velocity field in the wind tunnel but also to impose perturbations on
top of the generated turbulence. The art is now to design an active-grid forcing protocol to achieve these actions. In this design procedure the following
issues should be taken into account. As the mean flow advects fluid parcels
very quickly across the force center, F (x, t) is an impulse force and is therefore δ-correlated in time. The imposed time dependence on the grid axis
translates into an x-dependence through Taylor’s hypothesis, x = U t. A
concentrated effort was made to rotate the grid in a uniformly random fashion with the shortest possible correlation time. This approximates a whitenoise forcing of the flow; in the framework of Taylor’s frozen turbulence this
would be white in wavenumber space. Let us now argue our experimental
approach.
A question in experiments on turbulence response is the characterization
of the forcing F (x, t) in Eq. 6.4. In our experiment it is not possible to specify F (x, t) for a wind which is passes through an active grid. Therefore we
now simply assume that F is proportional to the grid transparency, with the
wavenumber κ given by the frequency f of the grid and the mean flow velocity U as κ = 2πf /U . This is an admittedly crude first approximation,
however, the instantaneous grid axis angles are available in our experiments
which allows measurement of the correlations CuF and CF F . When the flow
is modulated using only a single rod, we simply take its instantaneous angle
as a characteristic for F . An example of these correlations is shown in Fig.
6.3. Another key aspect of our experiment is the generation of background
turbulence, which should be independent of the perturbation, i.e. the per-
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Figure 6.3: Auto-correlation of the grid state function CF F (τ ), and the crosscorrelation CuF (τ ) between the grid state and the measured turbulent velocity for a typical experiment. The correlation functions are measured at x1 = 4.6 m downstream of the
forcing location, the mean velocity is U = 13.4 ms−1 , the delay time τ = x1 /U = 0.34
s, and the turbulent velocity urms = 1.3 ms−1 .

turbation that is needed to probe the linear response should not influence
the background turbulence. This is a delicate issue, which also haunted the
experiments of Kellog and Corrsin [44].
The cross-correlation function CuF (τ ), and the auto-correlation function
CF F (τ ), of the grid protocol that we use in our experiments are given in Fig.
6.3. It appears that the forcing is almost a delta function in time, and thus
white in wavenumber. As a consequence, the only wavenumber dependence
1
2
of the correlation function arises from the relaxation factor e− 2 (κvτ ) .
In our experiments we measure the response function
R(κ, τ ) =

CuF (κ)
,
CF F (κ)

(6.12)

where τ is determined by the mean flow velocity U and the distance between
the grid and the probe, τ = x1 /U . We anticipate that at a fixed τ the response
will be smaller for a larger background turbulence. A problem may be that an
increase of the background turbulence (for example by increasing U ) will also
increase the effective forcing, and thus CuF . In fact, this is precisely the way in
which the results of [10] should be interpreted. The challenge therefore is to
design grid protocols where the generation of perturbations and the stirring
of background turbulence are decoupled as well as possible.
In Fig. 6.4 the active grid protocol is illustrated. The horizontal axes are
used to generate the background turbulence. We tune the turbulence intensity by setting these axes to a fixed base angle β, in an alternating fashion; the
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Figure 6.4: (a) Generation of turbulent flow with desired urms and perturbation on top
of it. (b) i: Random time-dependent angle of a vertical rod. ii: Random time-dependent
angle of perturbations. iii: Angle of the horizontal axes.

value of this base angle determines the background turbulent velocity. As it
has been shown in Fig. 6.2 the mean velocity will be smaller for larger β values for the same wind tunnel fan power. We keep the mean velocity constant
U = 13.4 ms−1 by regulating the wind tunnel fan power. In Fig. 6.5 the mean
velocity and fluctuating velocity have been shown as a function of the base
angle. The turbulent flow generated by the grid configuration of Fig. 6.4 consists of two turbulent wakes generated by the partially stationary, partially
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Figure 6.5: Controlling the background turbulence level through the grid angle β.
(a) Mean velocity, and (b) turbulent velocities u, w as a function of the grid angle β.
They have been measured at a downstream location of 4.6 m = 46M of the active grid.

moving sides of the grid while an isolated axis in the center provides the
modulation. This modulation is done by rotating the axis randomly within
a given range around a mean angle of zero. The maximum displacement of
this rod is the forcing amplitude ∆ = 7.2◦ and the time-dependent angle is
α(t) = ∆ · θ(t). A random number θ(t) has been generated at a frequency


of 20 Hz in the range − 12 , 21 and assigned to the rod. We take the instantaneous angle of this rod as a measure of the perturbation F . The neighboring
vanes of the perturbating axis on the horizontal rods have been removed and
adjacent vertical rods on either side are kept stationary at 0◦ to isolate the
perturbation from the generation of the background turbulence. Finally, two
vertical rods at each border are rotating randomly to assure homogeneity. As
it can be seen in the schematic in Fig. 6.4 the perturbations of the central vertical axis will encounter the background turbulence generated by the other
axes at a downstream location in the wind tunnel. The perturbation involving a rotating axis is similar to one of four perturbation mechanisms which
have been considered by Kellogg and Corrsin [44], but whose results were
not documented by them.
In Fig. 6.6 span-wise velocity profiles are given. At a downstream location
of 1.6m = 16M the central velocity in the wind tunnel was kept the same for
different β values by adjusting the wind tunnel fan speed, but a significant
difference in the profile across the wind tunnel span is observed. On the other
hand, at 4.6m = 46M-where is the main measurement station-the profiles
collapse on a single curve for different β values whilst the fluctuating velocity
profile is still proportional to β.
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Figure 6.6: Profiles of mean and turbulent velocities for the experiments in which both
the background turbulence and its modualtion were done by the active grid. Left: U, urms
components; right: W, wrms . Top: 1.6 m = 16M downstream of the active grid, bottom:
4.6 m = 46M downstream of the active grid. The profiles are shown for various grid
angles β. The central (modulation) axis is kept stationary.

Let us now look at the response of the background turbulence to random
perturbations. It appears that the largest effect of the perturbations is in the
w-component (perpendicular to the randomly moving axis) of the velocity.
We correlate the instantaneous velocity with the angle α(t) of the perturbation rod as
CwF (τ ) =

hα(t)w(t + τ )i − hα(t)ihw(t)i
(hα(t)2 i

− hα(t)i2 )1/2 (hw(t)2 i − hw(t)i2 )1/2

.

(6.13)

Similarly the normalized auto-correlation of the perturbation is
CF F (τ ) =

hα(t)α(t + τ )i − hα(t)i2
.
(hα(t)2 i − hα(t)i2 )

(6.14)

Long averaging times are required to obtain a clear peak in the correlation
function with moderate noise levels. We determined that an averaging time
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Figure 6.7: (a) Correlation between the perturbations and measured turbulent velocity
at 2.6 m downstream of the active grid. The correlation function has a sharp dip at τc ,
which is the convection time of the perturbation with the mean flow. (b) Size of correlation
as a function of time delay τc measured at x1 = 1.15, 2.6, 4.55, 6.55 m downstream of
the active grid, τc = x1 /U .

of 500 s should be enough for that, but the shown results were averaged over
103 s corresponding to 2.5 × 103 large-eddy turnover times.
The normalized correlation function between the perturbation and the velocity signal CwF (τ ) is shown in Fig. 6.7. The time delay τc of the dip in the
correlation function corresponds to the convection time τc = x1 /U of the perturbation by the mean flow. Its depth gauges the strength of the correlation,
and decreases with increasing τc (x1 ). The experiments were repeated at different downstream locations behind the active grid x1 ranging from 1.15 to
6.55 m. The correlation CuF is an order of magnitude smaller than the one
involving the span-wise velocity component, CwF .
Figure 6.7(b) illustrates that correlations remain significant to very large
delay times (τ ∼
= 0.5 s), corresponding to very large separations (x1 ∼
= 7 m).
According to the response function Eq. 6.1, the smallest wavenumbers that
would survive with a fluctuating velocity urms ∼
= 1 ms−1 and a delay time of
0.5 s, are of the order of
κmax =



2
u2rms τ 2

1

2

≈ 3 m−1 ,

(6.15)

which corresponds to a time interval 2π/κmax U ∼
= 0.2 s. This is approximately twice the width of the dip in the correlation function CwF (τ ) shown
in Fig. 6.7(a). Therefore, the persistence of the correlation in our experiment
is surprising in view of Eq. 6.1.
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In our experiments we drive the grid perturbation with white noise, so,
consequently, the correlation function such as shown in Fig. 6.7(a) exhibits a
sharp spike. Conversely, its Fourier transform contains a broad range of frequencies. As time is translated into distance, the spectrum of the modulation
EF F contains a broad range of wavenumbers. If the width of this spectrum
is large enough, it can be used to probe the response function R(κ, τ ).
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Figure 6.8: (a) Energy spectrum of perturbations EF F (κ), cross-spectrum of perturbations and transverse velocity EwF (κ) , and spectral response R(κ, τ ) =
EwF (κ)/EF F (κ). The response decays as ∼ κ−2 . (b) Dependence of the linear response
R(κ, τ ) at τ = 0.34 s on the background turbulence level, for different wavenumbers.
The background turbulence is approximated using the measured u, w components of the
turbulent velocity and assuming isotropy.

In Fig. 6.8(a) the spectrum of the perturbations, and the cross-spectrum
of the measured velocity and the force are given, together with the spectral response. Taylor’s frozen turbulence hypothesis is invoked to relate the
wavenumber to the perturbation frequencies as κ = 2πf /U . As can be seen
in Fig. 6.8(a) the response decays with wavenumber as R(κ, τ ) ∼ κ−2 , rather
1
2
than R(κ, τ ) = e− 2 (κurms τ ) (Eq. 6.1). Another prediction of Kraichnan’s (Eq.
6.1) is a faster decay of the response for higher background turbulence levels.
The response at time τ = 0.34 s is given as a function of turbulence intensity
for various wavenumbers in Fig. 6.8(b). Surprisingly, we observe an opposite
behavior of the response: the response increases with increasing background
turbulence.
In Fig. 6.9 the spectral response R(κ, τ ) is given at selected wavenumbers
as a function of the delay time τ . The response R(κ, τ ) is seen to decay with
increasing delay time, but not in the way of Eq. 6.1 which predicts the decay
to be faster for larger wavenumbers.

102

6.6 Synthetic-jet perturbations
2

κ=2 m
Eq.6.1 (κ=2 m-1)
κ=5 m-1
-1
κ=15 m
-1
κ=30 m
-1
κ=40 m

log10(R (κ,τ))

-1

1
0

-1
0

0.1

0.2
2
2
τ (s )

Figure 6.9: Response as a function of time for selected wavenumbers. Measurement
locations are between x1 = 1.15 − 6.55 m corresponding to delay time between τ =
0.08 − 0.455 s and the turbulent velocity varies between urms = 1.3 − 1.0 ms−1 .

We conclude that with the active grid only, a linear response of turbulence
can be measured, but it does not conform the predictions of the simple model
Eq. 6.1. The problem is that the wavenumbers of the modulation are too
small and that the modulation cannot be separated well from the background
turbulence.

6.6 Synthetic-jet perturbations
Using an active grid whose driving frequency is limited by mechanical constraints, it is very difficult to probe wavenumbers deep in the inertial range.
1
2
Guided by the expression for the response function R(κ, τ ) = e− 2 (κurms τ ) , we
will first determine the niche in the parameter space of our experiment where
we should study the response function. Implicit in Eq. 6.1 is the separation
of large and small scales, so that the wavenumber of the perturbation should
be in the inertial range. The wavenumber is determined by the frequency fp
and the mean velocity U as κ = 2πfp /U . The inertial range starts at frequencies ∼
= 10 Hz, a typical mean velocity is U = 10.0 ms−1 , a typical fluctuating
velocity is urms = 1.0 ms−1 , and a typical separation between perturbation
and detection is 4 m, so that
1
2
e− 2 (κurms τ ) ∼
= 4 × 10−2 .

(6.16)

This number should be measurable in an experiment. However, the niche
in parameter space is very small. For example, doubling the wavenumber
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decreases the response by more than two orders of magnitude. Therefore, experiments with large wavenumbers were done with a localized perturbation.
Localized perturbations were provided with a synthetic jet which was
placed at a distance d = 4 m from the active grid, which furnishes the background turbulence. The used perturbation frequencies are fp = 40 Hz or 70
Hz which correspond to wavenumbers κp = 2πfp /U = 33.5 and 58.6 m−1 ,
respectively. The mean velocity in these experiments is U = 7.5 ms−1 . The
velocity field is measured by an x-probe at downstream locations in the range
between x1 = 0.15 − 134 cm of the synthetic jet. The corresponding time delay for this range is τ = 0.01 − 0.1 s. Since the perturbation wavenumbers are
much larger than in the experiments of the preceding section, the response
function decreases more rapidly with increasing separation to the jet, and we
estimate that at x1 = 1.34 m, the response should still be detectable.
Synthetic jets are used in different applications, examples include cooling
units, flow control mechanisms and micro pumps. A synthetic jet is a device
that periodically sucks and blows the ambient fluid through an orifice such
that a jet-like flow can be created without any additional flow, but by just
purely moving the ambient fluid in a pulsating way. In fact, a synthetic jet
is created with a chamber that consists of an orifice and a diaphragm. The
diaphragm is moved up and down by a mechanism such as a piezoelectric,
electromagnetic or mechanic driver. During the up-motion of the diaphragm,
fluid is ejected from the orifice and a vortex sheet moving downstream from
the exit is generated. When the diaphragm is moving down, fluid is sucked
into the chamber. The properties of synthetic jets have been documented in
[34; 88].
In our experiments we use a variant of a synthetic jet to generate a point
perturbation on the velocity field at relatively high frequencies. We use a
loudspeaker to drive the synthetic jet which is connected to a tube. The loudspeaker is attached on a 2 cm thick PVC plate. A cavity is made in the plate
at the loudspeaker side such as to provide space for the moving cone. A 50
cm long tube with a diameter D = 1 cm is placed in the center of the plate. At
the loudspeaker end this tube is perforated by a ring of 5 mm diameter holes,
so that air can be entrained on the reverse cycle and the perturbation is more
effective. A schematic view of the synthetic jet is given in Fig. 6.10(a). An
electro-acoustic model is developed by Kooijman and Ouweltjes for a similar
arrangement to estimate the momentum flux from the jet [48]. The synthetic
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Figure 6.10: (a) A schematic view of the synthetic jet. (b) Experimental setup. The
active grid generates a turbulent flow with desired intensity. Periodic perturbations are
imposed by a loudspeaker-driven synthetic jet at 4 m downstream of the active grid. The
fluctuating velocity is measured by an x-probe.

jet is flush mounted on the bottom surface of the wind tunnel as illustrated in
Fig. 6.10(b), which minimizes the additional disturbance of the synthetic jet
on the flow. However, the flow is obstructed by the tube in a way that will be
documented below. An amplified sinusoidal signal with desired frequency is
used to drive the loudspeaker. The signal is sampled parallel with the velocity probe at 20 kHz, so that these two signals can be correlated perfectly and
the response can be studied even at very high frequencies. In contrast to the
active grid which provided random perturbations, in this method we work
at a single frequency.
Before presenting the response function let us study the effect of the jet
on the flow. In Fig. 6.11(a) the measured fluctuating velocity profiles in the
wind tunnel urms (y) and vrms (y) are given. The synthetic jet injects air at
height y = −10 mm. There is a considerable variation in the profiles even
when the synthetic jet is passive, which is due to the wake created by the
tube. When the synthetic jet is active there is a substantial increase (≈ 50%)
in turbulence intensity which decays in time and is shown in Fig. 6.11(b) and
(c). The evolution of this velocity profile in the wind tunnel is shown in Fig.
6.12.
The phase-averaged mean velocity is shown in Fig. 6.13(a) for a full cycle of the synthetic jet. The mean velocity is subtracted. The decay of the
amplitude of the phase-averaged velocity profile is given in Fig. 6.13(b). The
influence of the perturbations on the flow is forgotten very rapidly. The energy dissipation rate versus x1 is given in Fig. 6.13(c). The decay rate of ǫ is
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Figure 6.11: (a) Measured urms and vrms velocity profiles in the wind tunnel at 15
cm= 15D of the synthetic jet, with D the jet diameter. The profiles are measured with
and without powered synthetic jet in order to estimate the enhancement of the turbulence
intensity by the modulations. The synthetic jet injects air at height y = −10 mm. Dots:
urms of the powered jet, open circles: u0rms of the silent jet, the closed and open squares
show vrms of the powered and silent jet, respectively. (b) Profiles of vrms at different
downstream locations with activated synthetic jet. The vertical axis is normalized to
the velocity profile at y = 25 mm that was obtained without activation of the jet. The
fluctuating velocity substantially decreases with the distance. The dashed line indicates
the height where the response is measured. (c) The decay of the fluctuating velocity as a
function of the distance measured at y = 0.
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found as ∼ x−0.6
in our experiments, it is reported as ∼ x−0.8
in [39].
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Figure 6.13: (a) Phase-averaged velocity in wind (x−) and jet exit (y−)directions measured at x1 = 20 cm downstream of the synthetic jet. The average is given for a full cycle
of the perturbation, the frequency of the perturbation is fp = 70 Hz. (b) The decay of the
amplitude of the phase-averaged velocity profile with distance x1 to the jet. (c) Energy
dissipation rate as a function of the distance. The dashed line indicates that ǫ ∼ x1−0.6 .

Let us look at the response R(κ, τ ) = |hu(κ, τ )F ∗ (κ, 0)i| /h|F (κ, 0)|2 i. The
wavenumber κ follows from the excitation frequency as κ = 2πfp /U . In
Fig. 6.14 the response is given for various combinations of the forcing frequency that determines the forced scale size (forced wavenumber), and the
background turbulence intensity together with the predictions of Eq. 6.1. The
vertical axes are normalized to the response value at 15 cm downstream of
the synthetic jet. The response decays very rapidly with time, even faster
than predicted by Eq. 6.1. The dependence of the response on the background
turbulence is negligible.
The perturbation, done at a single wavenumber, will spread to other wavenumbers due to nonlinear interactions. Of course, this is absent in the linear
response which is embodied by Eq. 6.1. In Fig. 6.15(a) the measured energy
spectrum of the turbulent fluctuation is shown for a perturbed velocity field
together with a reference case (without perturbations); both of the spectra
were measured at 15 cm downstream of the synthetic jet. The perturbations
appear in the spectrum as a peak at the perturbation frequency fp = 40
Hz and there is an enhancement of the contained energy in smaller scales
(higher frequencies). We will define a new variant of the response considering the changes in the spectrum. The total energy between 30 − 1000 Hz
(the shaded area) is given in Fig. 6.15(b) as a function of the distance for both
the modulated velocity field Rv and the reference situation, characterized by
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Figure 6.15: (a) The measured energy spectra of w with and without perturbation,
fp = 40 Hz, measured at 15 cm downstream of the synthetic jet. When perturbations
are imposed at a fixed frequency the response leaks to higher frequencies and the energy
distribution of those frequencies is modified. The dark shaded area in this figure can also
be interpreted as response. (b) The total energy in the shaded area.

Rv0 . Clearly, this quantity is nearly constant for the reference case, however it
decays quite rapidly for the modulated turbulence. In Fig. 6.16 the increase
of the energy R = Ru − Ru0 in this range is given for our experimental combinations of perturbation frequency and background turbulence level. The
conclusions are the same as the ones that were drawn from Fig. 6.14.
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Figure 6.16: Response as R = Ru − Ru0 and R = Rv − Rv0 as a function of the distance.
(a) urms = 0.36 ms−1 , fp = 40 Hz, κp = 33.5 m−1 . (b) urms = 0.36 ms−1 , fp = 70
Hz, κp = 58.6 m−1 . (c) urms = 0.16 ms−1 , fp = 70 Hz, κp = 58.6 m−1 .

6.7 Conclusion
Studying the response of a turbulent flow on additional perturbations is a
very challenging experiment. The perturbations should not alter the preexisting background turbulence and, they must be detectable to measure a
response function. In addition to these, the frequency and the wavenumber
of the perturbation should be tunable to study the problem. The definition of
the response function is also tricky and long integration times are required to
obtain an adequate signal-to-noise ratio.
The linear response of turbulence to perturbation is a controversial issue.
Several experimental attempts to measure this response have been reported.
An important guidance principle is Kraichnan’s prediction Eq. 6.1 which assumes modulation at small scales, which is scrambled by the random large
scales. We have imposed both the background turbulence and the modulation by the same active grid. The drawback of these experiments is the poor
separation between the modulation and background turbulence and the relatively small time scales. Indeed, the measured decay of the linear response
is slow in comparison to Eq. 6.1, while the response increases with increasing
background turbulence level. Both findings point to inadequate separation
of background turbulence and modulation, and to inadequate separation of
the modulation scales and the large-eddy scales.
A much better separation between background turbulence and modulation was achieved with a synthetic jet. Our central results (in Fig. 6.14) show
that modulations of higher wavenumbers decay faster, in agreement with Eq.
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6.1, but that a decrease of the background turbulence does not lead to a slower
decay, contrary to the prediction of Eq. 6.1. So far, no other experiment has
shown convincing support for Eq. 6.1, neither has ours.
Another question is whether turbulence responds linearly. Nonlinearity
leads to a redistribution of spectral energy, as shown in Fig. 6.15. There is a
rapid decay of small separations, after which the nonlinear response decays
more slowly than the linear response shown in Fig. 6.14.
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Chapter

7

Recovery of isotropy in a
shear flow1
7.1 Abstract
The postulate of local-isotropy (PLI) of Kolmogorov’s states that at sufficiently high Reynolds numbers the small-scale structures in turbulence are
independent of large-scale structures and statistically isotropic. In a turbulent flow there is a wide range of scales, and energy cascades down from
the largest scales-which are defined by boundary and initial conditions of
the flow-to the smallest scales. At each step in this cascade mechanism the
anisotropy (directional information) introduced at the large scales is lost and,
therefore, the smallest scales have a universal form and are locally isotropic.
Therefore, any statistical quantity is invariant to axis rotation. With this argument the statistical theory of turbulence [62] can be substantially simplified.
The universality of PLI is attractive for a physicist but also from an engineering point of view. All turbulence models are based on the postulate of
local-isotropy. Turbulence models approximate the flow at the unresolved
scales which are smaller than the numerical grid size. They short-cut the closure problem of turbulent statistics. Therefore the parametrization of velocity
field anisotropy is a vital phenomenon for practical applications. However, it
1

This chapter is based on publication(s):
H.E. Cekli, W. van de Water, to be submitted to Physics of Fluids.
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has been shown experimentally and numerically that anisotropy may persist
at the smallest scales, even at high Reynolds numbers [1; 31; 32; 71; 79; 81].

7.2 Introduction
The classical work of Lumley 1967 which is based on PLI predicts the rate of
isotropy recovery at small scales [57]. Lumley’s predictions implies that in an
inertial subrange the co-spectral energy density Euv (k) should scale with the
shear rate S = dU/dy and the energy dissipation rate ǫ as Euv (k) ∼ Sǫξ k ψ .
The co-spectrum of u (stream-wise) and v (perpendicular) components of the
velocity Euv (k) is a sensitive indicator of anisotropy and is equal to zero for
an isotropic flow. Based on dimensional arguments the scaling exponents
follow as ξ = 1/3 and ψ = −7/3 with the resulting spectrum
1

7

−Euv (k) = C0 ǫ 3 k − 3 S,

(7.1)

where C0 is a constant. The co-spectrum scales linearly with the shear rate S
and the isotropy recovers with increasing wavenumber as k −7/3 . Experimental work of Saddoughi and Veeravalli in a boundary layer at high Reynolds
numbers [77] confirmed his second-order statistical predictions, such as the
co-spectrum scaling of Euv (k) ∼ k −7/3 . However, higher-order statistical
quantities still may show disagreement. Another quantity to evaluate the
small-scale anisotropy is the skewness of the velocity derivative, taken in
the direction of the shear (y-direction), which is identically 0 in case of an
isotropic field. The derivative skewness is defined as
K3 =

h(∂u/∂y)3 i
.
h(∂u/∂y)2 i3/2

(7.2)

If we assume that h(∂u/∂y)3 i is proportional to the shear rate S [57] and further non-dimensionalize it with the dissipation rate ǫ and Kolmogorov length
scale η, the skewness must decay with increasing Reynolds number as
K 3 ∼ Re−1
λ ,

(7.3)

where Reλ is the Reynolds number based on the Taylor length-scale λ. Apparently PLI is only possible at very high Reλ . Tavoularis and Karnik measured a skewness of 0.62 for a Reynolds number flow Reλ ∼ 266 [94]. In the
experimental work of Garg and Warhaft [31] it has been found as K 3 ∼ Re−0.6
λ
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which decays at a much slower rate than Lumley’s prediction. In their experiments the Reynolds number was limited to Reλ ≤ 390. The problem has
been studied by Shen and Warhaft at higher values of the Reynolds number,
Reλ ∼ 1000 [81]. It has been found that for K 3 and a higher-order K 5 the decay was slower and, more surprisingly, for the 7th order there was an increase
K 7 ∼ Re0.63
λ . A parallel experiment described in [27] confirms the decreasing
trend of the derivative skewness, but this feature persists in the next order of
the statistics, though the Reynolds numbers in these experiments are slightly
lower.
Following the same dimensional arguments as that leading to the Re−1
λ
dependence of the skewness, it is assumed that all odd-order n = 3, 5, 7, . . .
structure functions in the shear direction ry are proportional to the shear rate
S. Consequently, they will depend on ry and ǫ as

Gn (ry ) ∼ Sǫ(n−1)/3 ry(n+2)/3 .

(7.4)

The scaling exponent ζn , in Gn (ry ) ∼ ryζn , therefore is ζn = (n + 2)/3, which
lies above the Kolmogorov self-similar value ζn = n/3 for isotropic turbulence. High-order structure functions in shear turbulence have recently been
measured by Shen and Warhaft [82]. They find instead the same exponents
as in isotropic turbulence.
Clearly PLI should be examined more thoroughly with theoretical, experimental and numerical tools. A systematic description is needed to untwist
the isotropic fluctuations from anisotropic ones and to distinguish different
types of anisotropy. A relatively recently developed tool-SO(3) decomposition-offers a new way to describe anisotropic turbulence [2; 58]. By using
SO(3) decomposition, the universality of small scale anisotropy can also be
addressed. This method expresses statistical turbulence quantities like structure functions in terms of their projections on different irreducible representations of the group of rotations. This method allows to examine the scaling
properties of turbulence such that each irreducible representation is expected
to have its own scaling exponent. This technique can be used to separate the
anisotropic parts from the velocity field.
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7.3 Symmetries
Because the Navier-Stokes equations are invariant under all rotations, statistical turbulence quantities should be expanded in terms of irreducible representations of the rotation group. The relation between the value of angular
momentum and the irreducible representation of the rotation group in angular momentum theory is that less symmetry corresponds to a higher angular
momentum. Similarly, anisotropy results in a loss of symmetry of turbulence
statistical quantities so that an increasing influence of high angular momentum contribution results.
In order to express turbulence anisotropy, we must consider a more general type of structure function of order n
Gβα1 ...αn (r) = h∆uα1 (reβ )...∆uαn (reβ )i,

(7.5)

where ∆uαi (reβ ) = uαi (x + reβ ) − uαi (x), in terms of the velocity component
uαi and the separation vector pointing in the direction of the eβ unit vector.
In fact, an even more general form of Eq. 7.5 would involve a different separation vector for each velocity increment ∆uαi . In all cases considered here,
the collection of components α = α1 , α2 , . . . , αn is restricted to two different
ones, which are repeated a number of times. Let us first consider the properties of the general structure function Gβα (r) under elementary symmetry
transformations.
First, homogeneity implies that ∆uαi (reβ ) changes sign under reflection
in the eβ direction. Second, ∆uαi also changes sign under reflection in the eα
direction. Of course, these symmetry transformations must be understood in
a statistical sense.
We can now derive the following simple rules: in isotropic turbulence all
structure functions Gβα (r) = 0 if a particular αi happens an odd number of
times in (α1 , . . . , αn , β n ), whereas Gβα (r) 6= 0 if αi occurs an even number of
times in (α1 , . . . , αn , β n ), where β n stands for n-times repeated β. An exception is the first-order structure functions which vanish due to homogeneity.
Examples of vanishing structure functions are G112 , G212 , G1112 , G2111 ; whereas
non-vanishing structure functions are G111 , G211 , G1111 , G2112 , etc. Here we note
that in our notation 1 indicates the stream-wise (x−) direction, 2 indicates
shear (y−) direction and 3 indicates span-wise (z−) direction (see Fig. 7.1).
If structure functions change sign under reflection in eβ in the case of
isotropic turbulence, and mirror symmetry is no longer present in the aniso-
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tropic flow, these structure functions reflect the influence of anisotropy only.
Assuming a (homogeneous) shear flow with dU/dy 6= 0 only, these structure
functions would be G112 , G212 , G1112 , G2221 , etc.
In this study we will first consider the second-order structure functions.
The scaling properties of these structure functions are based on Lumley’s
guess, G212 ∼ G112 ∼ r−7/3 . We will also present the results of a concentrated
effort to also measure the higher order mixed structure functions G3111222 and
G31111122222 . The scaling of these according a generalization of Lumley’s guess
would be r8/3 and r4 , respectively. An intriguing question is how the exponents are influenced by intermittency.

7.4 Experimental setup
Homogeneous shear is the simplest thinkable anisotropic turbulent flow. It
has been used in the quest for the return to isotropy at small enough scales
and large enough Reynolds numbers [27; 40; 72; 81; 82; 92; 93; 107]. Homogeneous shear turbulence is characterized by a constant gradient of the mean
1/2
velocity dU/dy, but a constant turbulence intensity u = u2 (y, t)
, where
the average h i is done over time. Traditionally, homogeneous shear turbulence is generated by equipping a wind tunnel with several devices, such as
grids to make turbulence, screens to generate shear and flow straighteners.
In contrast, we use an active grid alone in our recirculating wind tunnel and
program its motion. The technique that we used is discussed extensively in
Chapter 3 and [13].
Active grids, such as the one used in our experiment, were pioneered by
Makita [59] and consist of a grid of rods with attached vanes that can be rotated by servo motors. The properties of actively stirred turbulence were further investigated by Mydlarski and Warhaft [63] and Poorte and Biesheuvel
[69]. Active grids are ideally suited to modulate turbulence in space-time
and offer the exciting possibility to tailor turbulence properties by a judicious
choice of the space-time stirring protocol [13].
The active grid is placed in the 8 m long experimental section of a recirculating wind tunnel (see Fig. 7.1). Turbulent velocity fluctuations are measured
at a distance 4.6 m downstream from the grid using an array of 10 x-wire
probes. Each of the locally manufactured hot wires had a 2.5 µm diameter
and a sensitive length of 400 µm, which is comparable to the typical small-
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est length scale of the flow in our experiments (the measured Kolmogorov
scale is η ≈ 160 µm). The wires were operated at constant temperature using
computer-controlled anemometers that were also developed locally. Each experiment was preceded by a calibration procedure. The x-wire probes were
calibrated using the full velocity versus yaw angle approach; a detailed description of this method can be found in [7; 98] and Chapter 2. The resulting calibrations were updated regularly during the run to allow for a (small)
temperature increase of the air in the wind tunnel. The signals captured by
the sensors were sampled simultaneously at 20 kHz, after being low-pass filtered at 10 kHz. Long integration times (∼ 108 samples corresponding to
∼ 1.6 × 104 large-eddy turnover times) have been used to obtain sufficient
statistics. In Fig. 7.1 a photograph of the grid is shown, together with a sketch
of our experiment geometry.

(a)

(b)
Active Grid

U

(2) y (v)

U

X-probe array

(1) x (u)
(3) z (w)
4.6 m

Figure 7.1: (a) A photograph of the active grid, it consists of 7 vertical and 10 horizontal
axes whose instantaneous angle can be prescribed. They are driven by water-cooled servo
motors. The grid mesh size is M = 0.1 m. (b) Schematic drawing (not to scale) of
the experimental arrangement. Measurements of the instantaneous u, v, and w velocity
components are done 4.6 m downstream of the grid. At this separation, a regular static
grid would produce approximately homogeneous and isotropic turbulence.
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7.5 Homogeneous shear turbulence and second order
statistics
The motion of the active grid was programmed such as to generate homogeneous shear turbulence in the wind tunnel. We refer to Ref. [13] and Chapter
3 for the details of the active grid protocol. The velocity field was measured
at 4.6 m downstream from the active grid, which corresponds to 46 grid mesh
lengths. A turbulent flow generated by a classical passive grid is supposed
to be fulled developed at a downstream location of 40 mesh lengths [18].
The mean and fluctuating velocity profile for the wind tunnel flow that
is used in this study is shown in Fig. 7.2(a). As can be seen in this figure, the mean velocity profile has a constant gradient and the fluctuating
velocity profile is almost constant within 25%. In a more restricted region
y ∈ [0.5m, 0.85m] it is constant to within 10%. The measured Taylor microscale-based Reynolds number was Reλ = λu/ν = 970 at the probe array
location where the measurements were done in this study (see in Fig. 7.1).
The normalized mean velocity profiles U (y)/Uc for a range of mean center
wind velocity Uc values are shown in Fig. 7.2(b). The measured energy dissipation rate was ǫ = 4.35 m2 s−3 , where ν is the kinematic viscosity of the air
and ∂u/∂x was inferred from the time derivative ∂u/∂τ by invoking Taylor’s
frozen turbulence hypothesis x = U τ with U the mean velocity and τ is the
time delay. The shear rate is S = dU/dy = 9.2 s−1 , the non-dimensional shear
parameter is S ∗ ≡ Sq 2 /ǫ = 11, and u = 1.42 ms−1 , where q 2 = 3/2hu2 + v 2 i
is twice the turbulent kinetic energy, and u and v are the fluctuating velocities in x− and y−direction. The flow parameters are summarized in Table
7.1. As an indicator of anisotropy in Fig. 7.3 the third order transverse structure function G2111 (r) has been given. This quantity is equal to zero for an
isotropic flow. As it can be seen in this figure the flow is strongly anisotropic.
The separions in the shear direction (ry ) are measured by the true distances
between the 10 probes used in the experiment, without recoursing Taylor’s
frozen turbulence hypothesis.

The measured energy spectra are shown in Fig. 7.4(a). The u-and v-spectra
are well developed and there is a wide inertial range that implies a good separation of (anisotropic) large and dissipative small scales. In the inertial sub-
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Figure 7.2: (a) Dots: mean velocity profile U (y), it has an approximately constant slope
between y ∈ [0.3 m, 0.9 m], the corresponding shear rate is S = dU/dy = 9.2 s−1 .
Squares: turbulent velocity u = hu(t)2 i1/2 , it varies 25% in the shear region y ∈
[0.3 m, 0.9 m] where the turbulence can be considered as homogeneous shear turbulence.
In a more restricted region y ∈ [0.5 m, 0.85 m] it is constant to within 10%. (b) Normalized mean velocity profile U (y)/Uc , for different central wind velocities in the wind
tunnel.
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4.35
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970
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1.15

Table 7.1: Basic parameters for the generated homogeneous shear turbulence. Symbols are defined as: Reynolds stress is −huvi, the correlation coefficient is ρuv =
−huvi/(hu2 i1/2 hv 2 i1/2 ), the energy dissipation rate is ǫ = 15νh(∂u/∂x)2 i, η =
(ν 3 /ǫ)1/4 is the Kolmogorov length scale, Taylor length-scale is λ = (15νu2 /ǫ)1/2 and,
turbulence production rate is P = −huviS. All the parameters are averaged over the 10
probes used in the experiment.

range where the viscous effects are negligible the three-dimensional energy
spectrum is [47]
2
5
E(k) = Cǫ 3 k − 3 ,
(7.6)
and the one-dimensional u and v spectra are
2

5

(7.7)

2

5

(7.8)

Eu (k) = Cu ǫ 3 k − 3 ,
Ev (k) = Cv ǫ 3 k − 3 .

The Kolmogorov constant C = 1.5 and is equal to 55/18Cu [62]. The compensated longitudinal spectrum is shown in Fig. 7.4(b) in order to investigate
the spectrum in the inertial range. The presented data agrees well with the

G2111 (r)
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Figure 7.3: Third-order transverse structure function G2111 (r) = h(u(y +ry )−u(y))3 i.
As discussed in Section 7.3 this quantity should be zero if the flow is isotropic.

classical value of Cu = 18/55C = 0.49. The relation between the longitudinal
and transverse spectrum for isotropic turbulence is


1
∂
Ev (k) =
1−k
Eu (k).
(7.9)
2
∂k
It follows from the above equation that for isotropic turbulence in the inertial subrange Cv /Cu = 4/3. Our flow has a large shear rate and is strongly
anisotropic. This relation therefore, may hold only at the small scales where
the local isotropy is expected to be recovered. In Figure 7.4(a) the ratio of the
longitudinal and transverse spectra is given. Clearly, the ratio of Cv /Cu = 4/3
agrees with the experimental data only at the small scales. The (shear-stress)
R∞
cospectral density satisfies that 0 Euv (k)dk = −huvi, which is equal to
zero for isotropic turbulence. In Fig. 7.4(a) the measured co-spectrum is also
shown.
Clearly the anisotropic Reynolds stress has a non-zero value at the large
scales and falls to zero very rapidly (with power law −7/3) in the inertial
range. Saddoughi and Veeravalli showed that the −7/3 scaling in the cospectrum starts at a non- dimensional wavenumber kǫ1/2 S −3/2 ≈ 1 for their
experiments in a boundary layer in the NASA Ames wind tunnel at Reλ =
1450 [77]. Therefore in Fig. 7.5(a) we also show the non- dimensional co1
1
spectrum by using their suggested length (ǫ/S 3 ) 2 and velocity (ǫ/S) 2 scales.
In our experiments we also observe that the −7/3 scaling starts at approximately kǫ1/2 S −3/2 ≈ 1 and remains as −7/3 for almost one decade, and at
higher wavenumbers it decreases with a larger slope.
As discussed in [77], at high wavenumbers - where the local isotropy ac-
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Figure 7.4: (a) The measured longitudinal and transverse spectra together with the
measured co-spectrum. The ratio of transverse to longitudinal spectrum Ev (k)/Eu (k)
is also given. According to Eq. 7.9 this ratio should be 4/3 in the inertial subrange for
an isotropic flow. The solid line is 4/3 and the dashed and dashed dotted lines are −5/3
and −7/3, respectively which are the scaling arguments according to Eqs. 7.7, 7.8 and
7.1. (b) Compensated measured longitudinal spectrum. The dashed line is Kolmogorov
constant Cu = 0.49 for an isotropic flow [62].

tually occurs - the values of the co-spectrum are very small and experimental
values may have both signs. Therefore the measured co-spectrum at high
wavenumbers is not a robust quantity. The authors propose to use the correlation coefficient spectrum for the analysis in this range. It is defined as
Ruv (k) = −

Euv (k)
1

(Eu (k)Ev (k)) 2

.

(7.10)

The correlation-coefficient spectrum Ruv given in Eq. 7.10 should fall to
zero at high wavenumbers for local isotropy. The authors showed that the
correlation-coefficient spectrum reaches zero at a non-dimensional wavenumber of approximately 10 which is consistent with our findings as shown in Fig.
7.5(b).
By using Eq. 7.9, the transverse energy spectrum can be calculated from
the measured longitudinal spectrum. Hence, an anisotropy measure can be
defined as the ratio of the calculated transverse spectrum Evcalc to the measured transverse spectrum Evmeas , which should be unity in case of isotropic
flow. It has been found in [77] that local isotropy occurs for non-dimensional
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Figure 7.5: (a) The non-dimensional co-spectrum. The length (ǫ/S 3 ) 2 and velocity
1
(ǫ/S) 2 scales are used. The dashed line is −7/3 and the solid line indicates the nondimensional wavenumber where the −7/3 region is supposed to start [77]. (b) The
correlation-coefficient spectrum (Eq. 7.10) as a function of non-dimensional wavenumber. In [77] the start of Ruv was found at kǫ1/2 /S 3/2 ≈ 10. (c) The ratio of the calculated
1
to the measured transverse spectra using the length scale (ǫ/S 3 ) 2 . This anisotropy ratio
should be 1 if the flow is isotropic. (d) The spectral coherency (Eq. 7.11) using the length
1
scale (ǫ/S 3 ) 2 .

wavenumbers kǫ1/2 S −3/2 > 3. As it can be seen in Fig. 7.5(c), the same conclusion holds for our measurements in homogeneous shear turbulence. Another indicator of local isotropy is the spectral coherency which is zero in
isotropic turbulence, and defined as
Huv (k) = −

2 (k) + Q2 (k)
Euv
uv
,
Eu (k)Ev (k)

(7.11)

where Quv is the quadrature spectrum. It has been shown in Fig. 7.5(d) that
for the boundary layer experiments the spectral coherency decreases to zero
at kǫ1/2 S −3/2 ≈ 3.
So far we have been focused on the second-order statistical quantitieswhich show an evidence of local isotropy at the small scales-and compared
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Figure 7.6: Homogeneous isotropic turbulence generated by a random grid mode.
(a) The third-order transverse structure function G3111 (ry ) = h(u(y+ry )−u(y))3 i (compare it to Fig. 7.3 for shear turbulence). (b) The cospectral energy density. These quantities are equal to zero if the flow is isotropic. The flow properties are U = 8.15 ms−1 ,
u = 1.15 ms−1 , and Reλ = 745.

our results to the findings in [77], which confirm Lumley’s predictions of
the rate of isotropy recovery. However, is has been shown that higher-order
statistics may differ from then Lumley’s predictions [31; 81].
As a reference we show also the third-order transverse structure function and the co-spectrum in Fig. 7.6(a)-(b), respectively, of a homogeneous
and isotropic turbulent flow generated in the wind tunnel by a completely
random active grid motion. These quantities are equal to zero if the flow is
isotropic. Clearly this flow is isotropic in the inertial range and also for the
dissipative scales. Of course, the flow is anisotropic at very large scales (see
small wave numbers in Fig. 7.6(b)) which are dictated by the boundary and
initial conditions.

7.6 Mixed structure functions
The measurement of mixed structure function, such as h∆u1 (re1 )∆u2 (re1 )i
in which velocity components in two different directions are correlated is a
challenge. Reflection symmetry dictates that this quantity should vanish in
isotropic turbulence. However, there are several experimental imperfections
which render this quantity non-zero in isotropic turbulence. First, the distinction of the two velocity components follows from the hot-wire calibration, which is done in the static situation. In the absence of dynamical effects,
the ∆uαi , ∆uαj velocity components would still be distinguished correctly
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at higher frequencies, for example those corresponding with small-scale motion in turbulence. However, dynamic effects may thwart this distinction. For
example, probe interference, leading to sign changes of G112 has been documented by [77]. Although hot-wire technology is well-established, the origin
of these dynamic effects is unknown. Interestingly, when G112 is measured using Taylor’s frozen turbulence hypothesis, sign-changes of G112 may be due
to the fluctuating convection velocity [108].
Also in our experiment we find non-vanishing structure functions G112
and G212 in isotropic turbulence, which we blame on probe imperfections. A
non-zero mixed structure function Gγαi αj , αi 6= αj in isotropic turbulence can
be interpreted as non-normality of the fluctuations ∆uαi and ∆uβj , and an
effective fault angle between these fluctuations can be defined as
δαγ i αj (r) = cos−1

h∆uαi (reγ )∆uαj (reγ )i
1
2

h∆u2αi (reγ )i h∆u2αj (reγ )i

1
2

−

π
.
2

(7.12)

This non-normality is illustrated in Fig. 7.7. The fault angle δ, which can
also be interpreted as the non-normality of the instantaneous velocity components, is around 10 degrees, but varies from probe to probe. When the separation points in the stream-wise direction, we effectively measure the frequency
dependence of δ. It turns out that δ varies most strongly at large frequencies,
in a manner which depends on the probe. As Fig. 7.7 also illustrates, the fault
angle rapidly decreases for higher orders. This is because higher orders are
determined by larger velocity increments, which can be measured more accurately. We finally notice that this fault angle is not a simple geometric effect
related to the manufacturing of the x-wire probe, as the two components of a
velocity sample are always orthogonal by construction.
In our experiments we use this measured fault angle in isotropic turbulence to correct the measured mixed structure function in shear turbulence.
γ(iso)
If δαi αj (r) is the fault angle in isotropic turbulence, and δαγ i αj (r) is the angle
in homogeneous shear turbulence, which reflects the anisotropy of the flow,
the corrected mixed structure function becomes
1

1

h∆uαi (reγ )∆uαj (reγ )i = h∆u2αi (reγ )i 2 h∆u2αj (reγ )i 2 sin(δαγ i αj (r)−δαγ(iso)
(r)),
i αj
(7.13)
and similarly for high-order mixed structure functions. Thus, our mixed
structure functions in anisotropic turbulence are always relative to the nominally zero ones in isotropic turbulence. Our correction procedure is feasible

124

7.6 Mixed structure functions

δ (degrees)

20

0

-20
10 -3

10 -2
r (m)

0.1

3
Figure 7.7: Fault angle δ12
measured in isotropic turbulence in the transverse arrangement. Each separation r involves a different pair of probes. Closed dots, open circles
and open squares indicate the fault angle for h∆u1 ∆u2 i, h∆u31 ∆u32 i, and h∆u51 ∆u52 i,
respectively.

because we can switch quickly between these two flow types, by just switching modes of our active grid. It turns out that this correction is most significant for the low-order mixed structure functions.
We have measured the mixed structure function G31n 2n for orders n = 1, 3
and 5 which is non-zero in the case of the shear in our experiments. The results for G31n 2n are shown in Fig. 7.8. The structure functions show scaling
behavior, G31n 2n (r) ∼ rζn with ζ1 = 1.4, ζ3 = 2.2 and ζ5 = 2.7. For the first
mixed structure function we find an exponent which is close to that following from Lumley’s dimensional argument, ζ1 = 4/3 (Eq. 7.1). The higher
order scaling exponents are strongly anomalous. The self-similar prediction,
ζn = (2n + 2)/3, would be ζ3 = 8/3 and ζ5 = 4. Our ζ3 value may be compared to the asymmetric exponent of G315 2 , ζ3 = 2.05 which was measured
3 Jacob et al. found ζ = 1.22
by Jacob et al. [40], whilst for the low-order S12
1
[40]. The fluctuations in our measured G31n 2n shown in Fig. 7.8 are systematic
errors due to slightly different probe characteristics. We believe that this is
inevitable in a multi-probe setup.
In the experiment of [40] only two x-probes were used whose separation
was scanned. Such an arrangement does not suffer from slightly varying
probe properties, but the disadvantage is that the experiment time is very
long if high-order structure functions are measured whose statistical convergence needs very long averaging times. In our experiment we collected 108
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Figure 7.8: Mixed structure functions G31n 2n (r) for n = 1, 2 and 3 for the frames (a),
(b), and (c), respectively. The dashed lines are a fit to the data, G31n 2n (r) ∼ rζn with
ζ1 = 1.4, ζ3 = 2.2, and ζ5 = 2.7.

samples (with a sampling frequency of 20 kHz the averaging time is 90 minutes), which would have been impossible using two probes and scan their
separations. Also, if the probe separation is not set to random values but
monotonically increases during the experiment, systematic errors due to drift
of the calibration would go unnoticed.
Our striking result is the very anomalous values of the high-order scaling
exponents. It points to an interaction between intermittency and anisotropy:
the return to isotropy is much slower for the extreme events.
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Chapter

8

Small-scale turbulent
structures and
intermittency

8.1 Abstract
We compare the structure of the extreme events and the structure function of
velocity increments in high-Reynolds-number turbulence with and without
a mean velocity gradient. This mean velocity gradient is arranged such that
the turbulence properties are uniform. We will address the question how the
large-scale structure of the flow affects the rare events at inertial-range scales.
We will argue that the transverse arrangement, in which the velocity increments are measured over a separation vector that is oriented perpendicularly
to the measured velocity component, is the preferred way to find structures.
We find that especially the extreme events remember the way in which turbulence is stirred, which affects the scaling of structure functions in an essential
way.
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8.2 Introduction
High-Reynolds-number turbulence is characterized by scaling exponents ζp
which express the way in which statistical moments of a velocity increment
Gp (r) = h∆u(r)ip = h[u(x+r)−u(x)]p i increase with the distance over which
it is measured. These statistical moments have scaling behavior, h∆u(r)ip =
h[u(x + r) − u(x)]p i ∼ rζp , with exponents that differ strongly from their selfsimilar values [47] ζp = p/3. The anomalous scaling exponents are caused
by intermittency: high-Reynolds-number turbulence has a tendency for extremely violent events which affect the tails of the probability density function of the velocity increments ∆u(r) and thus the higher-order moments.
A key question is how to identify these events and how to find the structures in the velocity field which are responsible for the scaling exponents’
anomalous values. Experiments can realize high-Reynolds-number turbulence with a clear inertial range where unambiguous scaling can be observed
and averages can be done over many large-eddy turnover times. Whilst these
circumstances are still out of reach in numerical simulations, they offer complete information about the velocity field. There it was found that the prime
actors of intermittency are intense slender vortex tubes [41]. Similar events
were visualized in a rotating turbulence experiment by [26].
There are several ways to measure velocity increments ∆u(r). For the
commonly measured longitudinal increment, ∆u and r point in the same direction, in the transverse case ∆u and r are perpendicular. At separations r
that are of the order of the Kolmogorov length scale, the longitudinal structure functions are connected with dissipation whereas the transversal ones
relate to enstrophy (squared vorticity).
We will show that also in the context of experiments, the violent events
that cause intermittency have a vortical signature: they could be found in
transverse, but not in longitudinal increments. Those events will be isolated
from a long registered experimental time series and we will show that they
have a non-trivial average.
Two types of turbulent flows will be generated by using two types of grids
in a recirculating wind tunnel . One flow is approximately homogeneous and
isotropic, at least over the used range of probe locations, in the other flow we
create a constant gradient dU/dy of the mean velocity U , with a constant
1/2
value of the turbulent velocity u2
. It turns out that for this flow the rare
events remember the way in which the flow is stirred. This memory will be

Small-scale turbulent structures and intermittency

129

quantified by using sign-dependent structure functions.
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Figure 8.1: Turbulence was generated using two grids fitted in the cross-section of a
recirculating wind tunnel. (a) Sketch of the multi-scale grid to produce turbulence which
is homogeneous in the z−direction and is near-isotropic on the grid centerline. The gray
bar indicates the probe array, it is oriented in the homogeneous (z−) direction. (b) Test
of isotropy of the turbulence generated by grid in (a), dots connected by line: transverse
structure function G2 (z), dashed line: G2 computed from the longitudinal structure
function G2 (x) using the isotropy relation G2 (rez ) = G2 (rex ) + (r/2)dG2 (rex )/dr.
(c) To produce homogeneous shear, a variable solidity grid is used such that both the
filled and empty spaces gradually increase, but at different rates. The gray bar indicates
the probe array; it is now oriented in the shear (y−) direction. (d) Mean and turbulent
velocity profile along the vertical direction of the shear produced by grid in (c), measured
in the center of the wind tunnel. (e) Longitudinal spectra obtained simultaneously at
Reλ ≈ 600 with the probe array oriented in the shear direction as indicated in (c). The
measured spectra are very similar, which reflects the homogeneity of the shear, which not
only applies to the integral over the spectra (hu2 i), but to all frequencies. Consequently,
also the (longitudinal) integral scale is independent of y. The origin of the y−axis is the
center of the shear profile in (d).
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Longitudinal velocity increments ∆uL (x) can be measured with a single probe
which registers a time–dependent velocity signal. By invoking Taylor’s frozen
turbulence hypothesis, temporal delays τ can be interpreted as spatial separations x = U τ , with U the mean flow velocity. Although a measurement
in a single point can establish the scaling properties of the velocity field, the
information that it provides about the turbulent velocity field is very scant.
In fact, we will demonstrate that no significant structures can be found in
this manner. In this study we will use an array of probes oriented perpendicularly to the mean flow direction which samples the velocity field in many
points simultaneously. It gives access to the transverse increments ∆uT (y),
or ∆uT (z). The advantage of this arrangement is that no recourse to Taylor’s
frozen turbulence theory is needed.
A sketch of the experimental arrangements is shown in Fig. 8.1. Our experiments were performed in the 0.7 × 1.0 m2 experiment section of a recirculating wind tunnel, 4 m downstream from a grid. We used two types of grids,
one, shown in Fig. 8.1(a), had a multi-scale structure, and was designed to
make turbulence with a fairly large Reynolds number (Reλ ≈ 8.4 × 102 ) that
is nearly isotropic on the centerline of the tunnel [66; 67]. The mean velocity
was U = 11.7 ms−1 , with rms turbulent velocity fluctuations of u = 1.6 ms−1 .
The flow can be considered homogeneous over the 0.24 m length of the 10sensor array, but the mean velocity varies by 10% over the extent of the array
in the perpendicular (y−) direction1 . In our coordinate system, y and z are the
transverse coordinates and x is the stream-wise one, with u the corresponding component of the velocity.
The isotropy of the turbulence was assessed by measuring both longitudinal G2 (rex ) and transverse G2 (rey ) second–order structure functions, and
verification of the isotropy relation G2 (rez ) = G2 (rex ) + (r/2)dG2 (rex )/dr,
which appears to hold to good accuracy in the experiment. In another experiment [67], using a similar grid, the ratio of mean velocities u/v was found to
be equal to within 1%.
The other grid, shown in Fig. 8.1(c) has a special structure to produce
homogeneous shear, although, the shear rate S = dU/dy = 5.9 s−1 is relatively small. Traditionally, shear turbulence is generated (far from walls)
1

As this inhomogeneity is a point of concern, we have repeated the experiment using an
active grid, the results of which did not change the conclusions of this study.
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shear
iso

U
ms−1
10.0
11.7

u
ms−1
1.0
1.6

ǫ
ms2 s−3
4.8
8.8
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L/η

Ls /η

Reλ

1.2 × 103
1.9 × 103

0.96 × 103

600
840

η
mm
0.16
0.14

Table 8.1: Overview of turbulence properties of near-isotropic turbulence generated
with the grid of Fig. 8.1(a), and the homogeneous shear turbulence generated with the
grid of Fig. 8.1(c). The turbulence properties were measured on the grid centerline. The
turbulent dissipation rate is ǫ; Reλ is the Taylor micro-scale Reynolds number, L is the
longitudinal integral scale, Ls the shear scale, Ls = (ǫS 3 )1/2 with S = dU/dy, and η
the Kolmogorov scale.

using progressive solidity screens that create layers with different mean velocities, combined with means of increasing the turbulence intensity using
passive or active grids. Variable solidity passive grids originate in the pioneering work done more than 30 years ago by [17]. A somewhat similar
technique was used even earlier by [76], who ingeniously used a succession
of parallel rods of equal thickness at variable separation to create a highly homogeneous shear flow, but with a small Reynolds number. Finally, we notice
that an active grid can almost double the Reynolds number in homogeneous
and isotropic turbulence [63; 81]. We adapted the method of variable solidity
and achieved a significantly higher Reynolds number by varying simultaneously the width of the solid areas and that of the transparent regions.
A sketch of the grid is given in Fig. 8.1(c). Despite its simplicity, it provides a Taylor micro-scale-based Reynolds number Reλ ≈ 600 on the centerline, comparable to more sophisticated setups.
The homogeneity of the shear is excellent, as can be seen from Fig. 8.1(d),
which shows the profiles of the mean and turbulent longitudinal velocity
component. By varying the mean velocity in the wind tunnel, Reλ could
be varied from 150 to 600. The shear constant ks = (1/Uc )dU/dy (see [94]),
where Uc is the longitudinal mean velocity in the center of the shear region
appears to be remarkably uniform over the entire range.
As further evidence for the homogeneity of the flow, we show in Fig.
8.1(e) the longitudinal spectra obtained from individual probes during a typical measurement. Although each probe sees a different mean velocity of the
flow, the local energy spectra are nearly identical. The turbulence parameters
of both flows are summarized in Table 8.1.
Turbulent velocity fields and their increments were measured using an
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array of probes oriented perpendicularly to the mean flow direction which
samples the velocity field in 10 points simultaneously. When the array is oriented vertically, such as shown in Fig. 8.1(c), it gives access to the transverse
increments ∆uT (yi ) of the fluctuating u-component at discrete separations
yi − yj , and similarly for the horizontal (z−) orientation of the array [100].
Each of the locally manufactured hot wires had a diameter of 2.5 µm and a
sensitive length of 200-300 µm, which is comparable to the smallest length
scale of the flows (the Kolmogorov scale for the near-isotropic turbulence is
η = 1.4 × 102 µm). They were operated at constant temperature using computerized anemometers that were also developed locally. The signals of the
sensors were sampled exactly simultaneously at 20 kHz, after being low–
pass filtered at 10 kHz. If the turbulence intensity is small with respect to the
mean velocity U , the probes are mainly sensitive to the u−component of the
velocity; the admixture of the other transverse v−component being of order
urms /U . In our experiments, the turbulence intensity does not exceed 14% of
the mean velocity. Each experiment was preceded by a calibration procedure
in which the voltage to air velocity conversion for each wire was measured
using a calibrated nozzle. The resulting 10 calibration tables were updated
regularly during the run to allow for a (small) temperature increase of the
air in the wind tunnel. Whenever high-order statistics were desired, the total length of the recorded time-series for each probe and per uninterrupted
experimental run varied between 108 and 3 × 108 samples.
High-order structure functions were always computed from measured
probability density functions (PDF’s) Pr (∆u). Their large velocity–increment
tails can be represented well by stretched exponentials [100]
βr

Pr (∆u) = ar e−αr |∆u| .
Their contribution to the structure functions can then be computed from the
parameters ar , αr , and βr by integration. Given the large number of velocity
samples for each PDF, only the very large orders (p & 10), which suffer from
a lack of statistical convergence, are influenced by this procedure. Compared
to the direct computation of h(∆u)p i, it reduces the noise in high-order structure functions. Strictly speaking, however, these orders do not contain more
information than the stretched-exponential fit of the PDF.
In this study we will seek structures that are characterized by a very large
transverse velocity increment, both in near-isotropic and homogeneous shear
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Figure 8.2: (a) Three captured large events, conditioned on a very large transverse
velocity increment ∆uT (z) in the turbulence using the grid shown in Fig. 8.1(a). The
arrows point to the value of x = xm where this large increment has a (local) maximum.
When averaging these structures, they are aligned on xm . The extent of the (x, z) axes of
these snapshots is the same as that from (b). (b) Averaged velocity profile of the N = 200
largest events in a time series of Nt = 108 velocity samples. Conditioned on transverse
∆uT ≡ u(x, z4 ) − u(x, z3 ) with probe coordinates z3,4 , z4 − z3 = 1.2 mm = 9η
and with x shifted to x = 0. (c) Full lines: cross-sections of the averaged event of (a)
at y/η = −25, −4.3, 4.3 and 23, respectively. Dashed lines: Burgers vortex profile

Γ
2
uθ (r) = 2πr
1 − exp(−r2 /rB
) + sz, with Γ/η = 150 s η = 6.8 × 10−3 m, and
rB /η = 6.5. The resemblance to a Burgers vortex is remarkable.

turbulence. It will turn out that such structures in homogeneous shear turbulence are asymmetric: large velocity increments with the same sign as the
shear are more probable than those with opposite sign. This suggests the
measurement of sign-dependent structure functions, which will briefly be
discussed in Section 8.5.
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8.4.1

Structures in near-homogeneous turbulence

Let us first discuss the structures found in the turbulence generated by the
grid of Fig. 8.1(a). In our quest for the rare exceptionally strong events we
adopted the simple strategy to look for velocity profiles u(x, z) which have
a large, transversal velocity difference |∆uT | = |u(x, z + δz) − u(x, z)| across
two closely spaced probes (separation δz/η = 9) which is a local maximum in
the x-direction. Let us now define “rare”. We consider the moment p = 10 of
structure functions still accessible in our experiments. In terms of the probability density function Pr (∆u) of velocity increments ∆u across a separation
R
r, Gp (r) = (∆u)p Pr (∆u) d(∆u). The velocity increments ∆u∗ contributing
most to these moments are those where (∆u)p Pr (∆u) has a maximum. In
our experiments, Pr (∆u∗ ) ≈ 2 × 10−6 . Therefore, the cumulative probability
of the sought events was set at 2 × 10−6 (the largest N = 200 events from
a total of Nt = 108 samples). Although the PDF deals with individual velocity increments and is blind to structures, we take this probability level as
reference. A few events from the list of the N largest ones are shown in Fig.
8.2(a).
The average over these events is shown in Fig. 8.2(b). It was done by
taking the inverse −[u(x, z)−U ] of the contributions with ∆uT < 0 (otherwise
the average would be 0) and choosing the local maximum of ∆uT at x = 0.
A striking observation is that over a mere separation of 1.2 mm, the maximum average velocity increment is ∆uT ≈ 4.0 ms−1 , three times the size
of the rms velocity fluctuations and comparable to the mean velocity. Intermittency implies that the probability density function of ∆uT is highly
non-Gaussian. Indeed, in the case of Gaussian statistics the chances of finding these large velocity increments would have been 30 orders of magnitude
smaller. Interestingly, the well-known model for the anomalous value of the
scaling exponents ζp by [80] is built on precisely these events.
The structure seen in Fig. 8.2(b) bears a remarkable resemblance to a Burgers vortex with its axis pointing in the y−direction. In Fig. 8.2(c) we show
Γ
a fit of the tangential velocity profile of a Burgers vortex: uθ (r) = 2πr
(1
2
2
− exp(−r /rB )) + sy, with vortex radius rB ≈ 7 η. The fit illustrates the
vortical character of the found event, but we do not adhere great significance
to the precise vortex profile. It is interesting to notice, however, that in nu-
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merical simulations the strong vortical events were also observed to have a
Burgers form [41].
A similar quest for large events, but now hunting for large velocity increments over a vector pointing in the longitudinal (x−) direction also gives
a mean vortical structure, but now resembling the potential vortex u(x, z) ∼
x/(x2 + z 2 ). However, the velocity profile of a line vortex which is advected
in the x−direction by the mean flow should instead be u(x, y) ∼ z/(x2 + z 2 ),
which suggests that the found longitudinal event is fortuitous.
The problem is that conditional averages may be determined by the imposed condition, and not by an indigenous property of turbulence. A test is
to perform the same conditional average on pseudo-turbulence, that is a random velocity signal which has the same (low–order) statistical properties as
turbulence. Such pseudo-turbulence was constructed by Fourier transforming the measured turbulence signal with respect to x (the time direction),
randomizing the phases, and performing the inverse Fourier transform. The
resulting velocity field has the same Kolmogorov length, the same Reynolds
number and the same second–order structure function as the original turbulence signal, but it is not turbulence.
Specifically, if the time series u(tl , zk ) contains N discrete samples, l =
0, . . . , N − 1, the discrete Fourier transforms of the velocity signals for the
probes at zk , k = 1, . . . , 10 are
u
e(ωj , zk ) =

N
−1
X

e−2πi j l/N u(tl , zk ), j = 0, . . . , N − 1.

l=0

Next, the phases φj = arg(e
u(ωj , zk )), j = 1, . . . , N − 1 are replaced by random
numbers which are uniformly distributed on [0, 2π], and the inverse transform is computed. Reality of the velocity signal requires that the phases satisfy φN −j = −φj . Further, the lateral correlations between the probes were
maintained by choosing the same random series for each k = 1, . . . , 10. Although this procedure treats the x− and z− spatial directions undemocratically, it is a true randomization affecting all higher correlations between the
probe signals.
For the transverse case this procedure gave a mean velocity profile similar
to that of Fig. 8.2(b), but with a maximum ∆uT , which is a factor 3 smaller
than the transverse strong event of real turbulence. The longitudinal event
in pseudo-turbulence now has the same size as the transverse event. As the
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transverse event differs more strongly from its pseudo-turbulence companion than the longitudinal one, we conclude that the transverse event is genuine, whilst the longitudinal one is most probably an artifact of the conditional averaging procedure. Clearly, finding flow structures in turbulence
needs more information about the velocity field than a single point measurement.
The insignificance of these longitudinal events can be illustrated further
by relating them directly to the probability density function. Let ∆u be the
size of the largest event found among the N largest. The function N (∆u)
can be compared to the probability density functions of indiscriminate large
velocity increments from which we can form

Z −∆u
Z ∞
Pr (x) dx ,
Pr (x) dx +
Pc (∆u) = Nt
−∞

∆u

with Nt the total number of velocity samples. Such a comparison has been
done in Fig. 8.3, which clearly discriminates between the longitudinal and
transverse conditions, a distinction which disappears for the pseudo–turbulence field.
In our quest for strong events we have sought the average ∆T u(r) of the
largest velocity increments at a given transverse separation r and at a set
(cumulative) probability level (10−6 ). The size ∆u of this average large increment increases with increasing transverse separation r over which it is
sought. The dependence ∆u(r) is illustrated in Fig. 8.4. At each r, there is an
average profile |∆u(z)| (which has a maximum at z = r); some of those are
also shown in Fig. 8.4.
Obviously, rare events correspond to very large velocity increments which
at large separations become comparable to the mean velocity. But, let us emphasize that it is not the sheer magnitude of ∆uT (z) which is relevant for
intermittency, but the way these increments increase with increasing separation. Figure 8.4 shows that approximately ∆u(z) ∼ z h , with h ≈ 0.13.
The inequality h < 1/3 is the essence of intermittency. Thus, in highReynolds-number turbulence, the strong events decay much more slowly
than Kolmogorov’s self-similar prediction. In fact, the small value of hmin
suggests that the strongest events are “cliffs” with almost all of the decay
taking place in the dissipative range z/η . 30.
The strong (vortical) events that we seek correspond to velocity increments across a given separation y that are local maxima in x. Another strat-

Small-scale turbulent structures and intermittency

137

10 8
10 7
10 6

N

10 5
10 4
10 3
10 2
10
-5

0
∆ u (m/s)

5

Figure 8.3: Dependence of the amplitude of the average over N largest events, found
at separations r/η ∼ 9, on the length of the search list N . The results (•, ◦ original
data, ,  pseudo-turbulence generated from the original data; filled, empty markers:
transverse, respectively longitudinal large events) are compared to the corresponding
(∆u) (full, recumulative probability distribution functions of velocity increments PcT,L
r/η
spectively dashed lines).

egy to find large events would be to take those from the low probability tails
of the probability density function Py (∆u). The velocity increments of these
tails do not coincide with our events. Indeed, many large velocity increments may come from a single strong vortex. This is also clear from the
scaling behavior of the low-probability velocity increments in Fig. 8.4. The
R∞
f
f
mean velocity increments of the tails, ∆u(z),
∆u(z)
≡ x0 xPz (x)dx, with
R∞
f
Pz (x)dx = 10−6 , are found to scale as ∆u(z)
∼ z h , with an exponent
x0

h ≈ 0.23, which is larger than hmin .

The last question now is how the scaling anomaly changes when the
strong events are removed from the signal. Here, we define an event as a
local maximum ∆u across two probes with separation z and the surrounding
atmosphere with size 1400 η in x and z−direction.
By removing the large velocity increments and their atmospheres from
a longitudinal signal, [3] demonstrated a significant reduction of the scaling
anomaly of the longitudinal structure functions. However, as we found it difficult to distinguish these longitudinal events from those found in a pseudo–
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Figure 8.4: Dependence of the largest (cumulative probability 10−6 ) transverse velocity
increments ∆uT (r) on the separation r = z. The flow is generated by the grid of Fig.
8.1(a). Dots connected by lines: ∆uT (r), dashed line: fit of ∆uT (r) ∼ rh , with h ≈
0.13. Full line labeled by K41: Kolmogorov’s self-similar behavior with h = 1/3. Dashdotted line: ∆uT (r/2), but now computed from the 10−6 probability tails of the PDF of
∆u. Dotted lines: average profiles |∆u(z)|, conditioned on the separation z = r.

turbulence signal, this route was not followed by us. We have tried a similar deletion procedure, but now conditioned on transverse events. It turns
out that the structures which we found do only contribute slightly to scaling anomaly. After their deletion, the scaling exponents differ still strongly
from their self-similar values. Much more drastic actions are clearly needed
to make turbulent signals statistically self-similar.

8.4.2

Structures in homogeneous shear turbulence

In our quest for large transversal events in homogeneous shear turbulence we
again adopted the simple strategy to look for N velocity profiles u(x, y) which
have the largest transversal velocity difference |∆uT | = |u(x, y + δy) − u(x, y)|
across two closely spaced probes (separation δy/η = 6), which is also a local
maximum in the x-direction. The sign of these strong events is favored by the
shear, out of N of these events (e.g. N = 200 out of Nt = 108 line samples), ≈
0.7N have the same (negative) sign as the shear. This is not a simple additive
effect, as the mean velocity difference across δy does not enter ∆uT (it would
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be a mere 0.1 ms−1 ).
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Figure 8.5: The N = 256 largest events in sheared turbulence where ∆uT was measured over the separation ∆y = 6.1η. (a) Average over N , conditioned on the negative
velocity increments (that have the same sign as the shear), (b) conditioned on the positive
increments. For clarity we have reversed the horizontal axis.

The separate averages of the positive and negative events were done by
choosing the local maximum of ∆uT in the x−(stream-wise) direction at x =
0. These average structures, which were shown earlier by us [92], are drawn
in Fig. 8.5(a,b). Most remarkably, the average shape of the strongest events
is very different for the negative and positive increments. Whilst the negative events clearly reveal a cliff-like structure of the velocity field, the average
positive events are similar to those found in near-isotropic turbulence. Earlier, we have demonstrated that the scaling anomaly of structure functions in
the shear direction is special: for large orders p the exponents ζp tend to a constant [92], a situation that is also found in the turbulent mixing of a passive
scalar, both in experiments [61] and in numerical simulations [15; 72]. The
question now is whether the sign asymmetry of large events can be captured
by structure functions.

8.5 Structure functions
The conclusion of the previous section points to a large asymmetry between
negative (with the shear) and positive velocity increments in homogeneous
shear turbulence. This raises the interesting question whether structure functions of either negative or positive velocity increments have different scaling
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Figure 8.6: Third order transverse structure functions of homogeneous shear turbulence. Full lines: (a) the total structure function GTp (r), (b) only from positive velocity
increments ∆uT > 0 (GT3 + ) and (c) only from negative velocity increments ∆uT < 0
+
−
(GT3 − ). Dashed lines: (b) and (c), power laws a+ rζp and a− rζp , respectively, fitted to
−
+
the structure functions. The dashed line corresponding to (a) is the sum a− rζp + a+ rζp .

behavior. These structure functions are defined as
Z ∞
+
(∆u)p Pr (∆u)d∆u
Gp =

(8.1)

0

for the positive ∆u > 0 increments and
Z 0
−
p
(∆u)p Pr (∆u)d∆u
Gp = (−1)

(8.2)

−∞

for the negative ∆u < 0 increments. Structure functions for either positive or
negative increments have been discussed by [91]. The even- and odd-order
−
structure functions are the sum and difference of G+
p and Gp , respectively
+
G2p (r) = G−
2p (r) + G2p (r)

G2p+1 (r) =

G+
2p+1 (r)

−

G−
2p+1 (r).

(8.3)
(8.4)

−
Naturally, if all structure functions Gp , G+
p and Gp have ideal scaling behav+

−

−
ζp
ζp spanning an infinitely large inertial range,
ior, Gp ∼ rζp , G+
p ∼ r , Gp ∼ r
then Eq. 8.4 dictates that all exponents must be equal, ζp = ζp+ = ζp− . However, if the negative velocity increments dominate the structure function, then
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Figure 8.7: Scaling exponents of sign-dependent structure functions of transverse velocity increments in shear turbulence. Open circles connected by lines: ζp of full structure
functions. Full line indicated by (+): ζp+ , full line indicated by (−): ζp− . Dash-dotted
lines (K41): Kolmogorov 1941 prediction [47], (SL): prediction of log-Poisson model [80].

we may have the situation that ζp+ 6= ζp− ≈ ζp . This, of course, would only
be apparently so in the case of a finite inertial range. That it can be difficult to
−
+
−
decide which of G+
3 , G3 and G3 = G3 − G3 has the true scaling behavior in
case of an inertial range of finite size is illustrated in Fig. 8.6, where G3 , G+
3
all
seem
to
have
different
scaling
exponents.
and G−
3
We conclude that the question about separate scaling of negative and positive structure functions is undecidable for the low orders. However, this distinction may be made for high-order structure functions that in shear flow
are dominated by rare events which are preferably aligned with the shear.
Similarly to the third-order structure functions shown in Fig. 8.6, it is possible to determine scaling exponents ζp+ , ζp− and ζp for the higher-order signdependent structure functions. These exponents are shown in Fig. 8.7.
In shear-dominated turbulence a prediction for the odd-order scaling exponents follows from the assumption that all odd-order structure functions in
the shear direction are proportional to the shear rate, Gp (y) ∼ Sǫ(p−1)/3 y (p+2)/3
[57]. In the absence of shear these structure functions vanish. The scaling exponent ζp , therefore, is ζp = (p + 2)/3, which lies above the Kolmogorov
self-similar value ζp = p/3 for isotropic turbulence. For p = 3 it predicts
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ζ3 = 5/3, whereas we find ζ3 ≈ 1.4.
It appears from Fig. 8.7 that ζp− quickly tends to ζp , both approaching a
constant for large orders. This is because the strongest events, which dominate the large orders, have negative sign. The distinction of the scaling of
positive and negative increments makes only sense for high orders where
one of them dominates. However, such distinction can strictly only be apparently so for a finite inertial range. Given these caveats, it can be concluded
that the exponents ζp+ differ from ζp− and ζp , but that both positive and negative velocity increments are strongly intermittent.

8.6 Conclusion
Old-fashioned turbulence experiments in which high-Reynolds-number turbulent flows are probed in points using hot-wire sensors were revived in
Sreenivasan’s work to address exciting new insights in anomalous scaling
and anisotropy [52; 53; 91]. Indeed, probe measurements are precise and
have adequate time response. They are unrivaled by more modern optical
techniques such as particle-image velocimetry. Let us emphasize that with
any optical technique, the rare events that we detected would be dismissed
as outliers.
The quest for structures in turbulence suffers from the problem that the
outcome depends on the imposed condition. We have shown that such conditions should involve as much information about the velocity field as possible: no significant structures could be found from time series of longitudinal
increments measured in a single point, whereas structures conditioned on
transverse increments appear genuine.

Chapter

9

Valorisation and future
work

All large-scale flows of practical interest are turbulent. Wind tunnels are used
to study the wind load on buildings or the dispersion of contaminants in entire cities that sit in the turbulent atmospheric boundary layer. Wind tunnels
are not made for turbulence, and it is very difficult to tune the fluctuation
properties of the turbulent wind in addition to its mean structure.
We argue that every wind tunnel should be equipped with an active grid,
which makes it possible to tune both the mean and the fluctuation properties
of the generated turbulence. In Chapter 3 we present a proof of principle and
propose unique research to make this a versatile instrument that provides
crucial added value to wind tunnel tests. It has been shown that the determination of the motion parameters of the active grid is crucial to achieve the
specific flow properties. In Chapter 4 we offer a novel technique to determine
the most suitable motion parameters to operate the active grid for turbulence
tailoring.
In a proposed future work the design parameters of the active grid will
be developed together with algorithms for the determination of the grid motion protocol. In this chapter we discuss the possibilities of the techniques
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developed in this project together with action should be done to realize these
possibilities1 .

9.1 Atmospheric turbulence
Wind tunnels are used to reproduce atmospheric turbulence conditions for
studying the effect of wind on buildings and the dispersion of pollution in the
urban environment. We live and work in the atmospheric turbulent boundary layer where the mean wind velocity increases from a small value at the
ground to its value at the edge, which can be as far as a few km above the
ground. However, it is not just the mean velocity and the way it changes
with height, but also the fluctuation properties of the wind that crucially matter. It is these fluctuations that determine the extremes of the wind load on
buildings and the safety requirements of wind turbines.

9.2 Statistics of wind fluctuations
In turbulence, it is common to separate the wind velocity u(x, t) in a mean
U (x) and fluctuating u′ (x, t) part. In meteorology the 10 min average is distributed according to a Weybull distribution, centered around the mean annual value. The dependence of the wind on the height z above the ground is
approximated by the famous Monin-Obukhov law of the wall, or by a power
law.
The fluctuations u′ (x, t) have a very special statistics. To appreciate this,
let us concentrate on the differences ∆uτ = u′ (x, t + τ ) − u′ (x, t) which tell
about the time-varying fluctuations of the turbulent wind. Figure 9.1, which
was taken from [4], shows the probability density function P (∆uτ ) measured
in the atmospheric turbulent boundary layer, and compares it to a Gaussian
distribution. Clearly, the root–mean–square ∆urms tells very little about the
chances to find a large velocity difference. The chances to find ∆u ≈ 6 ∆urms
are 6 orders of magnitude larger than expected on the basis of Gaussian statistics.
Those rare and violent events are called gusts and are an essential consequence of turbulent flows. As these structures determine the wind-load
1

Based on the findings of this work a new project has been already proposed to STW to
further develop the techniques described in this thesis.

Valorisation and future work

145

-2

10

10-6
10-10

-5

5
0
Du / Durms

Figure 9.1: Statistics of velocity differences that were measured in the atmospheric
boundary layer by Boettcher et al. [4]. The dots are the measured probability density
function, the full line is a Gaussian with the same root-mean-square velocity. The arrow
indicates that extreme events (6 times the standard deviation) are 6 orders of magnitude
more probable than expected on basis of Gaussian statistics.

safety of buildings, and determine the extreme excursions of the concentration of pollution, it is essential to produce wind tunnel turbulence that has
the same statistics for these events.

9.3 Wind tunnels
In current wind tunnel tests on wind turbines, buildings, or city blocks in the
turbulent atmospheric boundary layer, the simulation of these gusts is a great
problem. Therefore, these tests very poorly represent the dynamical aspect
of the fluctuating wind load.
Let us first describe how an atmospheric boundary layer is simulated
in conventional wind tunnel tests. A turbulent boundary layer over a flat
plate grows naturally from an initial disturbance, but its thickness increases
only slowly. Therefore, a very long wind tunnel would be needed to grow
a boundary layer that is thick enough to contain the model of interest. Although turbulence generates its own fluctuations, achieving the desired fluctuation level also takes a long wind tunnel. Clearly, tricks are necessary to
fatten the turbulent boundary layer.
The conventional way to simulate the atmospheric boundary layer in a
wind tunnel is to pass the wind through structures at the start of the test
section that tailor the mean wind profile, and next pass the wind over roughness elements such as small randomly placed cubes. This is a laborious art
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which has to be adapted to each change of the desired wind profile, for example when simulating winds that arrive from different directions where
they might have encountered different kinds of terrain. While these tricks
may help create the desired mean wind profile, achieving the desired fluctuation properties is a problem, let alone prescribing realistic probability density
functions such as shown in Fig. 9.1.

9.4 How to stir wind–tunnel turbulence
We propose a new paradigm in simulating atmospheric wind in a wind tunnel, namely through using dynamic structures that move on time scales which
are comparable to the intrinsic times of turbulence. Such a paradigm shift
is also emerging in studies of fundamental aspects of turbulence where researchers strive for large turbulent Reynolds numbers2 and finely tailored
flows, such as turbulence with a linear variation of the shear, but constant
fluctuation level.
The innovation that we propose is to equip any wind tunnel with an active grid at the start of the test section. We have very recently shown how
to simulate an atmospheric turbulent boundary layer in this way [13] (see
Chapter 3), and how to answer a fundamental question about turbulence [14]
(see Chapter 5). Active grids were pioneered by Makita [59] and consist of
a grid of rods with attached vanes that can be rotated by servo motors. The
properties of actively stirred turbulence in air were further investigated by
Mydlarski and Warhaft [63]. Active grids are ideally suited to modulate turbulence in space-time and offer the exciting possibility to tailor turbulence
properties by a judicious choice of the space-time stirring protocol. In our
case, illustrated in Fig. 9.2, the control of the grid’s axes is such that we can
prescribe the instantaneous angle of each axis through a computer program.
As each axis can be rotated at will, there are many possibilities to stir the
flow. Active grids are now used in wind tunnel research to create strong homogeneous and isotropic turbulence, turbulence whose fluctuations do not
depend on position or direction. They are now also used to produce atmo2

The Reynolds number Re = U L/ν, the product of a typical velocity U , a typical length
L, and divided by the kinematic viscosity of air ν, is a measure of the strength of turbulence.
The turbulent Reynolds number Reλ = uλ/ν is an intrinsic measure of the turbulence strength
and is defined in terms of the correlation length λ and the fluctuation velocity u.
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Figure 9.2: Wind tunnel with an active grid. The pilot experiments that show the
feasibility of the proposed research have been done with the device in (a). It consists of
rods with attached vanes whose instantaneous angle can be set using computer-controlled
servo motors. The pilot device fits in the 0.7 × 1.0 m2 cross-section of the wind tunnel in
the TU/e Fluid Dynamics Lab. (b) In the proposed research we will optimize the design
of the active grid, and the way in which it is controlled to simulate the atmospheric
turbulent boundary layer, for example in the built environment. In particular we propose
the design of a stirrer that generates faithful wind statistics.

spheric gusts with the proper statistics to optimize wind turbines. We have
recently demonstrated that active grids can be used to generate the wind profiles of the atmospheric boundary layer without recourse to flow structuring
devices. An example is shown in Fig. 9.3, where a fat turbulent boundary
layer is created using just an active grid in the wind tunnel. These experiments, published in [13], must be considered as preliminary because the
fluctuation properties of the wind still have to be engineered. In Fig. 9.2 a
photograph of the grid is shown, together with a sketch of our experiment
geometry.
The importance of turbulence generation has also been recognized in numerical simulations. For example, the way in which a simple regular non–
moving static grid creates a turbulent flow has recently been simulated numerically. This is a daunting task because of the complex boundary conditions. Also, our experimental results on periodic stirring using an active grid
has been reproduced qualitatively in numerical simulations. Stirring turbulence in unusual ways is now actively pursued in fundamental research, and
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is directly inspiring the applications proposed in the current project. The
project will benefit from the results already obtained by us and others.
(a)

(b)
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Figure 9.3: Simulated profile of the atmospheric turbulent boundary layer. (a) Open circles: measured profile U/U∞ , with U∞ = 9.0 ms−1 . Dashed line: U/U∞ = (y/δ)0.11 ,
with δ the boundary layer thickness. This profile is typical for the boundary layer above
a coastal area. (b) Mean angles of the horizontal axes of the active grid, the axes are
flapping with a frequency of 3 Hz and an angle amplitude of 7.2◦ around this mean. The
boundary layer thickness is δ = 0.71 m, which actually covers most of the wind tunnel
height.

So far, the tailoring of turbulence in our wind tunnel, which lead to the
simulated turbulent boundary layer in Fig. 9.3, was done by trial and error,
but also guided by simple rules to tailor the mean flow and the fluctuations.
These rules can be used in a computer program to adjust the grid motion automatically to the desired turbulence properties. Such an automated grid will
make an extremely versatile tool for environmental studies, as any desired
wind profile with any desired fluctuation property will be created automatically with partly rule–based and partly genetic algorithms.
The current design of the grid involves a regular mesh of axes with attached vanes (see Fig. 9.2). By rotating each axis, such a grid can explore
an infinity of configurations, but the obvious restriction is that entire rows
and columns of vanes move in the same way. More degrees of freedom are
possible, ultimately such that each grid cell moves independently3 .
3

Such a grid, with 129 moving cells is currently built at the Max Planck Institute for Dynamics and Self–Organization in Göttingen. The author of this thesis has been working for
two months on that project during his scientific visit to the Max Planck Institute in 2010.
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Summary
How to stir turbulence
Turbulence is the time-dependent chaotic flow regime that we encounter
every day in our environment. A turbulent flow includes a large range of
scales which interact with each other in a complex dynamical way. Turbulent
flow fields vary randomly in space and time; and are very difficult to analyze,
understand and control. Intriguingly, this random flow field is described by
the deterministic Navier-Stokes equation. However, so far a closed system of
equations could not be produced for the statistical properties of the fluctuating flow. The existence and smoothness of Navier-Stokes equation are not
mathematically proven yet. Understanding its solution is one of the seven
most important open problems in mathematics identified by the Clay Mathematics Institute (the Millennium problems). A universal theory of turbulence
does not exist: it is the last unsolved problem of classical physics.
Dealing with turbulent flows is in the center of engineering applications
and technological developments. On the other hand, in a physicist’s point
of view its universality makes turbulence attractive. Since the pioneering
work of Kolmogorov in 1941 a lot of work has been done on the universality of turbulence. His similarity hypotheses form the first statistical theory
of turbulence which still remains as the most appropriate universal theory
of turbulence although some aspects of it are questioned in the turbulence
research community.
In this thesis we address fundamental issues of the turbulence problem
experimentally; but also indicate the importance of these problems in practical applications, and the directions of further developments. To achieve this

goal we do experiments on especially engineered turbulent flows that in this
way are tailored to the problem.
The experiments have been done in the wind tunnel facility of Eindhoven
University of Technology. To generate the proper turbulent flow in the wind
tunnel we used an active grid and designed its time-dependent motion for
each problem. High-Reynolds-number turbulent flows have been generated
with finely tuned properties by stirring the laminar flow of the wind tunnel
with innovative designs of active grid protocols. In order to study a specific problem in turbulence not only a flow with specific properties at high
Reynolds numbers is needed but also an accurate and fast flow measurement
system is necessary. This measurement system should be able to collect long
time-series of the fast varying velocity fields. We use a multiple probe array filled with hot-wire sensors to monitor high-Reynolds-number turbulent
flow fields locally at high frequencies. The electronics used for the 10 x-wire
probes in the array have been optimized for a perfectly simultaneous multiprobe measurement.
An intriguing question that we asked is how a turbulent flow responds
to perturbations. In other words, when a turbulent flow has been perturbed
how much it will remember about the perturbations? Another question which
has practical importance is that whether there is an optimum frequency to stir
turbulence. These questions are intriguing because how can a chaotic system
be perturbed and how one can resonate with a system that has not a dominant time scale. We also experimentally confront the predictions of the above
mentioned theory of Kolmogorov which assumes a universality of turbulent
flows at the small scales and simply neglects the anisotropy in these scales.
Since it is in the center of many turbulence models his theory has great importance for engineering applications.
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